
Lucia Lazarowski Editor

Olfactory 
Research 
in Dogs 



Olfactory Research in Dogs



Lucia Lazarowski 
Editor 

Olfactory Research 
in Dogs



Editor 
Lucia Lazarowski 
Auburn University College of Veterinary 
Medicine 
Auburn, AL, USA 

ISBN 978-3-031-39369-3 ISBN 978-3-031-39370-9 (eBook) 
https://doi.org/10.1007/978-3-031-39370-9 

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2023 

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether 
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse 
of illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and 
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar 
or dissimilar methodology now known or hereafter developed. 
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 
The publisher, the authors, and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or 
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any 
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations. 

This Springer imprint is published by the registered company Springer Nature Switzerland AG 
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland 

Paper in this product is recyclable.

https://orcid.org/0000-0001-8777-6589
https://doi.org/10.1007/978-3-031-39370-9


Contents 

Fundamentals of Olfactory Function 

Peripheral Olfactory Pathway Anatomy, Physiology, and Genetics . . . . . . 3 
Melissa Singletary and Samantha Hagerty 

Neuroanatomy and Neurophysiology of the Olfactory Signal 
Transduction Pathway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 
Melissa Singletary and Samantha Hagerty 

Canine Olfactory Dysfunction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 
David C. Dorman 

Methodological Considerations in Dog Olfaction Research and 
Implementation 

Behavioral Characteristics Associated with Detection Dog Success . . . . . . 67 
Lucia Lazarowski and Bart Rogers 

Canine Olfactometry: Tools, Techniques, and Procedures . . . . . . . . . . . . . . . 85 
Edgar O. Aviles-Rosa, Vidia Gokool, Nathaniel Hall, 
and Lauryn DeGreeff 

Sources of Human Bias in Canine Olfactory Research . . . . . . . . . . . . . . . . . . 119 
Sarah Krichbaum, Jordan G. Smith, Craig Angle, Paul Waggoner, 
and Lucia Lazarowski 

Human Scent Dynamics—Combining Theory and Practice 
in Locating People . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 
G. A. A. Schoon and P. A. Moore 

Olfaction and Behavior in Dogs: Applications to Cognition, 
Training, and Welfare 

Dog Olfactory Cognition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153 
Adam Davila, Jordan G. Smith, Emma Cox, Lane Montgomery, 
Sarah Krichbaum, Lucia Lazarowski, and Jeffrey S. Katz

v



vi Contents

Olfactory Learning and Training Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177 
Lyn Caldicott, Helen E. Zulch, Thomas W. Pike, and Anna Wilkinson 

Olfaction and Dog Welfare . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205 
Nicola J. Rooney and Zoe Parr-Cortes 

Applications of Dog Olfactory Capabilities 

Forensic and Security Applications of Substance Detection Canines . . . . . 237 
Paola Prada-Tiedemann, Lauryn DeGreeff, and Craig Schultz 

Detection of Human Diseases for Medical Diagnostics . . . . . . . . . . . . . . . . . . . 291 
Astrid Concha 

Detecting Physiological Changes in Humans: Medical Alert 
and Assistance Dogs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 333 
Catherine Reeve and Clara Wilson 

Considerations for Detection Dog–Handler Teams in Infectious 
Agent Surveillance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357 
Amritha Mallikarjun and Cynthia M. Otto 

A Critical Review of the Use of Wildlife Conservation Canines 
in Species-at-Risk Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 375 
Simon Gadbois, Laura Elliott, and Meredith Flannery



Fundamentals of Olfactory Function



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 cm2 

and knob density of 60,000 knobs/mm2 (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 cm2 while in the cocker spaniel 
only 67 cm2, though significantly greater than the human at 5 cm2 (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 μm in the olfac-
tory region and 5–12 μm 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 μM in mice 
and 16 μg dL−1 in humans, while the reported levels of zinc, magnesium, and 
calcium in humans were 14 μg dL−1, 1554 μg dL−1, and 5303 μg dL−1, 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−1 (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).



Peripheral Olfactory Pathway Anatomy, Physiology, and Genetics 17

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-
lular 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 CO2 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 % 
pseudogenes (%) 

References 

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 
(Monodelphis domesitica) 

1492 20 Niimura and Nei 
(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 
guttata) 

553 40 Steiger et al. (2009) 

Green anole (Anolis 
carolinensis) 

156 27 Steiger et al. (2009)

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



20 M. Singletary and S. Hagerty

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 OR10H1 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, 
TAAR5 was most abundant in humans and dogs, and of the MS4A gene family, 
MS4A7/Ms4a7 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 α), water-soluble odorants 
(groups δ, ε, ζ, and η), or both (group β) (Niimura 2012). Class II OR genes rep-
resent those binding hydrophobic airborne odorants, and include only subgroup γ. 
Through olfactory receptor conservation amongst various species, mammals retain 
only Class I group α 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 α Beta γ δ ε ζ η 
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), V1R 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-
lyl 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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Abstract 

The sense of olfaction is surprisingly influential in many areas of the central 
nervous system that seem unrelated to how something smells. Perception of 
different odors can influence numerous biological functions: from reproduction 
to social interactions. Olfaction abnormalities have also been associated with 
various psychological conditions in humans, such as major depressive disor-
der and neurodegenerative diseases. This broad range of olfactory influence is 
giving researchers a new appreciation for the importance of sensory system. 
It is also unique in both neural organization and the environmental challenges 
that come from direct exposure of neurons to the external environment. This 
chapter will focus on predominantly the mammalian neuroanatomy and neu-
rophysiology of the olfactory signal transduction pathway, with highlights on 
canine-specific attributes. 
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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, Golf, and guanine nucleotide exchange of GDP for GTP. This exchange 
prompts dissociation of the alpha subunit, Gαolf, from Gβ and Gγ 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 Gαolf subunit, this subunit then interacts with adenylyl cyclase III 
(ACIII) 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 (Ca2+) and 
sodium (Na+) into the cell. Concentration of CNG channels is estimated to exceed 
2,000/μm2, 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 (Cl−) 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 Cl− gradient is unsurprisingly critical in maintaining a 
buffer, and more recent work indicates ion transporter NKCC1as 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+/ Ca2+ 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 cm3 while the humans’ was 0.06±0.01 cm3 

(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 mm3 with the anterior commissure area 
representing 2.54 mm2 (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. 

Keywords 
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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 CYP2G1 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 (OBPIIa) and polymorphisms in the OBPIIa gene



Canine Olfactory Dysfunction 55

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 
in the cribriform plate 

Kalmey et al. (1998) 

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

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

Increased neurofibrillary tangles in the 
olfactory bulb 

Kishikawa et al. (1990) 

Reduced expression of phase I and phase II 
xenobiotic metabolizing enzymes 

Getchell et al. (1993), Krishna et al. (1995) 
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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. 2006). 
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 
(Polgár 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.
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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. 

2.3 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 
olfactory dysfunction of 
conductive and sensorineural 
origin in people 

Etiology Example 

Conductive Trauma 

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, β-amyloid deposits, and neurofibrillary tangles that corre-
late with cognitive decline (Youssef et al. 2016). Increased β-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; 
Ekström 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 (Calderón-Garcidueñas 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 (Hlinák and Krejcí 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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Behavioral Characteristics Associated 
with Detection Dog Success 

Lucia Lazarowski and Bart Rogers 

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. 

Keywords 
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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 
( Čejka 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 ( Čejka 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
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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, Čejka 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.
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Such responsiveness to humans has a genetic basis which can therefore be har-
nessed when selecting dogs for detection roles. Gácsi 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; Čejka 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

https://doi.org/10.1007/978-3-031-39370-9_12


76 L. Lazarowski and B. Rogers

(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. 

2.3 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 ( Čejka 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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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) 

2c. 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 µmol/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 
Buettner, Springer Handbook 
of Odor, chapter 24, 2017; 
reproduced with permission 
from Springer Nature 
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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) 

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 10–2–10–15 (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)

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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To Exhaust 3-way Valve 

Fig. 9 Odor mixture olfactometer, published by Hall et al., Heliyon, vol. 4, no. 12, 2018; licensed 
under a Creative Commons Attribution (CC BY) license (Hall and Wynne 2018)
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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 liq-
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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Fig. 11 Canine odor 
chamber published by Krestel 
et al., Neuroscience & 
Biobehavioral Reviews, vol. 
8, no. 2, 1984; licensed by 
Elsevier and Copyright 
Clearance Center (Krestel 
et al. 1984) 

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)

5a. 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. 

5c. 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-O). 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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Fig. 15 A representation of 
the Go/no-Go paradigm. 
During a trial, the 
experimenter presents either 
the target odor (CS+) or other 
stimuli (CS−). The canine is 
trained to show the trained 
response (Go response) 
during a trial containing 
CS+ and to not show the 
trained response (No-Go 
response) during a trial 
containing CS− 

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

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. 

6c. 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 (Peña 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; Peña 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). 

7a. 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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Sources of Human Bias in Canine 
Olfactory Research 

Sarah Krichbaum, Jordan G. Smith, Craig Angle, Paul Waggoner, 
and Lucia Lazarowski 

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. 

Keywords 

Single-blind . Double-blind . Observer bias . Canine . Olfaction 

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.
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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
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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 t-tests we found a significantly lower hit rate (t(22) = 
−3.37, p = 0.003) and a higher proportion of searches with a false alert (t(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; t(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 (t(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; t(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 t-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 (t(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 

G. A. A. Schoon and P. A. Moore 

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 
(VOCs), 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 

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 Schütz 2011) for each 
of the three odor sources we will be discussing—live 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.
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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 
VOCs 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× 
10–4 cm2/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. 

2.1.4 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. 

2.2.3 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 (Španĕl 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:

. Local 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.

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

. 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 
(García-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 
VOCs 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 VOCs, 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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Abstract 

Davila and colleagues cover methods and review findings regarding dog olfac-
tory cognition. The chapter begins by introducing the topic of dog cognition. 
Specific aspects of dog olfactory cognition are explored. The authors review 
methods and procedures that investigate different aspects of olfaction and mem-
ory, including episodic memory, working memory, and long-term memory. 
Next, olfactory category and concept learning in dogs is reviewed followed by a 
discussion of the nature of olfactory representations in dogs, as well as studies 
that involve an olfactory search image. Finally, the last section reviews olfac-
tory quantity judgments. The authors conclude by emphasizing the importance 
of dog cognition and suggesting a converging operation approach for future 
research. 
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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 Uexküll, 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; Kuœmierek & 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



158 A. Davila et al.

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 brought back for the memory retrieval test 
phase 24 hours later and were tested in the presence of the vanilla odor or a 
control odor (apple). Overall, the dogs demonstrated better memory for the reward 
locations when vanilla was present in the environment during the encoding and
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retrieval phases, providing evidence that, like humans, odors can enhance context-
dependent memory for dogs. 

Animals developed memory stores and processes to retain information for dif-
ferent durations. These processes vary in terms of the amount of information or 
duration that the information is held for, but they all serve the purpose of allow-
ing animals to retain information that might be useful in the future. Aspects of 
dog memory, including capacity and duration as well as the effects of interference 
and context on memory, especially regarding olfaction, have been emerging topics 
of research. As the domestic dog has adapted to a human-centered environment, 
they provide researchers with a unique opportunity to not only identify environ-
mental risk factors influencing neurogenerative diseases in humans, but also the 
neural and genetic factors associated with these diseases (Ruple et al., 2022; Topál 
et al., 2019) and how they affect memory. Research on dog memory specifically 
has provided significant support for the use of dogs as translational models for 
neurodegenerative diseases (Tapp, 2003). 

2 Categories and Concepts 

Animals inhabit spaces that are full of constantly changing sensory information. 
Making sense of such an environment would be extremely challenging if not for 
the fact that often there is considerable overlap in the environment (Smith & 
Medin, 1981), and animals have specific cognitive processes to interpret their 
environment. The ability to form categories, representations of classes of stim-
uli, is based on the groupings of similar stimuli and provides stability in a variable 
environment by taking disparate sensory input and creating coherent perceptual 
experiences in the form of internal representations (Medin & Smith, 1984). Such 
categorization is the basis of forming concepts (e.g., birds, cars, colors, etc.). 
Concepts are the internal, mental representations that are functionally used to 
determine whether a particular stimulus is a member of a one or more categories 
(Smith & Medin, 1981). Categories, then, are the groupings of stimuli based on 
shared features and traits while concepts provide unifying representations of these 
categories. The value of categorization is being able to generalize quickly and effi-
ciently what is learned about one member of a category to all novel members, even 
when these items are not exact replicas of the original members of the category. 
Stimuli that share some number of the features with the concept of a category 
will be added to that category and treated as a member of that category. A key 
endeavor in comparative cognition, including canine cognition, is to understand 
the neural, behavioral, and evolutionary bases of concept formation. The ability 
to form concepts is an important and general process, one that disparate species 
seem to share (Soto & Wasserman, 2012). 

Dogs have emerged as subjects in concepts and category research recently, 
using a variety of stimulus modalities. Range et al. (2008) trained dogs to touch 
their nose to a touchscreen that displayed images of dogs with a landscape back-
ground and images of landscapes without a dog. Nose touches to the stimuli with
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dogs on them were reinforced while those without a dog were not, creating dog/ 
non-dog categories. All dogs learned to pick out the images with dogs in them, 
even when they were against a familiar background, demonstrating visual category 
learning. 

Understanding of olfactory categorization in all animals lags far behind that 
of visual categorization (Batty, 2014), and to a lesser extent audition. To some 
extent, this is due to relying on vision as a framework for perception broadly 
(Barwich, 2019). However, there are recent studies that look at olfactory catego-
rization in dogs. Wright et al. (2017) split dogs into two groups: a category group 
and a pseudo-category control group. Both groups were trained to make a go/ 
no-go response, depending on their group assignment. The category group made 
a go response (e.g., sit) when presented with a combination of a substrate odor 
that had been mixed with an accelerant (burnt or unburnt), and a no-go response 
(e.g., inhibit sitting/remain standing) when the substrate was presented without 
the accelerant. Therefore, they were trained to categorize the odors based on the 
presence or absence of accelerants. A go response could be either rewarded or 
nonrewarded for each substrate odor, depending on whether they were mixed with 
the accelerants. The control group in this experiment received substrates that in 
some cases had accelerants (burnt or unburnt) but were not exclusively rewarded 
for selecting the stimulus mixed with the accelerants. The control group received 
the same stimuli as the experimental group but without the rule. After reaching a 
performance criterion, dogs were given a transfer test (referred to as a generaliza-
tion test), which consisted of two probe trials with novel substrate and accelerant 
combinations inserted into normal sessions. Four of the initial 11 dogs learned to 
categorize the training stimuli and reached transfer testing, and three of these four 
successfully transferred while one failed to finish testing. 

This study is important because it suggests that dogs may learn to categorize 
odors based on common chemical characteristics that they can detect by smell. 
This could help in training dogs to generalize one common characteristic to all 
members of a class without necessarily needing to be trained on each member of 
that class. For example, a dog trained to detect all floral essential oils, as opposed 
to citrus-based essential oils, might only need to be trained on a small subset of 
floral essential oils (e.g., rose and tulip) in order to generalize the response to all 
floral essential oils. In a live detection setting, this would be a significant advantage 
as there may be small variations in the exact components used in an explosive com-
pared to ones from training. A dog that can detect improvised explosive devices 
(IEDs) that are similar to ones it was trained on but still unfamiliar would be far 
more effective than one that cannot. However, other attempts to train dogs to gen-
eralize have produced mixed results. Recently, Dorman et al. (2021) trained dogs 
to detect either two or six variants of ammonium nitrate. Dogs were then tested 
for their ability to generalize to a novel AN compound (i.e., AN mixed with alu-
minum shavings). All dogs, whether trained on two or six variants of AN, failed 
to generalize to the mixture. DeGreeff et al. (2020) attempted to find chemical fac-
tors that could be related to categorization among odors. The olfactory system can 
discriminate odors in two ways: either in terms of the length of the carbon chain
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associated with that odor or in the functional group (the specific atoms attached to 
a molecule that determine how it reacts) associated with the odor. DeGreeff et al. 
were able to control one aspect of the odor while varying the other (i.e., changing 
carbon chain length for molecules of the same functional group and vice versa) 
to determine which encouraged dogs to generalize and which increased selectiv-
ity (e.g., caused greater discrimination and less generalization). By way of visual 
analogy, this procedure is akin to determining whether an animal is more or less 
likely to generalize a visual category rule by either expanding the diameter of an 
object or changing its color. Dogs, after training, were more likely to generalize 
between different compounds of a similar carbon chain length rather than similar 
functional groups. 

3 Abstract Concepts 

Thus far, concepts have been discussed based on rote memorization. That is, the 
categorization is based on perceptual similarity between the to-be-categorized item 
and existing representations of the item. This type of concept is often referred to as 
a natural concept. An alternative form of concept learning is the abstract concept, 
so-called because abstract concepts transcend the perceptual qualities of stimuli 
and instead involve categorization based on relational characteristics between two 
or more stimuli (Katz & Wright, 2021). Abstract concepts were once considered 
“the very keel and backbone” of human thought (James, 1890), but research has 
demonstrated that a variety of species are capable of such learning (Wright et al., 
2021). 

The matching-to-sample task (MTS), described above, is a common method 
for assessing abstract-concept learning. In terms of abstract concepts, a general-
ized matching rule would require subjects to select matching pairs even among 
never before encountered stimuli (e.g., transfer the matching rule to novel stim-
uli). The MTS procedure and the dMTS variant have a long history in comparative 
cognition, as a wide variety of animals have learned to successfully complete the 
task with little to no procedural differences, including different species of birds 
(Wright et al., 1988), monkeys (Overman & Doty, 1980), great apes (Matsuno 
et al., 2004), rodents (Lazarowski et al., 2019; Peña et al., 2006), fish (Aellen 
et al., 2022), and bees (Giurfa et al., 2001). Using the same procedure with differ-
ent species presents an opportunity to explore similarities and differences across 
species, as well as provide insight into how these processes may have evolved. 

In terms of dog olfaction, Lazarowski et al. (2021a, b) trained six dogs on an 
olfactory variant of the MTS task to test for evidence of abstract-concept learning. 
Dogs were trained to investigate a sample odor followed by matching (S+) and 
non-matching odors (S−). Each session consisted of 24 trials, each of which was 
trial-unique (i.e., each odor appeared once per session). Once dogs reached two 
consecutive sessions of at least 20 out of 24 correct trials, they moved on to the 
transfer tests, which were identical to baseline training sessions except that six of 
the baseline trials were replaced with six transfer trials. Transfer trials contained
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completely novel odors as the S+ and S−, which never repeated across sessions or 
trials. All dogs learned the initial MTS task as well as transferred to novel stimuli, 
providing evidence of abstract-concept learning according to the established crite-
ria: performance on transfer tests is equivalent to baseline, the analysis is restricted 
to the first presentation of the stimulus, and the procedures are identical on base-
line and transfer trials (Katz & Wright, 2021). Similar evidence comes from dogs 
trained to detect human scents in forensics cases. Marchal et al. (2016) found 
that extensively training dogs on a scent detection line, where they must match 
human scents in lineup to a sample scent, led to a high degree of accuracy (90%). 
Dogs were also tested on odors collected from crime scenes and potential subjects, 
where they continued to perform well. The data is not reported in terms of a trans-
fer test and is not experimentally controlled as in Lazarowski et al. (2021a, b), yet 
still provides similar evidence and an example of a practical application of MTS 
learning in dogs. These results demonstrate dogs’ ability to form abstract concepts 
and further support a general process account of abstract-concept learning; that is, 
the ability to form abstract concepts is shared amongst a variety of animal species. 

The ability to categorize objects and to represent abstract concepts is a core cog-
nitive process that is shared across disparate species (Soto & Wasserman, 2012), 
including primates, birds, and others. The development of key procedures such 
as pseudo-category training and controlled transfer testing elucidated the general 
nature of these abilities. Including dogs in the species tested for category and con-
cept learning further expands the knowledge of cognitive evolution. Further, testing 
with olfactory stimuli represents an important expansion of these procedures to 
sensory modalities other than vision and audition. Properly training dogs to cate-
gorize related odors can help train detection dogs more efficiently. Incorporating 
the findings outlined in this section could help improve training and selection of 
service dogs. 

4 Odor Representations 

Of recent interest in canine cognition is the relationship between dogs’ olfac-
tory perception and cognition—specifically how dogs mentally represent olfactory 
information. While dogs have long been acknowledged for their remarkable olfac-
tory capabilities and have been employed in a variety of olfactory detection 
settings, including explosives, drugs, and biomedical agents (Kokocinska-Kusiak 
et al., 2021), dogs’ perception of individual odors and understanding of what these 
odors represent is underexplored. 

The first examination of olfactory object perception in dogs assessed dogs’ 
ability to form what is referred to as a search image (Gazit et al., 2005). A search 
image refers to an animal’s enhanced ability to detect stimuli based on prior expe-
rience with that stimuli. For example, an animal showing an enhanced ability to 
find a specific type of cryptic prey amongst, and instead of, other equally reward-
ing alternatives as a result of prior repeated experience with that prey suggests that 
animal has a “search image” of that prey (Dukas & Kamil, 2001; Katz & Cook,
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2000; Tinbergen, 1960). Here, Gazit et al. (2005) assessed dogs’ ability to detect 
different odors following differential levels of exposure to each odor. They found 
that repeated exposure to a particular target odor prior to testing resulted in greater 
detection levels for that target as compared to baseline levels of detection, suggest-
ing that a search image was formed for that particular odor and dogs’ ability to 
detect that odor was enhanced by increased exposure. However, when the proba-
bility of encountering that target odor was reduced such that it was encountered 
less than another odor during training, detection performance for the target odor 
during testing declined, suggesting that search image is maintained only as long 
as the probability of encountering a particular target remains high. 

The findings of Gazit et al. (2005) suggest that dogs can preferentially attend to 
specific odors. An important extension of these findings is understanding how dogs 
mentally represent target odors. In other words, do they incorporate specific odors 
into their representations of specific objects? Brauer and Belger (2018) explored 
this question through an olfactory violation-of-expectation paradigm. Dogs were 
required to follow an odor trail for a specific toy (“A”) to a target location. In 
the baseline condition, the dogs would always find Toy A at the target location, 
while in the experimental condition, the dogs would always find Toy B. In the 
experimental condition, in which the unexpected Toy B was present, dogs were 
significantly more hesitant to fetch the toy than in the baseline condition, suggest-
ing that dogs had an expectation of what they would find at the end of the odor 
trail. 

Dogs’ understanding of olfactory information as representing specific objects 
has been extended along social dimensions to include knowledge of odors as 
representing specific human individuals, as well as the self. In a similar violation-
of-expectation paradigm as described above, Brauer and Blasi (2021) explored 
dogs’ understanding of odors as representing specific humans. Dogs in this exper-
iment were able to track the odor trail of Person A (the dog’s owner). At the target 
location, dogs found either the expected Person A, or another unexpected Person B 
(another owner or person that the dog was very familiar with). Dogs demonstrated 
more behavioral excitement when the unexpected person was present at the final 
location than the expected person, providing evidence of surprise in this condition 
and suggesting that dogs had been searching specifically for Person A. 

Not only can dogs recognize odors from individual humans, but it is suggested 
that they can also recognize their own. Horowitz (2017) developed an olfactory 
self-recognition test for dogs as an analogy of the classic mirror self-recognition 
test (cf. Gallup, 1970), which may not be an appropriate test of assessing self-
recognition in some species. Horowitz (2017) found that dogs spent a significantly 
longer time investigating a modified sample of their own odor than samples of 
their own odor without the modifier or the modifier in isolation, suggesting that 
dogs recognized the odor as being of themselves but different. Further, Horowitz 
explored dogs’ investigations of their own versus conspecifics’ odors and found 
that consistent with observations in natural environments, dogs spent significantly 
more time investigating the odors of others as compared to themselves. It should 
be noted that the interpretation of these results as evidence of self-recognition is
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controversial due to lack of proper controls. Gallup and Anderson (2018) suggest 
that a more parsimonious explanation of Horowitz’s results might be that dogs are 
habituated to their own odor and that dishabituation to this odor occurs when it 
is modified. Therefore, dogs’ olfactory self-recognition remains in need of further 
exploration. 

Of note, these experiments are treating olfactory objects as qualities used to 
represent their sources. In other words, the object is a visual thing with a smell. 
As an example, consider the difference between a representation of the smell of a 
banana as a characteristic of the visual object banana, as opposed to the represen-
tation of the smell existing as its own olfactory object. This would suggest, among 
other things, that one could separate the smell of a banana from a background of 
other smells, without visual cues. The extent to which the mammalian olfactory 
system represents olfactory objects is far from settled (cf. Barwich, 2019; Millar, 
2019; Wilson & Stevenson, 2003). Taken together, these studies suggest that dogs 
are able to associate specific odors with specific targets and can use this infor-
mation to search for a certain target preferentially. Further, dogs are able to use 
olfactory information to represent specific multisensory objects and individuals. 

5 Olfactory Quantity Discrimination 

Animals use quantity discrimination to recognize the difference between two or 
more amounts (Jackson et al., 2021), allowing them to make informed decisions 
regarding food, conflicts, and other environmental situations. For example, scav-
enging wild dogs may decide between two food piles based on the amount of 
food each contains (Banerjee & Bhadra, 2019). In animals, quantity discrimina-
tion studies often focus on the visual modality, viewing olfaction as a confound 
to be controlled for instead of examined (Baker et al., 2011; Petrazzini & Wynne, 
2016). Visual quantity discrimination is important, but for animals that rely heav-
ily upon their sense of smell, quantity discrimination should not be viewed from 
one modality alone. 

Recently, issues of the importance of olfaction in olfactory quantity discrimi-
nation have been explored in dogs (Ferrando & Dahl, 2022; Horowitz et al., 2013; 
Jackson et al., 2021). By understanding olfactory quantity discrimination in dogs, 
we may better prepare them for jobs in working fields, as well as understand 
how their cognitive processes differ from other species. Studies on dogs’ olfactory 
quantity discrimination abilities have primarily relied upon experimental designs 
that have been similar to those used in visual tasks, but altered for olfaction (Fer-
rando & Dahl, 2022; Horowitz et al., 2013; Jackson et al., 2021). While there are 
differences between the two experimental designs, some aspects remain the same. 
These designs rely upon a two-alternative forced choice (2-AFC) paradigm with 
two experimenters, one acting as the handler and one controlling the food place-
ment (Ferrando & Dahl, 2022). Two plates containing differing amounts of food 
are placed in the middle of the floor, 0.5–1 m apart. Both the dog handler and the 
food handler are positioned 1.5 m away from the plates, on opposite sides. These
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Fig. 2 Take from Horowitz 
et al. (2013) showing a 
common setup for these 
procedures. This schematic 
shows locations of the dog 
and owner (bottom) and 
experimenter (top) at the 
beginning of each trial. Plates 
were placed 1 m apart from 
each other after they were 
originally presented to the 
dog. The plates were 1.5 m 
from both the experimenter 
and the dog-owner pair 

measurements vary some across experiments, but this general setup is used for both 
olfactory and visual quantity discrimination tasks (Baker et al., 2011; Banerjee & 
Bhadra, 2019; Horowitz et al., 2013; Jackson et al., 2021; Petrazzini & Wynne, 
2016; Petrazzini et al., 2020). An example of this design, taken from Horowitz 
et al. (2013), can be seen in Fig. 2. 

In the Horowitz et al. (2013) adaptation of the original visual experiment, pieces 
of hot dog were placed on paper plates, with one plate containing one hot dog 
wedge while the other contained five hot dog wedges. The paper plates were then 
each taped shut with another paper plate on top—in order to remove any visual 
cues—and were presented to the dogs either sequentially or simultaneously, before 
placement in the middle position. From there, the dogs were able to choose one of 
the plates and allowed to eat whatever was under that plate. Up to six trials were 
conducted in this primary condition. The results obtained from this study were 
not statistically significant (Horowitz et al. 2013), suggesting that dogs do not 
use olfaction when discriminating between food amounts. However, Jackson et al. 
(2021) found different results following a similar setup to Horowitz et al. (2013) 
but with some important differences. As in the Horowitz et al. (2013) study, hot 
dog slices were used, with one plate containing one hot dog slice and the other 
containing five hot dog slices, both of which were covered to avoid the potential 
use of visual cues. However, instead of taping shut the plates, Jackson et al. (2021) 
covered the plates with slitted plastic containers, allowing scent molecules to dis-
perse while still preventing visual quantity discrimination. Rather than presenting 
the plates and then putting them down, the dogs were able to move forward and 
sniff each of the containers before being pulled back to the starting position. From 
there, after a three-second delay, the dogs were released and allowed to choose 
between the two plates, consuming the contents of the plate chosen. There were 
twenty trials with a 30-s intertrial interval, and the plate presentation of food was
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counterbalanced (so that each side contained each food quantity for an equal num-
ber of trials). Under these conditions, the difference between choosing the larger 
and smaller quantity of food was statistically significant. 

Considering the overall similarities in experimental design, the different results 
are worth further examination. There are multiple factors that may impact the 
results obtained in these experiments. There is the buildup of odor within the 
experimental apparatus. Numerosity (an ability to distinguish the actual numbers 
involved between the two amounts) is a relevant factor in visual quantity discrim-
inations, but it may not apply to the olfactory setting (Petrazzini & Wynne, 2016). 
However, odor buildup within the plates could impact task performance just as 
much as numerosity. 

Another factor that must be considered is Weber’s Law, which is the concept 
that ratios that are closer together (1:2) are harder to discriminate than ratios that 
are farther apart (1:6) (Jackson et al., 2021; Petrazzini et al., 2020). In visual 
quantity discrimination tasks, Weber’s Law has been shown to generally hold in 
studies of adult dogs (Petrazzini & Wynne, 2016), coyotes (Baker et al., 2011), 
and—in a more limited form—puppies as young as 2 months of age (Petrazzini 
et al., 2020). In studies of olfactory quantity discrimination, however, Weber’s 
Law has not been examined (Horowitz et al., 2013) or has not held (Jackson et al., 
2021). While this is important for understanding the cognitive processes of dogs, 
it is especially important for the setup of the task. If Weber’s Law impacts how 
dogs perceive the task, then the results that are obtained will be impacted by it 
as well. While the food quantities were the same across studies, it remains that 
there could be differences in the amount of scent molecules available. The roles of 
Weber’s Law and odor buildup should be considered together to better understand 
the true nature of dogs’ olfactory quantity discrimination abilities. 

Ferrando and Dahl (2022) developed another version of the experiment, 
addressing both of these issues. They used a 2-AFC paradigm, with some slight 
differences in measurements from those seen with Horowitz et al. (2013) and 
Jackson et al. (2021). Importantly, they used glass plates and upside-down plas-
tic cups, rather than paper plates. These were, respectively, cleaned and replaced 
between trials. Furthermore, dogs did not examine the plates beforehand. The 
plates were placed 1 m away from the dog and from there, after a ten second 
delay, the dog made their decision (however, the criteria for a choice was more 
restrictive, requiring the dog to be within 30 cm of the cup and to stay there for 
three seconds). Eighteen trials were conducted, spread out over three days in three 
different sessions. Cervelat sausage was used, but the quantities tested diverged 
from the previous two experiments in that three different quantity comparisons 
were used (1:2, 1:3, 1:4) in order to explicitly examine the impact of Weber’s 
Law. Differences in performance based on quantity comparisons were not statis-
tically significant but were close to it (7%) (Ferrando & Dahl, 2022). Regardless, 
the results were similar to Jackson et al. (2021) in terms of Weber’s Law. Regard-
ing odor buildup, Ferrando and Dahl (2022) aimed to address this by refreshing 
the experimental apparatus, however this still remains a factor. Ferrando and Dahl 
(2022) recognized this drawback but preferred to examine other task factors (i.e.,
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breed differences) that required an emphasis on task difficulty over a control of 
odor molecules. Overall, they found that dogs performed around chance level on 
the olfactory quantity discrimination task (Ferrando & Dahl, 2022). 

The studies described above have yielded mixed findings on dogs’ ability to dis-
criminate between olfactory quantities. Horowitz et al. (2013) and Ferrando and 
Dahl (2022) found that dogs could not consistently discriminate food quantities. 
Of the dogs tested, 61% preferred the plate with more food, but the difference 
in choosing the larger amount of food over the smaller amount of food was not 
significant (Horowitz et al. 2013). Meanwhile, Jackson et al. (2021) found that 
dogs chose the greater food quantity 70.5% of the time. When the experiment was 
repeated with pieces of kibble instead of hot dog, however, the dogs performed 
around chance level (Jackson et al., 2021). Lastly, when Ferrando and Dahl (2022) 
performed the experiment with differing numbers of Cervelat sausage, dogs per-
formed at around 50% accuracy, no better than chance level. In light of these 
mixed results, there are several factors to be considered. This is a spontaneous 
choice task (Banerjee & Bhadra, 2019), which may result in the task not only 
examining dogs’ ability to smell a difference in quantity, but whether they have 
learned to discern the rewards attached to this discrimination as well. There were 
multiple trials carried out in all experiments, giving the dogs the opportunity to 
learn, but the dogs were rewarded regardless of how they performed (Ferrando & 
Dahl, 2022; Horowitz et al., 2013; Jackson et al., 2021). Further, these studies 
operated on the assumption that the dogs would naturally prefer and choose the 
greater quantity of food, but there was no requirement for dogs to do so. Dogs 
may have the ability to discriminate quantities but may not be able to perform at 
their full capacity in a spontaneous condition. Horowitz et al. (2013) even noted 
that dogs attended to the larger quantity of food significantly more than to the 
lower quantity of food regardless of their choice, which may point to an ability 
to discriminate quantity, but that the dogs did not learn what that means for the 
task and rewards. This setup is also not an everyday experience for companion 
dogs. As Banerjee and Bhadra (2019) note, performance in quantity discrimina-
tion tasks could be dependent on the context for the dog. Since the dogs in two 
of these experiments were companion dogs (Horowitz et al., 2013; Jackson et al., 
2021), and in the other were shelter dogs (Ferrando & Dahl, 2022), they were 
not usually asked to use their noses in this capacity (Horowitz et al., 2013). If 
performed with working dogs, or with dogs trained on the task, results may dif-
fer. Also, while many breeds were involved in these experiments, there could be 
differences—both at a breed level and at an individual level—in dogs’ olfactory 
abilities. Ferrando and Dahl (2022) explicitly examined this, finding differences in 
detection performance based on cephalic index that could impact discrimination 
as well (e.g., breeds with brachycephalic skulls were worse at detection tasks). 
The impact of type of scent (certain odors may be more attractive) and saliency 
of scent (certain scents may emit odor molecules more rapidly), while touched on 
by Jackson et al. (2021) in their comparison of kibble versus hot dog, could also 
be investigated further.
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Further research is needed in order to understand dogs’ olfactory discrimination 
abilities. Future studies could be performed with different populations, different 
trial and reward setups, and with a greater focus on the influence of Weber’s Law. 
Replicating such experiments with working dogs may show increases in perfor-
mance based on selective breeding and training history for enhanced olfactory 
capabilities. If dogs were rewarded for specific choices—picking the larger quan-
tity of food or the smaller quantity of food—then the impacts of cognitive reward 
evaluations and physical scent capabilities could be separated. Only when further 
replication is performed will there be a more comprehensive view of dogs’ ability 
to perform olfactory quantity discriminations. 

6 Conclusion and Future Directions 

Dogs are currently used around the world as a means to detect chemical com-
pounds through olfaction. While dogs may not be unique in their ability to detect 
these compounds to a high degree of accuracy, they are the only species that serve 
a variety of roles in addition to chemical detections, as service animals and com-
panion animals as well. Understanding cognitive processes in dogs as they relate 
to olfaction, such as memory, category and abstract-concept learning capabilities, 
the nature of their representations of olfactory objects, and their ability to extract 
measures of quantity from olfactory discrimination is vital to ensuring dogs are 
employed efficiently in these jobs while also ensuring their welfare. When training 
dogs for these roles, it is important to consider their capabilities and deficien-
cies; operating within these limits will minimize costs and maximize their utility. 
Further, considering the link between olfaction and cognition in humans, under-
standing this link in dogs and its underlying mechanisms has implications for 
canine aging and neurogenerative diseases. 

Future directions for studies of olfactory dog cognition include furthering our 
understanding of the processes underlying dog cognition and olfaction. Connecting 
the brain processes (e.g., Thompkins et al., 2021) and genetics (Eyre et al., 2022) 
of olfaction with cognitive and behavioral measures of olfaction in dogs, both in 
the laboratory and real-world scenarios, is vital to not only understanding dog 
cognition but also to train detection dogs. In the future, a converging operations 
approach integrating neuroscience, cognitive, and behavioral methods can help 
answer basic and applied questions about olfaction, from sensation and perception 
to complex cognitive processes.
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Abstract 

Collaboration between researchers and detection dog practitioners is key to opti-
mizing training practices for operational detection dogs, yet published research 
is often difficult to obtain and not always easy to apply to practice. This chapter 
sets out the most common detection dog training practices and explains the 
science currently available in each area of the detection task: odor learning, 
odor discrimination, indication/alert and finally the search. Odor generaliza-
tion and factors that impact it are clearly set out alongside the potential for 
recently researched new training paradigms to be incorporated into practice. 
Factors that affect operational performance and potential causes for incorrect 
final responses are discussed including; reinforcement schedules, training ses-
sion structure, motivation and arousal, and the impact of the human half of the 
detection team. Throughout the chapter knowledge gaps in odor learning and 
training have been highlighted and suggestions of key areas for future research 
are made. An easy-to-read glossary provides the reader with clear definitions of 
the key terms used within the literature relating to operational detection dogs. 
This chapter aims to start to bridge the gap between laboratory findings and 
their field application by presenting the science to practitioners in an accessible 
way. 
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Training dogs to detect an odor is far from a new concept. The tracking of animal 
and human scent by dogs can be traced back to Roman times; however, the training 
of detection dogs as we know them today began to surface in the mid-twentieth 
century (for a brief review of the history of working dogs see Hall et al. 2021). 
Training methods used in the field for dog detection work are rooted in tradition, 
handed down from trainer to trainer and little has changed in training approaches 
in nearly a century (Hall et al. 2021; Hayes et al. 2018; Troisi et al. 2019; Ramirez 
2020). In contrast, our scientific understanding of how animals learn has increased 
substantially over the same period (Ramirez 2020). Knowledge is slow to filter 
through from the laboratory to the field, frequently hampered by the fact that 
scientific literature and the language used is not easily accessible to the average 
person in the field. Commonly, wider dissemination of the research is left to the 
writers of easily digestible web and social media posts which are often abridged 
and missing crucial points, or quoted with a confirmation bias to the writers’ own 
beliefs. 

Key to improving the performance of dogs in the field is the ability of trainers 
and handlers to apply up to date science to their work. This chapter will set out 
today’s most common detection training practices and consider the research cur-
rently available in each area of the detection task: odor learning, discrimination 
training, the alert and finally the search. It will examine the effectiveness of train-
ing methods, based on current knowledge informed by research findings, as well as 
identify where knowledge is limited and investigation into alternative approaches 
may be warranted based on current understanding of learning theory. Implications 
for operational settings and factors that affect performance will be identified and 
recommendations or potential solutions provided. In addition, we will highlight 
some of the knowledge gaps remaining and give suggestions for key areas for 
future research. This chapter aims to start to bridge the gap between laboratory 
findings and their field application by presenting the science to practitioners in an 
accessible way. 

1 Odor Learning 

The first stage of detection training requires the dog to learn the relevance of 
the target odor. In practice, this is often referred to as “imprinting,” although it 
should be noted that this term is adapted from ethology referring to any rapid, 
time-sensitive learning, typically in infancy (for example when a young animal 
becomes socially attached to an object, which is usually, but not necessarily, its 
parent; Hess 1959). It would never be used scientifically in the context of learning 
a target odor and so, for clarity, we will refer to it as “odor learning.” 

Exposure to the odor without pairing it with an unconditioned stimulus can 
have differing impact on odor learning, having been shown to be positive (Manda-
iron 2006; Mandairon et al. 2006; Yee and Wysocki 2001), negative (Dalton and 
Wysocki 1996) and neutral (Hall 2014; Fletcher and Wilson 2002; Cunzeman and 
Slotnick 1984). This is likely to be due to a variety of factors that modify salience;
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see some of the discussion below. However, all studies that, during initial exposure, 
paired the odor exposure with a positive (or negative) outcome yielded improved 
discrimination ability (Fletcher and Wilson 2002; Mandairin et al. 2006) and there-
fore with our current understanding we would not recommend starting training 
with exposure to the odor alone. 

1.1 Classically Conditioning the Odor 

To learn the relevance of the target odor, training set-ups that facilitate associa-
tive learning (see glossary) are usually utilized to enable the dog to associate 
the presence of the target odor with a reinforcer (reward). It is widely accepted 
that classical conditioning (a type of associative learning) has an important role 
to play in all learning; including odor learning (Hall et al. 2021). However, how 
classical conditioning is implemented impacts the effectiveness of the learning. 
Simultaneous conditioning (reward placed alongside the odor) has been shown 
to be ineffective for facilitating odor learning, most likely due to blocking and/ 
or overshadowing (Hall 2013). Overshadowing occurs when two stimuli are pre-
sented at the same time and one is more salient than the other (Jezierski 2016; 
Hall and Wynne 2018); for example, if the odor and food are placed in the same 
container and presented to the dog (e.g. Hall 2013) it is likely that the odor will 
not be salient to the dog as the food odor is intrinsically relevant. Blocking results 
in the neutral stimulus (target odor) failing to become a conditioned stimulus as 
a result of a second stimulus having been previously associated with the outcome 
(Smith 1994; Jezierski 2016). For example, if one odor is learned by the dog, and 
a second placed with it, it is unlikely the second odor will achieve the required 
association. 

In contrast to simultaneous conditioning, delayed conditioning results in 
improved learning speed (Hall 2014), a reduction of the effect of disruptors (dis-
tractions) (Hall 2015) and improved low odor detection levels (Hall 2016). Delayed 
conditioning is a process where the target odor and unconditioned stimulus (the 
stimulus that will later become the reinforcer) overlap in their presentation, with 
the odor being presented first. For example, the target odor is presented to the dog 
and food rewards are delivered by the handler shortly after, but still in the presence 
of the odor (at source). This ensures a clear association is made between the odor 
being presented and the delivery of the reinforcer. We therefore recommend that 
delayed conditioning is used for odor learning wherever possible. 

2 Discrimination 

Discrimination is the ability of the dog to identify the target odor as different 
from all other environmental stimuli. In the field, the dog encounters an enormous 
number of potentially distracting stimuli (Hall and Wynne 2018). These might be 
visual, auditory or olfactory and the dog must learn to ignore everything apart
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from the trained odor(s). Training usually involves placing the target stimulus in a 
container with small holes to allow the odor to escape (e.g., a flour dredger). The 
target odor is presented alongside multiple identical containers that are empty or 
contain distractor odors (irrelevant odors that may or may not be of interest to the 
dog, or odors that could commonly be found in operational searches which the 
dog needs to learn to ignore). The dog is required to sniff each of the containers 
and reinforcement is given when they show an interest in the container containing 
the target odor. Initially, the dog may only have two or three choices; the number 
of containers is gradually increased as the dog learns the task and the range of dis-
tractor odors is adapted to facilitate learning to required sensitivity and specificity 
(Johnen 2013). 

For stepwise instructions on the placement of target, blanks, and distraction 
containers see “Using blanks and interferents to ensure effective detection dog 
training” (DSTL 2018c). 

3 The Final Response (Indication/Alert) 

When a dog detects the target odor, they are required to perform a trained behavior 
to communicate to the handler the precise location of the odor. The “indication” 
or “alert” required may differ depending on the task at hand; some may require a 
solid sit/lie down and stare, whereas others may require the dog to be more spe-
cific and freeze with the nose close to the source of the odor (Mancini et al. 2015; 
Jezierski 2016). Proximity to the odor source will vary depending on the odor 
being trained, and in some instances may require a significant distance, particu-
larly when the target is potentially harmful to the dog or handler (e.g. explosives 
or live animal detection; Jezierski 2016). The alert can be trained as part of the 
conditioning process often through shaping (Johnen 2013; Mancini et al.2015); or 
prior to odor learning as an operant behavior, which is then transferred via higher 
order conditioning, resulting in the odor becoming a discriminative stimulus (cue) 
for the behavior (Hayes et al. 2018). 

When the dog is searching there are several different discreet outcomes:

. True Positive: Target odor is present and the dog alerts at its location.

. True Negative: Target odor is not present and the dog does not perform the 
alert behavior.

. False Negative: Target odor is present and the dog does not perform the alert 
behavior.

. False Positive: Target odor is not present and the dog performs an alert behavior. 

In addition, there are two other potential responses classified by those who work 
in the field, but rarely reported on scientifically:

. Interest: The dog shows overt interest in an area but does not perform the alert 
behavior (DSTL, 2021b).
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. Nuisance Alert: The dog alerts on a substance that contains elements of the tar-
get odor signature but the substance itself is not of operational interest (DSTL, 
2021b). For example, plasticizers which are contained in many plastics are also 
added to explosives to reduce sensitivity (DSTL, 2021b). Nuisance alerts are a 
necessary side effect of effective generalization as the dog is technically correct 
at detecting what he perceives as the target odor. Attempting to train the dog not 
to alert on a nuisance substance can result in a narrowing of the generalization 
curve and an increase in false negatives (DSTL, 2021b). 

4 The Search 

There is little literature available on the process of training a dog to search; the 
general assumption is that dogs are proficient hunters and the skill comes natu-
rally to them. However, well-planned training can assist the dog to learn to follow 
odor trails in a range of situations and under different conditions more effectively 
and improve the development of systematic search behavior. In addition, training 
handlers to read situations effectively can ensure that they best assist their dog by 
knowing when to direct their dog’s search versus allowing a free search. Better 
understanding of the different roles of the partnership during the search phase and 
how to optimize this is likely to lead to more effective and efficient detection. 

4.1 Target Odor Placement 

It is important to ensure training provides adequate learning opportunities for the 
dog to understand how odor moves and thus how to search for an odor source. This 
is key to creating detailed and systematic search behavior. Careful consideration 
of the placement of the target odor in training can aid this learning. For example:

. To encourage a dog to systematically search the edges of a room or building, 
multiple targets can be placed repeatedly around the perimeter.

. Tables, chairs, and other obstacles can be used to create voids and corners, 
where odor may be pool and become trapped (Wasser et al. 2004).

. Hides near heat sources can result in the odor rising, traveling, and falling 
elsewhere in the room (Wasser et al. 2004).

. A hide placed on a vehicle facing the wind can result in odor being trapped 
in the crevices of the under carriage of the vehicle away from the target odor 
location.

. A hide that has been in place for several hours/days (aged) will have a different 
odor plume to one that had only been placed a few moments before (Wasser 
et al.2004).
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4.2 Handler Assessment of the Search Area 

Assessing whether the dog has effectively searched an area is an important han-
dler skill and one that is not straightforward to achieve. There is evidence that 
handler perception of the likelihood of a target being present impacts the dog’s 
propensity to locate the target (DeChant et al. 2020; Lit et al. 2011). As such, it 
is important to ensure the handler can use rules to ensure the search is systematic. 
One potentially helpful strategy is the use of “vigilance points,” imaginary lines 
drawn at 45 degrees to corners within the area, creating zones which would not 
be crossed unless the dog was intentionally searching into the corners (Porrit et al. 
2015). This could be a useful measure of the dog’s effectiveness at covering an 
area during a free search as a lack of vigilance point crossings has been found to 
be correlated to increased number of false negatives (Porrit et al. 2015). 

5 Generalization 

While the dog is required to discriminate the substance they are searching for 
from other non-target odors, they must also allow for a level of variation within 
the item’s odor profile and generalize their learning to account for this. 

In the field, the substances dogs are required to detect will have some degree 
of variation from sample to sample (Jezierski 2016; Marshall and Oxley 2009; 
Hall and Wynne 2014). Factors such as the ambient temperature (Thiesan et al. 
2005; Lotspeich et al. 2012; Lazarowski et al. 2020, manufacturing process, coun-
try of origin (Moser 2019), and the age of the sample can all affect the odor 
emitted. Furthermore, extrinsic factors may impact the dog’s ability to detect the 
odor: for example, contraband is often concealed in, or mixed with substances that 
themselves have a strong odor (Ferton et al. 2002; Lazarowski and Dorman 2014; 
Hall and Wynne 2018); explosives are typically found alongside a wide variety of 
accelerants such as icing sugar or fuel oil (Hall and Wynne 2018); organic matter 
(plants/scat) will differ depending on the growing location or food consumed by 
the animal; or substantially different quantities from the samples used in train-
ing can hinder the dog’s ability to detect a substance (Aviles-Rosa et al. 2021; 
DeChant and Hall 2021). 

The required breadth of generalization (sensitivity), or discrimination (speci-
ficity), to a target odor will depend on the substances the dog is required to detect 
(DeChant and Hall 2021); too much generalization results in an unacceptable num-
ber of false positive indications; too little risks increasing the number of false 
negatives (DeChant and Hall 2021). Clearly, there is a degree of “trade off” which 
must be considered to determine the required level of generalization vs. discrimi-
nation, dependent on the needs of the task and the inherent risks associated with 
false positives or false negatives (Marshall and Oxley 2009; Hayes et al. 2018). 

There are several factors that can be incorporated into the training method to 
assist in aiding the dog to generalize effectively (Mandairon et al. 2006; Marshall 
and Oxley 2009; Wright et al. 2017; Hall et al. 2021):
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1. If the same odor sample is used consistently in training, the generalization curve 
will narrow (Moser 2019; Aviles-Rose et al. 2022). Ideally, a range of samples 
from different origins should be used to enhance generalization to account for 
variations within the composition of a substance (DSTL, 2018b). 

2. The quantity of available odor can affect the dog’s ability to respond to it 
(Aviles-Rosa 2021; DeChant and Hall 2021). Training on a variety of sam-
ple sizes is important for the dog to be able to generalize to both small and 
larger amounts of odor (DSTL 2018b). Odor chemistry is outside the remit of 
this chapter; however, it should be noted that it is not only the physical quan-
tity that affects the amount of odor emitted, the surface area of the substance 
will also have an impact. For example, if odor is placed in a container with a 
small hole the amount of available odor emitted will be similar regardless of 
the physical quantity inside (DSTL 2018b). 

3. Incorporating a variety of distractor odors, both separate from the target odor, 
as well as mixed in with the target odor will help the dog to differentiate the 
target odor alongside interferents that they may encounter in the field and still 
recognize them as target odor (Keep et al. 2021; Wright et al.2017; Hall 2017; 
DSTL 2018b). 

In addition to the above suggestions, different training paradigms have recently 
reported an effect on generalization learning: 

5.1 Sequential Training 

Historically, detection dogs were trained using a sequential, or single odor, method 
(Hayes et al. 2018). This is where the dog is trained to detect a target odor in isola-
tion, and additional target odors are learned individually and consecutively (Hayes 
et al. 2018). Efficacy of sequential learning has been supported in terms of learn-
ing individual odors (Williams and Johnston 2002). However, more recent research 
demonstrates that sequential training results in a reduced generalization when com-
pared with other training methods (Lazarowski and Dorman 2014; DeChant and 
Hall 2021; Keep et al. 2021; Caldicott et al., in prep). 

5.2 Compound Training 

Compound training is the process of presenting the target odor as a mixture of tar-
get odors and/or target plus non-target odors. Recent research suggests that dogs 
trained in this manner demonstrated higher levels of generalization to a target 
mixed with a novel interferent than those trained sequentially (Lazarowski and 
Dorman 2014; Hall and Wynne 2018; Hall et al. 2021). Despite the improved 
efficacy, the compound training method is susceptible to the possibility of block-
ing or overshadowing (Moser 2019; Keep et al. 2021, Caldicott et al., in prep), 
and a mixture of two or more odors may result in a completely different odor
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profile (Lazarowski and Dorman 2014). Depending on the characteristics of the 
substances involved, this can impact the perception of the target odor, something 
which is often difficult to predict during training (Hayes et al. 2018). 

5.3 Intermixed Training 

Keep et al. (2021), investigated the efficacy of an “Intermixed” training method in 
which rats were trained to detect multiple individual target odors concurrently, 
together with the presentation of distractors. The results revealed a significant 
improvement in odor generalization, with animals on intermixed training outper-
forming both compound and sequential training (Keep et al. 2021). A follow-on 
study with dogs has also revealed similar results (Caldicott et al., in prep). More 
research with an increased number of target odors would be beneficial, however 
these findings suggest that concurrent training of multiple target odors provides 
improved generalization and odor learning, compared to sequential and compound 
methods. 

5.4 Categorization 

Odor generalization can be described as the process of assigning similar odors 
to “categories” that are likely to result in the same outcome, and thus produce 
the same behavioral response. Visual categorization is well understood in a num-
ber of animal species (for a review see Huber and Aust 2006). However, until 
recently this process had not been explored in the odor domain. Wright et al. 
(2017) translated these well-understood approaches to investigate olfactory cate-
gorization in dogs. Dogs were presented with accelerants on a variety of substrates 
that were either burned or unburned, such that the only consistent aspect of the 
target odors was the presence of the accelerant. Four of the six dogs in the experi-
mental group succeeded in learning the task and succeeded in generalizing to new 
odors within their category, whereas all dogs in the control group, which did not 
have a categorical rule and had to rote learn the stimuli entirely failed the task. 
These findings suggest that dogs are able to categorize olfactory information in 
a similar manner to how many species categorize visual information and the use 
of alternative cognitive approaches could substantially enhance our approach to 
detection dog training. However, there are more questions that need to be asked: 
How do number and variation in training stimuli impact category formation? How 
does a categorical approach compare to a standard sequential learning approach 
or an intermixed approach and under what conditions, if any, might it be supe-
rior? Using well-understood cognitive approaches such as this has the potential to 
transform the process of detection training.
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6 Schedules of Reinforcement and Extinction 

Work requirements in the field impact performance. One key area for consideration 
in this context is reinforcement schedules as these can quickly affect motivation. 
The frequency of delivery of reinforcers (schedule of reinforcement) can affect the 
acquisition and maintenance of the trained behavior (Hall 2015). In most training 
situations, during the initial learning phase, the dog receives their reward every 
time they successfully encounter and alert to the target odor (continuous rein-
forcement), however once the search and locate behavior is effectively learned, 
maintaining it may require a different approach (Hall 2015). Continuous sched-
ules of reinforcement allow for rapid conditioning of the target odor due to the 
contingency and contiguity between the reinforcer and odor. However, an intermit-
tent reinforcement schedule is generally believed to strengthen the performance of 
a trained behavior (see Hall 2017) and provide more resistance to the effect of 
extinction (the reduction of a behavioral response when reinforcement provided in 
learning is withdrawn) (Thrailkill et al. 2016). 

Traditionally an intermittent schedule of reinforcement consists of primary rein-
forcement only being given for a proportion of correct responses, resulting in some 
correct responses not being reinforced. The aim of this practice is to increase 
motivation and performance as the dog “works harder” in an attempt to gain 
reinforcement. Which responses will and which will not be reinforced should 
be unpredictable, as if the dog is able to predict when reinforcement is likely 
to be forthcoming, performance will decrease during the intervening repetitions 
(Thrailkill et al. 2016; Ramirez 1999). An intermittent schedule of reinforcement 
has been shown to improve persistence in searching when no reinforcement is 
given (Partial Reinforcement Effect on Extinction) (Thrailkill et al. 2016). In the 
field, continuous reinforcement presents substantial logistical challenges as it is 
not always practical to reward the dog in operational situations. For example, there 
may be safety concerns, or an inability to confirm what the substance is—risking 
reinforcing a false positive to a distraction odor. In addition, the target odor may 
be infrequently present which means that the search portion of the task receives 
no reinforcement and once again performance may reduce (Porritt et al. 2015; 
Hall et al. 2017). This lack of reinforcement (operational extinction) in the field is 
compounded by the fact that dogs are excellent contextual learners (Gazit 2004); 
should operational situations differ substantially from training, they soon learn 
when reinforcement is unlikely and performance may then reduce in a context-
specific manner (Hall 2017; Porritt et al. 2015). Due to these constraints, when a 
dog is working operationally, they are effectively working under extinction condi-
tions, which if not effectively addressed through appropriate training can result in 
reduced performance and a greater risk of false responses (Hall 2017; Porritt et al. 
2015). 

To prepare a dog for operational extinction, changing the reinforcement sched-
ule after the initial odor learning is complete, from continuous to intermittent, is 
likely to benefit detection dog training programs (DSTL 2019). However, deciding 
on the optimum ratio for intermittent reinforcement and how best to transition a
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dog from a continuous rate of reinforcement to an intermittent schedule requires 
further research. If incorrectly applied it can result in a decrease in performance 
(via extinction) and motivation, as well as increased frustration (Ramirez 1999). 
There is little research into this area, but Aviles-Rosa et al. (2022) reported a 
successful transition from a continuous schedule to a 60% random rate of rein-
forcement in two increments; continuous to 80 to 60%. However, they do not 
report the time taken to reach criterion at any stage. 

6.1 Secondary Reinforcers 

Incorporating secondary reinforcers alongside primary reinforcers within the ran-
domization schedule (rather than a void) may potentially be helpful (Ramirez 
1999). Praise and social interactions are commonly used as secondary reinforcers 
and evidence suggests they are effective (Dudley et al. 2019; Ramirez 1999; Ven-
niro et al. 2019). The value of praise, or any other meaningless stimuli, can be 
created/increased and maintained if it is consistently and proactively classically 
conditioned in the same way as the odor—paired with a primary reinforcer. In 
addition to reducing the frequency with which primary reinforcers are delivered, 
which may have benefits in some situations, the use of a range of reinforcers has 
been reported to increase motivation and attention (Cameron and Pearce, 1994; 
Ramirez 1999), presumably through the unpredictability of the reward received. 
It should be noted that for optimum effect the conditioning process of secondary 
reinforcers must be maintained (Ramirez 1999). This approach warrants investiga-
tion for use in detection training—the potential to choose a secondary reinforcer 
to suit the situation creates a level of flexibility that could be optimized for indi-
vidual dogs; combat some of the concerns regarding the inability to reward with 
a primary reinforcer in the field; as well as avoiding lean intermittent schedules 
which may risk decreasing performance (Hall et al. 2021; Troisi et al. 2019). 

6.2 Use of Non-Hazardous Odors 

After the initial task has been learnt, performance needs to be maintained over 
time, especially if the dog is required to be able to locate and alert to targets that 
are not frequently encountered in everyday work. As mentioned above, there are 
times, for example, in airport security and explosive detection, where dogs are 
often tasked to repeatedly search large areas for prolonged periods where they do 
not (thankfully) make a find at the end of the search. This is demotivating for 
the dog, particularly if the area is often re-searched (e.g. airports/stadiums) (Gazit 
et al. 2004), and search behavior is seen to decrease (during free search) with the 
risk of false negatives increasing (Gazit et al. 2004; Porrit et al. 2015). 

One suggestion for overcoming this is the use of a “non-contraband” odor as 
part of the dog’s target odor bank, providing the opportunity for the dog to make a 
“safe” find in operational scenarios (Porritt et al. 2015). In this study, after initial
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training, dogs were split into three groups. For one group search training was 
maintained on three target explosives, another group was maintained on a single 
non-contraband “safe” find, and the third group was exposed to the same search 
area but without any targets present. Target odors were then reintroduced to the 
area and performance assessed. The results provide clear evidence of the impact of 
repeated blank searches in the same location, with detection rates falling to 25% 
when target odors were reintroduced into the area. Interestingly, the dogs exposed 
to repeated blank searches retained a similar search vigilance score to the other 
groups in free searches (where the dog chooses the search pattern); that is, they 
achieved similar proximity to the target odors as the other two groups, despite not 
alerting to the target. This suggests that dogs exposed to repeated blank searches 
in a specific area may cease alerting to targets, regardless of their perceived search 
behavior and successful target detection during concurrent maintenance training in 
a different location. However, during directed searches (where the handler directs 
the dog to search specific areas) search vigilance is reduced; implying handler 
behavior may also have changed when there was little expectation of a target 
being present. 

Maintenance training on the non-contraband odor resulted in significantly 
improved detection rates when compared to dogs exposed to repeated blank 
searches. However, it should be noted that when compared to dogs maintained 
on all the target explosives, results revealed significantly lower detection rates and 
significantly higher false alerts. A further study found maintenance training over a 
12-month period which was carried out on one odor out of a bank of 10 initially 
trained, increased discrimination accuracy on all 10 odors (Lazarowski et al. 2021). 
Interestingly though, in this study the dog’s performance in operational searches 
was not maintained, suggesting that while odor memory is long-lasting, learning 
regarding the complexities of searching and alerting in a working environment, 
where odor accessibility and movement will be variable, is accomplished through 
training repetition and is an important component for successful search outcomes. 

Currently, there is no more effective method proposed for maintaining detec-
tion rates in areas where the target odor is unlikely to be found than the use of a 
“co-trained” non-contraband odor (Porritt et al. 2015). This study generates many 
more research questions that need to be fully explored to appreciate the impact 
of this method on detection training. For example, Porritt et al. (2015) tested 
the reintroduction of target odors after six weeks, and so is not able to predict 
the long-term impact and whether the “non-contraband effect” will be maintained 
indefinitely. Also, the total number of trained odors learned, as well as the ratio 
of non-contraband versus target odors need to be fully explored as, for example, 
increasing the variability of detected odors in areas where true targets are rare, 
may have the potential to positively affect overall detection rates.
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6.3 Unknown Substances 

For dogs that have a high rate of finds in operational searches (e.g., drugs/tobacco) 
the lack of field reinforcement can be a particularly challenging problem. The 
presence of drugs often has to wait for laboratory confirmation (Jezierski, 2014), 
resulting in a high rate of un-rewarded true positives. We have already discussed 
the use of an intermittent schedule of reinforcement to combat this problem 
(Thrailkill et al. 2016), however, for these dogs in particular, there is a high con-
tingency between the non-rewarding of target odors and an operational setting, 
increasing the opportunity for the dog to make the association over time (Porritt 
et al. 2015). If the handler is proficient at understanding the dogs’ search and alert 
behavior, and the training plan is robust with generalization and discrimination 
effectively accounted for, it could be reasonably proposed that an operational dog 
would be unlikely to give false positive, or at least will do so at a rate that is 
understood. It may be that a “trade-off” between the risk of rewarding a false pos-
itive or nuisance alert, and that of reduced performance over time resulting from 
non-rewarded true positives, needs to be considered. Understanding the effect of 
sporadic rewards, both primary and secondary, on false positives, and the ability to 
correct the error through training, is an area that has not been investigated, how-
ever systematic and detailed research is essential to elucidate this, reduce the risk 
of drop out and assist in developing optimal operational guidelines. 

7 False Positive and False Negative Alerts 

Potential causes of incorrect final responses relating to training shortfalls could be 
attributed to factors such as:

. Similarities between target and distractor odors that require additional decision-
making time, may result in interest being shown prior to, or instead of the 
final alert. Increasing time spent on discrimination training through adapting 
interferents and distractors may help mitigate this (DSTL 2018c).

. Air flow trapping drifted odor in foliage, crevices or corners, can result in inter-
est being shown in an area where the target odor is not located. This can result 
in an inexperienced dog having difficulty determining the precise location of 
the target odor. Increased training in search to source and alerting at source 
may help mitigate this.

. Contamination of training samples during learning will hinder the correct 
associative learning taking place. For example, if the dog is rewarded on sam-
ples that are contaminated with human scent or other substances, blocking or 
overshadowing may result in odor/reward association being misdirected. The 
importance of selection and management of training samples in the widest 
terms is beyond the scope of this chapter, but must always be considered when 
performance drops (see DSTL 2018d).
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. A lack of generalization to the target odor (section above) will result in the dog 
not alerting on variations of the target odor. This can be adapted by considering 
the distractors and novel interferents used during training and variation in the 
samples of used of the target odor.

. The dog has learned to indicate based on the handler’s body language; this 
can often occur if the handler frequently knows the location of the target odor 
during training and provides the dog with ‘clues’ through their positioning or 
timing of the reward (section below).

. If the required associative learning is not made effectively at the start of 
training, or the training set ups do not sufficiently account for discrimination 
learning, the dog may learn to indicate on any anomaly (i.e., novel or “out of 
place”) odors in the environment, rather than the intended target odor. Again, 
the importance of a systematic approach to the discrimination phase of training 
is essential (DSTL 2021b). 

Such shortfalls can be rectified by putting in place a systematic review of the 
training procedures. Additionally, it should be noted that maintaining good records 
during training is important to provide early evidence to inform any adaptations 
that may be necessary (see: DSTL 2022). 

Particular attention should be paid to minimizing false negative indications; 
missing a target usually has the potential to result in the most serious conse-
quences, for example explosives, drugs or live victims remaining undetected. 
False negatives are usually reported to be the result of poor discrimination/ 
generalization, lack of systematic searching or a problem with the dog’s focus 
and/or motivation for the task. However, there is some evidence to suggest that 
the alert behavior itself may also impact the likelihood of both false positives and 
false negatives. 

Preliminary evidence suggests a commonly trained sit/stare indication may 
increase the risk of false positives when compared to a stand/stare, at least in 
medical detection scenarios. A stand/stare position is a natural ‘pointing’ behavior 
for the dog; whereas a sit is an operantly trained behavior that potentially requires 
higher cognitive processing to perform (Mancini et al. 2015). The increased chal-
lenge of performing the sit alert has the potential to shift the focus from the 
detection task to anticipation of performing the final behavior, increasing the risk 
of a false positive (Mancini et al. 2015). More recently, Essler et al. (2020) inves-
tigated the effect of a sit and stare versus a stand and stare, in medical detection 
dogs and although the sample size was small it revealed interesting results. Dogs 
performing a sit alert spent less time sniffing the samples compared to dogs per-
forming a stand indication (Essler et al. 2020). While a sit indication moves the 
dog’s nose away from the sample, a stand position allows the dog to maintain its 
nose close to the source, allowing for prolonged information gathering prior to, 
and following the initial decision making and alert behavior, giving the dog an 
opportunity to “change their mind” (Essler et al. 2020). While more investigation 
is required, and not withstanding safety aspects in some detection scenarios, these
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findings suggest a traditional sit may not be the best alert for the dog to attain 
optimal accuracy. 

7.1 The Go/No-Go Paradigm 

In contrast to the final response required to the presence of the target odor, a blank 
search, where no target is found, expects no response (DSTL 2021b; Aviles-Rose 
et al. 2022; Mancini et al. 2015). This scenario is known as a Go/No-Go paradigm, 
where a negative response (no target present) is identified by the absence of a 
behavior; i.e., the dog is required to search until the handler decides the area has 
been sufficiently covered, if the dog has not alerted in that time, no target present 
is assumed. The end of the search in this scenario is not contingent on the dog’s 
behavior but occurs when the handler decides that the area has been covered, which 
in turn will be influenced by the handler’s ability to interpret their dog’s search 
behavior effectively (see section below). 

This Go/No-Go paradigm is known to have a bias to a ‘Go’ response (Schoon, 
1996; Huber et al. 2005; Shenoy and Yu 2012; Ramirez 2020) which is of partic-
ular interest in relation to detection dogs (who are specifically selected for their 
high drive) given the level of impulse control required to inhibit a response (refrain 
from alerting) (Fadel et al. 2016). In addition, evidence suggests, the presence or 
absence of the target is potentially determined by the dog much sooner during 
the search than perhaps handlers realize. Time spent sniffing a sample without 
target odor (true negative), is significantly less than when target odor is present 
(true positive), or perceived as present (false positive) (Mancini et al. 2015; Con-
cha et al. 2014; Essler et al. 2020). Requiring the dog to continue searching once 
they have assessed it as “clear” could increase the likelihood of another behavior 
(i.e., the alert) being offered. An alternative approach to the go/no-go paradigm 
is a two-choice paradigm; where an ‘all clear’ alert is trained in addition to the 
target present alert. This has been reported as successful in detection dog train-
ing (Ramirez 2020) and has been used in some papers relating to detection dogs 
(Johnen et al. 2017; Edwards 2019; Murarka et al. 2019). To date the benefits and/ 
or limitations of adopting this paradigm are not yet understood; however, given the 
possible challenges of a go/no-go approach, it is essential that this is investigated 
thoroughly as it may have the potential to improve detection accuracy. 

Training of the final alert response is an area that has been neglected by current 
research and key questions remain. Investigations into the effect of using oper-
antly trained vs. natural alert behaviors and the potential for a two-choice training 
paradigm need to be explored. Further, research into the communicative signals 
of dogs while searching and the potential for artificial intelligence and machine 
learning to assist in human interpretation of dogs’ behavior in the presence vs 
absence of targets, are also areas that have the potential to uncover practices that 
will improve the efficacy of detection in the real world (Mancini et al. 2015).
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8 Training Session Structure 

There has been little research on the length and regularity of training sessions in 
detection dogs and most current recommendations are based on traditional prac-
tice. Some evidence suggests that fewer regular sessions (e.g., weekly rather than 
daily) assist in maintaining interest and improving arousal and motivation resulting 
in fewer sessions required to learn the task (Troisi et al. 2019; Meyer and Ladewig 
2008); however this has to date only been tested in the learning of simple behav-
iors. Demant et al. (2011) similarly found that 1–2 short training sessions per week 
significantly improved task acquisition when compared to longer daily or weekly 
sessions in an obedience task. This is an area that requires further investigation in 
circumstances specific to detection training. Operational detection dogs are often 
trained daily and for long periods of time (Alexander et al. 2011), especially in 
the early stages; should this finding translate to detection training less frequent 
training may be beneficial for optimal outcomes. 

8.1 Length of Training Searches 

Evidence suggests that search duration is negatively correlated with successful 
outcomes. Jezierski et al. (2008), found that the longer the dog spent in the search 
the more likely they were to give false negative or false positive alerts. DSTL 
(2019b) recommends an optimal training session should include one long search 
and several short searches. Theoretically, this provides an opportunity to improve 
search fitness and prolonged motivation on the longer searches, while finding the 
target quickly in the shorter searches encourages intense search behavior from the 
beginning of the task. While this appears a logical recommendation there is no 
evidence as yet that supports any particular training for searching on operational 
performance in searches of differing length. 

8.2 Fitness 

Searching is a physically demanding activity for the dog and fitness should be built 
up gradually (Gazit and Terkel 2003). Environmental factors that affect the dog’s 
body temperature (e.g. hot/cold weather, stress levels) need to be carefully assessed 
during each search as the dog must pant to regulate their body temperature under 
hot conditions. The dog is physically unable to sniff and pant at the same time, 
and so will be unable to search effectively when panting (Gazit and Terkel 2003; 
Jezierski et al. 2016; Troisi et al. 2019).
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9 Motivation, Arousal, and Performance 

Behaviors carried out based on the receipt of rewards or punishers given follow-
ing the behavior are extrinsically motivated, whereas behaviors carried out simply 
for their own sake because the individual enjoys the activity in its own right, are 
intrinsically motivated (Deci, 1971; Ryan and Deci 2020). Intrinsically motivated 
behaviors are more resistant to disruption from distractions and extinction, gener-
ally resulting in improved levels of performance when compared to extrinsically 
motivated behaviors (Ryan and Deci 2020). Extrinsically motivated behaviors are 
also influenced by “establishing operations”; factors that temporarily affect the 
value of a reinforcer. For example, being hungry prior to training will increase the 
desire for food rewards, but being full will decrease it (Cameron and Pierce 1994). 

Intrinsically motivated behaviors will differ between individuals; some breeds 
have been selectively bred for certain characteristics and those who have been 
selected for search/hunt behavior may find detection work more intrinsically 
rewarding than others (Lazarowski et al. 2020; Hall et al. 2021). While often it is 
believed that the increased “drive” to search that this may create is a pre-requisite 
for many operational dogs, it should be noted that it may also result in an increased 
need for significant levels of “impulse control” in order to cease the search 
behavior and perform an operantly conditioned “sit”—an extrinsically motivated 
behavior (Mancini et al. 2015; Fadel et al. 2016). The tradeoff between different 
temperament traits and intrinsic motivations and their relationship to detection dog 
training and performance is an area that requires further investigation. 

9.1 Motivation and Deprivation 

It is not uncommon for deprivation to be used within detection training to increase 
motivation; often the dog is only allowed access to a favorite toy during training 
sessions, or the meal prior to a training session may be skipped (Hall et al. 2020). 
Increasing motivation in extrinsically motivated search dogs through the depriva-
tion of reinforcers (or infrequent opportunities to work for intrinsically motivated 
dogs), must be carried out with care, not only due to potential welfare concerns but 
also to ensure the arousal and resulting motivation levels do not pass the optimum 
level for performance (Hall et al. 2020). The commonly cited Yerkes-Dodson law 
outlines the link between arousal and performance; arousal must be maintained 
at an intermediate level (specific to the individual and the task) to obtain peak 
performance (Yerkes and Dodson, 1908; Bray et al. 2015). If the reinforcer is of 
particularly high value, and deprivation results in over arousal, the dog may not 
be able to focus on the task at hand, increasing the risk of performance decrement 
such as the potential for a spontaneous increase in generalization, resulting in a 
false positive alert (see Hall et al. 2020).
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10 Human Handler Influence 

Dogs have an incredible ability to read human body language and very quickly 
pick up on any cues handlers unknowingly give (Jezierski et al. 2008; Lit et al. 
2011; DeChant et al. 2020). During training, handlers must be aware of their body 
language, ensuring they don’t inadvertently indicate to the dog the location of the 
hide (DSTL 2021; Wasser et al. 2004). For example, consistently standing next to 
the hide, or at the other end of the room to the hide, can act as a cue to the dog 
and the association will soon be learned; the most miniscule of changes can be 
perceived by the dog, for example even a deep breath as the dog gets near to the 
hide. This can not only result in the dog waiting for these cues before alerting, 
but also increase the risk of false positives should the handler produce any of the 
‘false cues’ during the search (Jezierski et al. 2008; Lit et al. 2011). 

It is also not uncommon for handler’s body language to change during a ‘blind’ 
search (in which the handler does not know where the hide is), where the handler 
believes there will be no target odor, or in any situation where the handler is under 
increased stress (DSTL 2021b; Jezierski et al. 2008; DeChant et al. 2020; Lit et al. 
2011). In these situations, the handler may crowd the dog in an attempt to see for 
themselves what the dog is doing or they may be unusually disengaged from the 
dog as he works (Lazarowski et al. 2020; Lit et al. 2011). Interestingly research 
has shown that a distracted handler is beneficial to the dog’s search performance 
and handlers placed under stress resulted in a lower latency to detection, when 
compared to non-stressed handlers, implicating handler ‘interference’ in reduced 
performance (Zubedat et al. 2014). 

Another impact of the human handler on the dog’s performance is their compe-
tence in understanding their dog’s behavior. It has been demonstrated that handlers 
and trainers are not always proficient at reading their dogs body language (Tami 
and Gallagher 2009), and the nuances of behavior during a search are often missed 
or misinterpreted by the handler resulting in a breakdown of communication (Trosi 
et al. 2019; Mancini et al. 2015). For example, Wasser et al. (2004) found incorrect 
false negatives were reported due to the handler moving the dog away and not rec-
ognizing the indication. Mancini et al. (2015) discusses the body language of dogs 
during the search at length; they highlight the importance of being able to recog-
nize not only the final response but also interest, and the decision-making processes 
throughout the search. This area provides interesting potential for future research. 
Advances in our understanding of dogs’ body language and the advent of mod-
ern technology for recording and analyzing search behavior and utilizing machine 
learning may in future facilitate more in-depth investigation and potentially enable 
us to work toward the development of systems that can support handlers’ decision 
making. 

To combat some of these concerns regarding the handler’s effect on dog 
performance, incorporating scenarios akin to operational work into the training 
regime—potentially through regular formal assessments that may create similar 
pressure—is good preparation for the dog / handler team, reducing the risk of 
unwanted learning and habits developing in both. Trainers should ensure that any
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contextual cues which allow the dog to differentiate between operational and train-
ing scenarios are removed (Porrit et al. 2015). For example, are there always 
certain people/other dogs present in training that are absent in operational work? 
Does the daily routine change on training days compared to operational days? If 
training cannot take place in operational locations does the training always take 
place in the same or similar locations? Could an “on location” training session 
with an out-of-area team, to share knowledge and training samples be arranged? 
Is the equipment carried and used the same in both training and operational days 
(for example the same rewards carried/harness used/clothing worn)? This is an 
area that should be prioritized for further research; fully understanding the impact 
of the human handler and work vs training-related routines on the dog in detec-
tion work is key in identifying and overcoming such barriers that prevent optimal 
performance from the dog. 

11 Extraneous Factors that Affect Performance 

There are many reasons a dog’s performance may deteriorate and commonly the 
first port of call is to increase or adapt the training; however, assuming the training 
regime is the cause may result in overlooking important factors. There are numer-
ous external events that may affect the dog’s ability to work (DSTL 2019; Hall 
et al. 2021): what has happened in the dog’s life over the preceding few days/ 
weeks? Has a conspecific been ill/away? Has the dog had more or less exercise 
than normal? Is there any potential pain/upset tummy? Have there been visitors 
(canine or human) to the home/kenneling? Such external stressors, good or bad, 
can affect the dog’s ability to perform at normal levels for several days. 

12 Conclusion 

While this chapter has sought to present an overview of current training methods 
alongside the scientific evidence base, and understanding of learning theory, it 
should be noted that there are many more areas of behavioral, cognitive and social 
psychology that are of interest, both to odor learning and learning in a wider 
context. Areas such as social learning and errorless learning are emerging within 
the literature currently and may provide additional understanding that will expand 
the traditional approach taken in detection training (Troisi et al. 2019; Hall et al. 
2021). 

Our understanding of the processes involved in training detection dogs has pro-
gressed rapidly in recent times, and there is no doubt it will continue to do so, as 
it is clear that there remains much more research to be done. Each study not only 
informs effective changes to training methodology but also adds to our understand-
ing of where knowledge is lacking, and so directs future research. Designing and 
carrying out scientific studies which stand up to scrutiny by peers is a challenging 
and complex task; if this effort is not to be wasted, effective transference of the
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results, to those directly involved in the training of operational dogs on the ground, 
is imperative (Hall et al. 2021; Troisi et al. 2019). Consideration must be given 
to accessible and appropriate dissemination of research results, and to how opera-
tional handlers and trainers can realistically incorporate findings into their training 
protocols. Operational handlers and trainers should be open to adapting their meth-
ods and trust that the knowledge science brings will enhance their outcomes (Hall 
et al. 2021). Conversely, the scientific community needs to be available and open 
to receiving feedback from those undertaking the training on the ground, as they 
hold a wealth of knowledge and experience that should not be underestimated 
(Hayes et al. 2018; Hall et al. 2021). We hope that this chapter goes some way to 
bridging the gap between science and practice. 

13 Glossary of Learning Theory Terminology Commonly 
Applied in the Field. 

13.1 Associative Learning 

The majority of learning occurs through the animal making associations between 
events or objects in the environment (stimuli). There are two types of associa-
tive learning: Classical Conditioning (Pavlovian or Respondent Conditioning) and 
Operant Conditioning (Instrumental Conditioning). For a detailed description of 
the principles detailed below see Pearce (2013). 

13.2 Neutral Stimulus 

Something that attracts attention but produces no emotional or behavioral response 
from the dog. 

13.3 Unconditioned Stimulus 

Something that produces an involuntary or reflux response from the dog. (E.g., the 
smell of food resulting in salivation). 

13.4 Conditioned Stimulus 

The unconditioned stimulus becomes the conditioned stimulus after the condition-
ing process is complete.
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13.5 Classical Conditioning 

The pairing of a “neutral stimulus” with an “unconditioned stimulus.” Over time 
the neutral stimulus becomes ‘conditioned’ and presentation results in a similar 
reflex response to the unconditioned stimulus that it was paired with (Pearce 2013). 
For example, if a dog is given food every time he hears the fridge door opening, he 
will salivate at the sound of the fridge door opening. 

Simultaneous Conditioning: A neutral stimulus (odor) is presented at the same 
time as the unconditioned stimulus (food-toy). This method produces a weak asso-
ciation as presenting both stimuli at the same time risks the potential for blocking 
or overshadowing (see main text). 

Trace Conditioning: The neutral stimulus (odor) is presented and withdrawn prior 
to the presentation of the unconditioned stimulus (food/toy) (Pearce 2013). The gap 
between the withdrawal of first and presentation of the second stimuli is impor-
tant, and must be relatively short for an effective association to be made; this is 
known as temporal contiguity (closeness in time). In addition, spatial contiguity 
(proximity) can affect the associative learning; if the unconditioned stimulus is 
presented too far away from the neutral stimulus the link between the two dimin-
ishes. For example, in a training scenario, this can be the conditioning principle at 
work when the dog locates an odor and moves away from it to receive the reward 
from the handler. 

Delayed Conditioning: The neutral stimulus (odor) and the unconditioned stimu-
lus (food/toy) overlap; with the neutral stimulus (odor) being presented first and 
the unconditioned stimulus being presented while the neutral stimuli is still present 
(Pearce 2013). This represents the most effective method of conditioning as the 
overlap in presentation eliminates any delay in temporal or spatial contiguity, 
ensuring the neutral stimuli is salient and entirely predictive of the unconditioned 
stimuli. The length of delay between the presentation of the first and second stim-
uli and the duration of both stimuli being present, giving the dog the opportunity 
to process the events, can improve the strength of the association. For example, 
the odor is presented for several seconds, food is then given at source (delivered 
at the same location as the odor), food continues to be given for several seconds 
until the odor and food are removed. 

Backward Conditioning: This is usually a training error rather than an intended 
method of training where the unconditioned stimulus (food/toy) is presented before 
the neutral stimulus (odor). The reversal in the presentation of the neutral and 
unconditioned stimulus lacks any predictive nature making associative learning 
unlikely (Pearce, 2013). For example, a handler who is keen to reduce tempo-
ral contiguity pre-empts the dog’s approach to the odor and produces the reward 
before the odor is salient to the dog.
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13.6 Operant Conditioning 

Learning that occurs due to the consequence of performing a behavior (Pearce 
2013). A behavior is regularly followed by food (rewarded), the behavior is more 
likely to be repeated, if a behavior is regularly followed by a zap from a shock 
collar (punished) it is less likely to be repeated. 

Note: Although both classical and operant conditioning differ in their effect on 
learning, they are not mutually exclusive, both will occur simultaneously—regardless 
of the intent of the trainer (Pearce 2013). 

13.7 Contingency 

The reliability of the reinforcement (or punishment) following a behavior. The 
more predictable the outcome of the behavior, the quicker learning will take place 
(Pearce, 2013). 

13.8 Contiguity 

In associative learning the time delay between the presentation of one stimulus and 
second stimulus (temporal contiguity), the distance between the presentation of the 
two stimuli (spatial contiguity) affects the speed and strength of the association 
(Pearce 2013). 

13.9 Positive Reinforcement 

The addition (positive) of a stimulus that the dog finds rewarding (reinforcing), 
e.g., food or toy (Pearce 2013). Evidence reports the use of positive reinforcement 
training improves learning and attentiveness to the handler, thereby improving 
overall performance (Haverbeke et al. 2008; Deldalle and Gaunet, 2014). If the 
handler and dog’s relationship is built on an effective reward-based system, the 
dog is likely to be more motivated to engage in the tasks requested, and compliant 
to the handlers’ directions (Deldalle and Gaunet, 2014; Troisi et al. 2014). 

13.10 Primary Reinforcers 

Primary reinforcers have an innate reinforcing effect and are usually linked to a 
biological need (e.g. food, water, sleep) (Ramirez 1999).
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13.11 Secondary Reinforcers: 

Reinforcers that are learned through association with a primary reinforcer (e.g. 
clicker, light, sound) (Ramirez 1999). 

13.12 Differential Reinforcement 

Odor learning via discrimination training requires differential reinforcement. This 
is the process of providing positive reinforcement when the dog makes the correct 
choice and withholding reinforcement for an incorrect choice (negative punish-
ment) (Pearce 2013). The dog learns through operant conditioning that proximity 
to the odor results in reinforcement (Wasser et al. 2004). For example, the dog is 
presented with two or more identical containers—one holding the target odor while 
the others are either empty or contain novel ‘distractor’ odors. The dog is reinforced 
when they investigate the container containing the target odor. 

13.13 Intermittent Reinforcement (see Pearce 2013) 

Reinforcement of correct behavioral responses at varying intervals. Intermittent 
reinforcement can be provided on four schedules: 

Variable ratio: Reinforcement is given on a schedule that is unpredictable (ran-
dom) but within the constraints of a given ratio. For example, in a 1:5 variable 
ratio, reinforcement is provided once for every five correct responses; which of 
the five responses is reinforced each time is random. 

Variable interval: Reinforcement is provided for one correct response regard-
less of how many correct responses are completed within a given timeframe. For 
example; in a five-minute variable interval schedule, reinforcement is given once 
at different points within the five minutes. 

Fixed ratio: Reinforcement is given after a fixed number of correct responses. For 
example, in a 1:5 fixed ratio schedule, reinforcement is provided after every fifth 
correct response. 

Fixed interval: Reinforcement is given after a pre-determined time period. For 
example, in a 5-min fixed interval schedule, reinforcement is provided after every 
fifth minute. 

13.14 Shaping 

Shaping is the process of rewarding spontaneous behaviors offered by the dog in 
ever closer approximations to the desired behavior, usually via the use of marker 
or clicker training (Ramirez 1999; Pearce 2013). In detection this can be applied
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by “marking” the dog at the precise moment the dog’s nose is above the odor con-
tainer, this is repeated while very gradually increasing the delay between the dog’s 
nose arriving at the correct container and delivering the “mark” (DSTL 2021a; 
Wasser et al. 2004). This effectively allows the dog to learn the required behavior 
of holding the nose over the container containing the odor. Over time a skilled 
clicker trainer can wait for even more desired responses, such as a moment of 
stillness, and continue to shape the indication into a full ‘nose hold freeze’ (DSTL 
2021a; Ramirez 1999). 

13.15 Discriminative Stimulus—SD 

A stimulus, usually a verbal cue, that is a predictor of a behavior, e.g., “sit.” For it 
to be a true discriminative stimulus the behavior should not happen in the absence 
of the cue (Ramirez 1999). 

13.16 Higher Order Conditioning 

The transference of an operantly conditioned behavior to finding the target odor 
(Ramirez 1999). A behavior is taught to a reliable verbal cue e.g. “sit”—the dis-
criminative stimulus. The required new cue (the odor) is presented, immediately 
followed by the old cue (“sit”); eventually, the dog will associate the odor (new 
cue) with the “sit”; the old cue becomes redundant and the odor becomes the new 
discriminative stimulus. 

13.17 Habituation 

A decrease in a reflex response to an environmental stimulus through repeated 
exposure. An adaptive process that avoids unnecessary physiological reactions to 
prevent becoming overwhelmed and fatigued (Pearce 2013). 

13.18 Latent Inhibition 

A process that inhibits associative learning due to previous un-reinforced exposure 
to a stimulus (Pearce 2013). For an association to be made between the neutral 
stimulus (odor) and the unconditioned stimulus (toy/food), the neutral stimulus 
must be salient to the animal (Ramirez 1999). If the brain has already learned 
to disregard the odor through constant exposure resulting in no consequence, 
associative learning will, at best, be slow to manifest (Dalton and Wysocki, 1996).
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13.19 Sensitivity 

The ability of the dog to correctly detect the target odor. Focus on true positive 
responses and so requires more generalization than discrimination. High sensitivity 
increases the risk of false positives (alerting where there is no target odor). 

13.20 Specificity 

The ability of the dog to correctly identify NO target odor. Focus on true negative 
and so requires more discrimination than generalization. High specificity increases 
the risk of false negatives (not alerting where there is target odor). 
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Olfaction and Dog Welfare 

Nicola J. Rooney and Zoe Parr-Cortes 

Abstract 

Smell is a well-developed and predominant sense in dogs and so it is unsur-
prising that olfaction is tightly linked to dog welfare. The extent to which a 
dog can use their olfactory abilities and the types of odours they smell, have 
been shown to affect their behaviour, memory, and wellbeing, and similarly an 
animal’s state of health and welfare impacts upon its olfactory ability. There are 
several natural scents whose effects upon dogs have been well studied. Laven-
der has been shown to induce calm and resting behaviour, whilst there is some 
evidence that peppermint, rosemary, and laurel may lead to increased activ-
ity in kennelled dogs. Several olfactory-administered products have sought to 
mimic these natural calming effects and have been marketed to mitigate fear 
and anxiety in dogs. Pet Remedy a Valerian-based product and synthetic Dog 
Appeasing Pheromone (DAP) are relatively well tested. Whilst some studies 
present promising findings of their potential benefits, particularly of DAP in 
puppies, the body of research remains unconvincing regarding the efficacy of 
both products especially for adult dogs. With the increasing array of scent-based 
tasks that dogs are trained to perform, the way they are reared, housed, trained, 
and cared for all have the capacity to affect their welfare. There is evidence of 
the value of a range of aspects of housing and husbandry that can improve wel-
fare. Research on the interface between olfaction and welfare although growing, 
remains in its infancy, which we see as evidence of sensory biases in human 
approaches to dog behaviour and welfare. 
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1 Introduction 

Since smell is such a well-developed and predominant sense in dogs (see Chap. 
XX), it is unsurprising that olfaction is tightly linked to dog welfare. The extent 
to which a dog is able to use their olfactory abilities and the types of odours 
they smell have been shown to affect their behaviour, cognition and wellbeing, 
and similarly an animal’s state of health and welfare will impact upon its olfactory 
ability (Nielsen et al. 2015). What’s more, with the increasing array of scent-based 
tasks that dogs are trained to perform, the way they are reared, housed, trained, 
and cared for, all have the capacity to affect their welfare. In this chapter, we 
review and discuss current evidence for each of these impacts. When referring to 
welfare, we describe a construct that varies from very poor to very good, and has 
a psychological as well as a physical component (i.e. to have good welfare one 
must be physically fit but also psychologically fulfilled). Welfare is not only a 
measure of the absence of negative states, but also the presence of positive ones 
(Boissy et al. 2007; Ogi et al. 2020). There is no one definitive measure of welfare, 
but indicators of welfare states include behavioural, physiological and cognitive 
measures, a range of which have been validated for dogs (Polgár et al. 2019). 

2 The  Value of Olfaction  

Many dogs are trained to carry out scent-based tasks for working purposes, but 
companion dogs are also trained in scent detection for hobby or competition. Since 
most dogs are strongly motivated to smell, there is a belief that such scent work is 
rewarding, and indeed “find it” or “hide and seek” games are commonly recom-
mended by behaviourists as a way to stimulate dogs (RSPCA 2020). This idea is 
supported by a study by Duranton and Horowitz (2019), which used cognitive bias 
testing, a technique that measures individual dogs’ propensity to judge ambiguous 
stimuli as positive (suggesting optimistic tendencies) or negative (suggesting pes-
simistic tendencies) (Harding et al. 2004; Paul et al. 2005). Previous studies have 
shown links between decision-making under ambiguity and affective states in a 
range of species including dogs (Mendl et al. 2010; Titulaer et al. 2013). Duranton 
and Horowitz (2019) compared dogs that underwent two weeks of either “nose 
work” where they were encouraged to search for high value treats hidden under 
one of three boxes, or “heelwork” in which they were encouraged to follow their 
owner around the room. Dogs in both groups spent the same amount of time prac-
tising their respective task (five minutes a day, three task repetitions) and received 
the same volume of food rewards for completing the tasks. However, the dogs that 
engaged in daily search games showed more optimistic responses to ambiguous 
cues in the cognitive bias test post-treatment, compared to baseline. In contrast, 
dogs in the group that practised daily heelwork showed no change in cognitive bias 
test performance (Duranton and Horowitz 2019). This suggests that search train-
ing can change judgment bias, possibly improving dogs’ emotional state compared 
to other rewarded activities. However, whether this difference is due to the actual
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act of sniffing, or for example, the difference in motivation during “fun” energetic 
search games as compared to more controlled obedience exercises requires fur-
ther elucidation. Is it the act of searching that had the effect and would visual or 
auditory activities be similarly rewarding or is the olfactory element crucial? 

What is clear is that dogs have a strong motivation to use their sense of smell. 
When dogs meet each other, sniffing facilitates direct olfactory communication. 
They engage in mutual sniffing of both the rear and head regions (Holcova et al. 
2021). When on a walk, most dogs will also spend a large amount of time sniffing 
the ground and other aspects of the environment. This facilitates indirect inter-
dog communication, allowing them to use the information gained from sniffing 
urine of conspecifics to derive information about social (Lisberg and Snowdon 
2009) as well as reproductive status (Jezierski et al. 2019; Woszczylo et al. 2020). 
Dogs will also roll in strong scents such as carcasses and faeces. The motivation 
behind this behaviour is still debated and authors have posed olfactory camouflage 
and social enhancement theories, but whatever the cause the behaviour appears 
especially rewarding (Horowitz 2016; Allen et al. 2016). These aspects of olfactory 
communication are all very normal behaviour for dogs, and it could be argued that 
denying these opportunities denies the dog’s ability to behave normally. This is 
one of the five basic welfare needs, corresponding to the Five Freedoms (FAWC 
1979) that form the basis of much animal welfare legislation (Animal Welfare Act: 
DEFRA 2006). Therefore, if dogs are not given the opportunity to use olfaction, 
for example those that are prevented from sniffing, this may impact upon their 
wellbeing. 

When on a walk, humans and dogs often have different interests and goals. 
Observations show that when walked on a lead down a straight path, dogs tend 
to investigate smells, follow scent trails, stop frequently and veer off path whilst 
humans tend to walk straight to reach the end of the walk (Aspling et al. 2015). 
The opportunity for sniffing is also affected by the type of walk (Budzinski and 
Budzinski 2019). On average dogs spent 2.8 times longer sniffing when on a long 
(5 m) rather than a short (1.5 m) lead and 3.2 times longer sniffing when off-lead 
than on a short lead. Dogs also showed a decrease in heart rate when sniffing 
especially when sniffing was considered “intense.” It is possible that sniffing on a 
walk reduces stress and/or tension, however heart rate can increase at the start and 
end of odour search tasks (Brugarolas et al. 2019) and varies with the respiratory 
cycle (Tilley and Smith 2015). Hence whether changes in heart rate are due to a 
positive experience of olfactory searching or a reflex response in heart rhythm due 
to respiratory changes remains to be ascertained. 

The extent to which the act of smelling is rewarding, is an inelastic behavioural 
need, and/or induces a positive affect are yet to be fully investigated. However, 
techniques in animal welfare science exist that could be used to investigate these 
effects further. One method explores the amount an animal will work in order to 
access the opportunity to engage in an activity. For example, using these tech-
niques, it was demonstrated that mink (Mustela vision) will work hard to gain 
access to a swimming pool (Cooper and Mason 2000). To what extent will dogs 
work to gain access to opportunities to sniff? If dogs will work hard to have the
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opportunity to sniff, it follows that not having the opportunity to sniff would be 
detrimental. If so, then the loss of their sense of smell may also represent a welfare 
concern. 

3 Loss of Sense of Smell 

When a dog loses one of their five senses, it can make navigating everyday life 
challenging, both for the dog and its owner. When this occurs, actively engaging 
the use of their other senses can help them better cope with this loss. Dogs that 
lose their vision, can have difficultly navigating their environment and can injure 
themselves when bumping or stumbling over objects and furniture. The use of 
non-toxic scents to mark obstacles and objects in the household, such as table 
corners or chair legs, has been suggested as a navigation aid to improve quality of 
life by making use of their olfactory sense to compensate for their lack of vision 
(Hedges 2016). Indeed, products such as Tracerz® Scent Markers for Blind Dogs 
(Innovet Pet Products) are marketed specifically as navigation aids for blind dogs. 
However, the ability of scent markers to improve navigation and quality of life for 
blind dogs has not yet been empirically measured. 

Loss of vision in dogs is often easily recognised by owners and can be con-
clusively diagnosed by a vet. However, the same is not true for olfaction. Clinical 
assessment of olfactory function in dogs is challenging due to the lack of objective 
testing methods for this neuronal pathway. Clinical evaluation is usually based on 
subjective assessment of a dog’s response to an aromatic odour while blindfolded 
(e.g. sniffing, licking the nose or aversive head movements) (Platt et al. 2013). 
However, the absence of these behaviours does not necessarily mean the sense of 
smell is reduced (hyposmia) or absent (anosmia). Therefore, diagnosis of hypos-
mia or anosmia is often based on owner reports, for example of decreased appetite 
(since taste is highly dependent upon smell). But, even in conditions where sig-
nificant damage to the olfactory epithelium is present (e.g. tumours of the nasal 
cavity or aspergillosis infections), these clinical signs are often not apparent (Platt 
et al. 2013). Knowledge from experiments and from the performance of detection 
dogs, for whom olfactory ability is closely monitored, show there are a number 
of medications and diseases that can negatively affect olfaction including steroids 
(Ezeh et al. 1992), metronidazole (Jenkins et al. 2016), Canine Distemper Virus 
(Myers et al. 1988a) and parainfluenza virus (Myers et al. 1988b). The welfare 
impact of such loss of olfactory ability is not fully explored. Extrapolating from 
humans; one in 140 people suffer from anosmia, and within these approximately 
30% are clinically depressed (Croy et al. 2012). Those with anosmia had signif-
icantly poorer Quality of Life in several domains (Croy et al. 2014), compared 
to those with a functional sense of smell. Since sniffing is such an important and 
potentially rewarding activity for dogs, it is likely that loss of smell significantly 
negatively impacts their welfare, and more research is needed.
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3.1 Has Selective Breeding Negatively Impacted “Olfactory” 
Welfare? 

Whilst some breeds have been purposefully selected for olfactory work, there has 
also been a long tradition of selective breeding for physical appearance at the 
expense of health and welfare (Rooney and Sargan 2010). This has resulted in 
high levels of inherited diseases in specific breeds and exaggerated morphological 
features that can directly compromise welfare; issues that affect the majority of dog 
breeds. Several breeds have been selected for shortened muzzles or brachycephalia 
(McGreevy et al. 2013). This has resulted in changes to the respiratory system 
compared to mesocephalic and dolichocephalic breeds including structures impor-
tant for olfaction, such as narrowed nostrils, a shortened nasal cavity and relatively 
enlarged nasal turbinates (Buzek et al. 2022). Brachycephalic breeds suffer from a 
suite of health issues (O’Neill et al. 2020) and the welfare implications of obstruc-
tive airway syndromes and respiratory distress are now well-evidenced (O’Neill 
et al. 2022). However, whether these extreme conformations impact olfactory 
ability is less known. 

Polgár et al. (2016) used a single session Natural Detection Task to compare 
the olfactory ability of “scent dogs” (breeds typically selected for scent detection, 
(e.g. basset hound and beagle)), “non-scent dogs” (not typically selected for scent 
detection, e.g. Afghan hound and Siberian husky) and short-nosed brachycephalic 
breeds (e.g. English bulldog and pug). They found “scent dogs” were best at iden-
tifying which one of four containers had food hidden under it, with the short-nosed 
group showing the poorest performance (Polgár et al. 2016). However, at the high-
est difficulty level, neither the “non-scent dogs” nor short-nosed dogs performed 
above chance level, indicating a similar olfactory ability at this level. In contrast, 
in a multiday odour discrimination task, pugs performed better than German Shep-
herd Dogs; learning the task faster and making more correct choices at low odour 
concentrations (Hall et al. 2015). 

Although short-nosed breeds performed worst in the Natural Detection Task 
(Polgár et al. 2016), their performance was above chance level in all but the high-
est difficulty, in line with other non-brachycephalic breeds not typically selected 
for scent detection. Hence, these two small studies suggest that the olfactory ability 
of brachycephalic breeds is not significantly compromised and is unlikely to nega-
tively impact their welfare. Furthermore, when sniffing games as enrichment were 
compared between brachycephalic and mesocephalic dogs, no breed-specific dif-
ferences were found in ability to find hidden food treats (Chvala-Mannsberger et al. 
2021). This suggests that despite their conformational differences, brachycephalic 
breeds too may benefit from olfactory enrichment.
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4 Specific Odours Can Have a Calming Effect 

Beyond the act of sniffing, research has started to explore how specific odours can 
affect the behaviour and welfare of dogs. There are plant species that are known to 
have relaxing effects on a range of animal species when smelled. Their potential 
value for mitigating the stress of dogs in rehoming kennels and during transport 
has started to be systematically tested. 

In one study, dogs were shown to respond to diffused essential oils (Graham 
et al. 2005). Singly housed dogs in a rehoming kennel were exposed to each of five 
odour treatments: Lavender, chamomile, rosemary, peppermint, and no odour (con-
trol) for four hours a day on five consecutive days. Dogs spent more time resting 
and less time moving and vocalising when exposed to lavender and chamomile 
than any of the other olfactory stimuli. The diffusion of rosemary and pepper-
mint encouraged standing, moving and vocalising. Whilst increased sedentary 
behaviour is not always a sign of improved welfare (Fureix et al. 2022), the authors 
argued that dogs’ welfare may be enhanced through exposure to appropriate forms 
of olfactory stimulation, especially lavender and chamomile, since the relaxing 
behaviours they promote are likely considered desirable by potential adopters. 
Wearing collars impregnated with lavender also seems to ameliorate the increase 
in stress behaviours experienced within a kennel environment (Stanghellini 2019). 

Lavender has similarly been shown to reduce stress-related behaviours in dogs 
when travelling by car (Wells 2006). The behaviour of companion dogs referred to 
a behaviourist for over-excitement during car journeys was compared in both the 
presence and absence of the scent of lavender for three consecutive days. Dogs 
spent significantly less time moving and vocalising and more time resting and 
sitting during the lavender treatment, consistent with a calming effect (Wells 2006). 

A more recent study utilised behavioural, physiological (cortisol) and cognitive 
measures to explore the effects of wearing cotton collars containing one of nine 
different essential oils (including lavender) and a blend of the nine oils together 
for three hours, in comparison to a control (no odour), on the behaviour of dogs 
in a rehoming kennel (Uccheddu et al. 2018). Since dogs in such environments 
generally struggle to concentrate, a shortened version of the cognitive bias test was 
used (Mendl et al. 2010). This study revealed a significant decrease in latency to 
approach the ambiguous probes, suggesting increased optimism, after exposure to 
the blend of nine essential oils, but none of the individual oils. Salivary cortisol (a 
stress indicator) significantly decreased after exposure to lavender supporting the 
calming effect, as has also been shown in humans (Sayorwan et al. 2012) where it 
also improves self-reported emotional state, and increases free radical scavenging 
activity important in reducing the effects of oxidative stress that can be harmful 
to the body (Atsumi and Tonosaki 2007). However, a similar decrease in cortisol 
was also observed in the control group, which could indicate the cognitive bias 
test alone was a stress-relieving activity. Behavioural analysis revealed an increase 
in “high posture” following exposure to Laurus nobilis (laurel) oil which may 
indicate an increase in self-confidence (Fatjó et al. 2007), or increased vigilance 
as has been seen in humans (Matsubara et al. 2011).



Olfaction and Dog Welfare 211

Other plant-based compounds (vanilla, Valerian, coconut, and ginger) have also 
been shown to have positive effects on the behaviour of dogs in rehoming shelters. 
When dogs were exposed to the essential oils for two hours on three consecutive 
days, stress-related vocalisations (barking, whining, and whimpering) and activity 
were significantly reduced by each of the four scents compared to control condi-
tions. There was also a significant increase in resting behaviour in all four odour 
treatments and an increase in sleep with exposure to ginger and coconut (Binks 
et al. 2018). As in all the studies described above, observations were recorded 
in person, so blinding was not possible as the type of odour would have been 
detectable to the experimenter. 

The smell of cut grass, also known as “green odour,” has been found to have 
stress-relieving and hypothalamic–pituitary–adrenal (HPA) modulatory effects in a 
number of different species including rodents (Spiers et al. 2015; Nakashima et al. 
2004), cattle (Sutoh et al. 2013) and humans (Oka et al. 2008). To test whether it 
was similarly calming for dogs, the behaviour and salivary cortisol of companion 
dogs was measured before, during and after a three minute separation from their 
owner (Carlone et al. 2018) with and without exposure to green odour. Dogs spent 
significantly less time in proximity and following their owners pre-separation, in 
the presence of green odour compared to no odour, but there was no significant 
difference in behaviour nor cortisol during separation between odour conditions. 
These findings suggest dogs may have felt more secure and independent in the 
presence of green odour and therefore did not seek as much reassurance from their 
owner. The absence of an increase in cortisol in either condition suggests the stres-
sor may have been too mild, or too brief, to cause a measurable stress response, 
making any effect of green odour impossible to detect. However, the biological 
relevance of green odour for a predator species such as the dog is not obvious, 
and the possibility of secondary effects via green odour calming the owner cannot 
be ruled out. 

5 Plant-Based Products 

The body of evidence that plant-derived products can positively enhance dog wel-
fare has inevitably led to the development and marketing of plant-based products 
as well as nutraceuticals and herbal products that can be administered through an 
olfactory route. With no requirement for systematic testing of alternative thera-
pies, robust evidence for the value of such products remains sparse. However, in 
the case of one product: Pet Remedy, marketed as a fast-acting remedy for calm-
ing stressed or anxious pets (Unex Designs Ltd 2022), there is a growing body of 
research. 

Pet Remedy is a blend of essential oils with the active ingredient valerian 
(Valeriana officinalis), with small amounts of vetiver, sweet basil, and clary sage 
essential oils. The calming effects of Valerian are attributed to its effects on the 
gamma-amino butyric acid (GABA) pathways. As an inhibitory neurotransmitter,
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GABA is responsible for reducing neuronal excitability, with low levels of endoge-
nous GABA being linked to anxiety disorders in humans (Lydiard 2003). Valerian 
has been used as an alternative therapy in humans for hundreds of years and has 
been shown to increase endogenous brain GABA levels (Awad et al. 2007; Trauner 
et al. 2008; Yuan et al. 2004). 

The Pet Remedy website describes three unpublished clinical trials and reports 
positive effects for reducing stress in dogs (Unex Designs Ltd 2022). Dog 
groomers using a Pet Remedy spray or diffuser over five months reported moderate 
improvements in behaviour in 51.6% of 244 dogs and significant improvements 
in 32.8% of cases (Hale 2021). Two trials comparing behaviour modification 
programmes, accompanied with either Pet Remedy or placebo treatment, both 
reported improvements in excitement ratings in the treatment group only (Hale 
and Meaney 2021), but relied entirely on subjective ratings. 

In contrast, the only published study that included a double-blind, placebo-
controlled trial, saw no noticeable effect (Taylor and Madden 2016). Dogs reported 
by their owners to show anxious behaviour when in an unfamiliar environment vis-
ited a novel room for 30 min; once during Pet Remedy diffusion and once during 
a placebo odour diffusion (carrier agent). No significant difference in behaviour 
was detected between conditions, indicating Pet Remedy exposure did not reduce 
stress-related behaviours in this context (Taylor and Madden 2016). Therefore 
overall, in spite of Valerian alone being shown to have some calming effects com-
parable to other essential oils (Binks et al. 2018), there is limited evidence of the 
value of Pet Remedy for stress relief in dogs. This led Buckley (2019) to conclude 
in her review that using Pet Remedy is unlikely to cause any direct animal welfare 
harm and may have a positive effect, but more robust studies with better exter-
nal validity are required (Buckley 2019). These studies should also test whether 
the levels of Valerian cause any sedation effect, as has been explored for rabbits 
(Unwin et al. 2020), since sedating fearful animals and rendering them unable to 
avoid the cause of fear can lead to sensitisation and hence can be detrimental to 
welfare. 

6 Pheromonotherapy: Dog Appeasing Pheromone (DAP) 

There is a growing body of research on a range of species on the effect of 
pheromonotherapies. Pheromones are chemicals that animals use to communicate 
within a species (Pirner and McGlone 2016a). Dog appeasing pheromone (DAP) 
is a synthetic compound based on fatty acids secreted by the mammary gland of 
bitches after parturition (Pageat and Gaultier 2003). It has been studied in pup-
pies and adult dogs as a possible pheromone therapy for separation issues (i.e. 
reducing vocalisation, door scratching and house-soiling issues), but also for other 
behavioural problems and for reducing stress in a range of contexts. 

Mothers were seen to be more tolerant of their puppies when exposed to DAP 
during weaning (Santos et al. 2020). Puppies exposed to DAP cried significantly 
less than those exposed to placebo, although there were nonsignificant effects on
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the number of nights that puppies soiled indoors (Taylor and Mills 2007a). A 
triple-blinded study of puppies adopted from a pet shop found that significantly 
fewer of the puppies with the DAP collars showed signs of fear when facing unfa-
miliar people at home and/or during outings compared to puppies without the DAP 
collars (Gaultier et al. 2009). Similarly, when DAP collars were used on puppies 
during training sessions they appeared to be less fearful and more sociable and 
showed improved learning (Denenberg and Landsberg 2008). Most other studies 
into the efficacy of DAP for behavioural and stress-related issues have concen-
trated on adult dogs in a range of contexts and show a range of results. One study 
showed improvement in travel-related problem behaviours after dogs wore impreg-
nated DAP collars for six weeks. The greatest improvement was in those that had 
shown motion sickness signs (vomiting and salivating), and the least improvement 
in excitable dogs that had shown barking, jumping and whining (Estellés and Mills 
2006). 

For dogs kennelled in a rehoming centre, DAP diffused for seven days reduced 
barking amplitude and frequency when people walked by the kennels (Tod et al. 
2005). Similarly, dogs in rehoming kennels exposed to DAP spray showed a reduc-
tion in barking intensity in the 30 min after the treatment compared to a control (no 
spray) condition. However, none of the other measured stress related-behaviours 
were affected (Hermiston et al. 2018). A small-scale study of eight dogs used for 
teaching purposes and housed in university kennels similarly saw no difference in 
kennel behaviour over 21 days between those wearing a DAP collar and those not 
(Grigg and Piehler 2015). 

More recently Amaya et al. (2020a) compared three hours a day of DAP expo-
sure for five days to two other enrichments (lavender and slow tempo instrumental 
music) and a control (no treatment) within a rehoming shelter. Dogs exposed to 
DAP lay down more, and those exposed to music lay down more with their head 
down, compared to controls. Those in the control group stood on their hind legs, 
panted and vocalised much more than dogs in the three enrichment treatments 
(Amaya et al. 2020a). The study suggests that DAP, like music and lavender, had 
some positive benefits for dogs in shelters, as well as being non-invasive and easy 
to apply. However, in a follow-up study, the authors measured the physiological 
effects, specifically Heart Rate Variability (HRV) (variation in time between heart 
beats that decreases in response to stress) of dogs during these four treatments, 
and found DAP and lavender led to nonsignificant changes in HRV whilst playing 
music led to a significant decrease in HRV (Amaya et al. 2020b). 

In a veterinary clinic setting, DAP diffusers appeared to reduce anxiety signs, 
but there was no evidence of reduced aggression during the clinical exam after 
a single exposure (Mills et al. 2006). When DAP exposure was compared to 
acupuncture for efficacy at mitigating separation-related behaviours in hospitalised 
dogs over three days, treatment led to a decrease in destruction, licking, aggres-
sion and hyper-salivation, however there were no significant differences between 
treatments (Kim et al. 2006). In a follow-up placebo controlled, double-blind 
study, improvements were seen in a number of separation-related behaviours of 
hospitalised dogs exposed to a DAP diffuser for four days (Kim et al. 2010),
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including significant reductions in elimination (urinating/defecating), excessive 
licking and pacing, whilst placebo exposed dogs generally experienced increases in 
separation-related behaviours. However, a study following dogs undergoing ovar-
iohysterectomy saw no significant differences in cortisol between placebo and 
treatment groups which had DAP sprayed into their intensive care unit cage (Sir-
acusa et al. 2010); although they did see a smaller decrease in visual exploration, 
alertness and prolactin (a hypothesised biomarker of stress (Gutiérrez et al. 2019)) 
in DAP exposed dogs. A recent randomised, triple-blind, placebo-controlled study 
assessed the effect of a gel formulation of DAP applied to the hands of owners and 
veterinarians prior to physical examination of 27 dogs attending a veterinary clinic. 
DAP exposure decreased lip-licking behaviour but increased panting in dogs in the 
waiting room compared to the placebo treatment, but had no effect on behaviour 
during the veterinary examination. Heart rate, respiratory rate, blood pressure, rec-
tal temperature and salivary cortisol were also measured, however none were found 
to differ significantly between DAP and placebo groups (Puglisi et al. 2022). 

In the home environment, Sheppard and Mills (2003) saw improvements in 
9 of 14 owner-reported behavioural signs of fear in dogs exposed to DAP dif-
fusers for two weeks before firework night (Sheppard and Mills 2003). Landsberg 
et al. (2015) conducted a placebo-controlled and blinded study and found greater 
decreases in fear of simulated thunder in dogs wearing DAP collars compared to 
placebo collars. However, the DAP-exposed dogs also spent longer in a hide box 
during and after the sounds (Landsberg et al. 2015) making it difficult to separate 
the effect of DAP from the comfort provided by the hide. In contrast, an online 
survey saw that owner-reported effectiveness of pheromonotherpies for firework 
fear was no higher than would be expected of a placebo effect (Riemer 2020). 

Taylor et al. (2020) examined separation-related problems in a laboratory envi-
ronment, but saw no effect of DAP administration on orienting behaviour, eye or 
ear temperature (hence no evidence of stress-induced hyperthermia), heart rate or 
HRV compared to when the same dogs were exposed to placebo (Taylor et al. 
2020). A trial reported positive outcomes of using both dog and cat-appeasing 
pheromones for increasing calmness and positivity of dog-cat interactions within 
a household (Prior and Mills, 2020). Only a single published study has tested 
DAP on working dogs. This study randomly assigned DAP and placebo collars 
to 51 Belgian Malinois on arrival at Lackland Airforce base kennels and saw no 
significant treatment effects on behaviour monitored over five weeks (Broach and 
Dunham 2016). 

The results within these studies are very mixed and overall lack strong evidence 
of the value of DAP, likely partly due to different doses and routes of adminis-
tration (McGlone et al. 2022). This is echoed in two review papers. Frank et al’s. 
(2010) systematic review of the use of pheromones to treat undesirable behaviours 
in cats and dogs concluded that of the seven studies reviewed, only one on pup-
pies (Denenberg and Landsberg 2008) provided sufficient evidence of its value 
(Frank et al. 2010). They also raised legitimate concerns about the internal and 
external validity of the studies, potential selection biases, poorly controlled vari-
ables, inconsistent methodologies, and subjective outcome measures. Similarly, in
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a review examining whether DAP reduces the frequency and/or severity of non-
specific stress behaviours, Wong and Govendir (2021) concluded that the evidence 
for DAP as an effective treatment for anxiety in adult dogs remains weak. Some 
authors have posed that DAP shows promise for use in wild canids (Riddell et al. 
2021) suggesting it can prevent androgen surges and may reduce contact domi-
nance and active submission after stressful interventions in African wild dogs (Van 
den Berghe et al. 2019). However, for domestic dogs the evidence is not convincing 
and seems to be stronger for puppies than adults; unsurprising as DAP is a syn-
thetic analogue of a pheromone dogs are exposed to when very young, so puppies 
are the pheromone’s natural recipients. This lack of evidence is reflected in owner 
opinions, who when surveyed were less comfortable with the use of pheromone 
products to treat behavioural problems (58.1% “very” or “somewhat” comfortable) 
than nutritional or herbal supplements (71.9%), with their level of comfort around 
pheromonotherapies being similar to that of fast acting medications (62.3%) (van 
Haaften et al. 2020). Most owners regarded proven effectiveness as important when 
choosing between medical and alternative therapies and personal experience of 
taking herbal or nutritional supplements also increased acceptance. It follows that 
since humans are less able to relate to the olfactory experience of dogs and unlikely 
to have had olfactory-administered treatments, they must instead rely on objective 
scientific evidence of the effectiveness of such therapies, for which there are mixed 
results. 

The pheromone studies described above have concentrated on signalling within 
the same species, but recent work has started to examine “intermone” pheromones 
from one species which may elicit a different effect in another species. For exam-
ple, androsterone is a sex pheromone secreted in the saliva of male domestic pigs 
which promotes acceptance of mounting behaviour in females and also reduces 
aggression in group-housed swine. A small-scale case study tested the effect of 
spray-administered androsterone on dog behaviour, and saw a reduction in bark-
ing (McGlone et al. 2014). A second study suggested that it may be effective 
at reducing lead pulling but not jumping up (Pirner and McGlone 2016b). How-
ever, all treatments were accompanied by a burst of air spayed at the dogs’ head 
designed to interrupt the behaviour. The results suggest that this air burst and the 
odour are aversive and hence even though they are described as “mild” they still 
constitute positive punishment and have the potential to adversely affect welfare as 
described below. One could argue that utilising pheromones or natural remedies, 
although not proven to be effective, could be beneficial and hence there is no harm 
done in their use. However, if their use delays the use of more effective proven 
interventions, this can be a welfare concern. 

7 Olfactory Enrichment and Stimulation 

Whilst most research has focussed on calming effects of scents it follows that some 
scents can be stimulating. A recent study explored the effect of adding scents to 
toys as a method of olfactory enrichment for dogs in a rehoming centre (Murtagh
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et al. 2020). Dogs underwent three test conditions: no toys, three unscented toys, 
and scented toys (one lavender scented, and one rabbit scented presented with 
an unscented toy). The presence of the two scented toys increased the likeli-
hood of engagement with all three of the toys present in that condition, even 
the unscented one. Dogs spent significantly longer interacting with the scented 
toys than the unscented ones, but there was no difference between the two scents. 
There was also a significant decrease in the frequency of stress-related behaviours, 
and an increase in exploratory behaviours observed in dogs during the scented toy 
condition compared to the other two conditions. Although only two scents were 
used during this study, these findings suggest olfactory enrichment with numer-
ous odours may improve engagement with toys and overall wellbeing of dogs 
in kennels. This idea has been expanded into developing “sensory gardens” for 
dogs within rehoming centres (RuffleSnuffle 2021), which amongst other sensory 
experiences provide a range of scents to smell and plant species to encourage 
zoopharmacognosy (self-medication). However, not all scents will exert positive 
effects. 

8 Aversive Scents Can Impact Welfare Negatively 

In comparison to humans, dogs can smell significantly lower concentrations of 
odorants due to a higher number and density of olfactory neurons, higher air 
flow and specificity of central processing. Therefore, levels of scent that would 
go undetected by people may be extremely aversive to dogs, and scents that may 
be pleasant in small amounts such as essential oils, in higher concentrations may 
be aversive. 

Living in such close proximity to people means that we often share olfactory 
space. Household cleaning products, perfumes, diffusers, tobacco, as well as dog 
cosmetics (e.g. shampoos) are but a few examples of widely used aromas whose 
effects on dogs remain unknown. At the least, these strong odours may mask some 
of the odours on which the dogs rely, and at worst they may be unpleasant, aversive 
or even painful to their sensitive olfactory systems. There has been very little 
research examining preferences and aversions to scents, although Kokocinska et al. 
(2022) conducted scent preference tests by presenting 33 common scents to dogs. 
They found dogs showed use of the left nostril or both nostrils simultaneously 
when sniffing lavender, which could suggest that this odour is interesting, and 
pleasant. Dogs were significantly more likely to interact with orange oil and to 
avoid linalyl acetate and showed a tendency to prefer raspberry, rose, peppermint 
and strawberry. Overall, most of the odours presented did not seem unpleasant 
or aversive (Kokocinska et al. 2022), at least at the concentrations and durations 
presented. 

Scent preferences should be considered when adding fragrances to dog products 
(e.g. shampoos and cosmetics), since forcing dog to wear a scent that is unpleasant 
to them could negatively affect their welfare. Conversely, choosing scents that dogs 
find pleasant or calming may be beneficial to their welfare. It is also important to
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remember that increasing the concentration or potency of an odour, even a pleasant 
one, can make it overwhelming or unpleasant. 

Dogs also respond differently to the scent of predator and non-predator species, 
showing an increase in heart rate and decrease in time spent near the scent of faeces 
from bears and lynx compared to beavers and control odour (water) (Samuel et al. 
2020). Therefore, living within olfactory reach of potentially threatening species 
can present a welfare concern. 

In addition, kennel environments potentially present high levels of ammonia 
(released from urine and faeces) which have been shown to be aversive to other 
species (The Pig Site 2014). In fact, Codes of Practice that interpret the Animal 
Welfare Act (DEFRA 2020) for farmed species such as pigs and chicken stipulate 
maximum ammonia levels in living spaces 2006, whereas for the dog no such 
guidelines exist, and underlying research is yet to be conducted. 

The aversiveness of specific scents however is evident from the fact that the 
odour of citronella and lemon are used in anti-bark collars, which release a spray 
of odour either automatically or when activated by the owner, when the dog barks. 
They have been found to reduce unwanted barking behaviour in pet dogs by 88.9% 
compared to 44.4% using electronic shock collars (Juarbe-Diaz and Houpt 1996). 
Wells (2001) compared dogs given intermittent and continuous exposure to a cit-
ronella collar over a three-week period. She found that the collar was effective 
at reducing some types of barking (e.g. in the car more than at the TV) and 
intermittent exposure was more effective (Wells 2001). A similar study found cit-
ronella collars effective at reducing coprophagia when compared to sound therapy 
(Wells 2003). In contrast, when used in a veterinary hospital setting, although 
bark-activated citronella collars resulted in a 77% reduction in barking in the sub-
sequent five-minute period, dogs wearing a scentless spray collar which releases 
HFC134A tetra-fluoroethane (a pharmaceutical-grade, ozone-friendly propellant 
used in human asthma inhalers) also experienced a 59% reduction in barking 
(Moffat et al. 2003). There were no significant differences between the two collars, 
suggesting they were both effective punishers. 

A home-based study saw that Aboistop™ citronella (lemon scented) spray col-
lars (Dynavet®), applied to dogs by their owners over a 3-month period, were 
effective for three of the seven dogs, with vocalisations being completely elim-
inated for two dogs, and reduced for one (Dynavet 2022). However, the study 
observed distress reactions which in some dogs were marked (Sargisson et al. 
2011). Citronella collars are perceived by owners to be more humane than elec-
tronic collars, for example for reducing excessive barking (Juarbe-Diaz and Houpt 
1996), but does this result from our anthropogenic bias, in which we find it hard 
to perceive the strength of an olfactory punisher? Indeed, Steiss et al. (2007) saw  
no significant difference in mean plasma-cortisol values between dogs that wore 
shock and “lemon-spray” collars during six 30-min training sessions over a two-
week period (Steiss et al. 2007), which they deemed to show that neither were 
stressful. However electronic collars utilised by companion dog owners have been 
demonstrated to present welfare concerns (Cooper et al. 2014). The use of cit-
ronella is similarly based on the principles of positive punishment, applying an
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aversive stimulus to reduce the frequency of an unwanted behaviour. It follows 
that if the effects are indiscernible, then the strength of aversion to the electric 
shock and the scent of citronella must be similar, and hence we would argue the 
use of citronella is likely also a welfare concern. 

9 Olfaction and Memory Are Tightly Linked 

We know that for humans, odours can evoke strong emotional memories; for exam-
ple, memories of the smell of a grandparent’s house or reminder of trauma for 
people suffering from posttraumatic stress disorder (PTSD) (Herz 2011). There is 
increasing evidence of the link between memory and olfaction for dogs also. 

Odour is linked to recognition of objects. Dogs show surprise when there is a 
mismatch between the odour and the appearance of an object they had previously 
encountered. Bräuer and Belger (2018) used the violation-of-expectation theory to 
study olfactory representation of objects. Dogs were instructed to fetch a toy by 
being directed to the beginning of a scent trail created by the toy. Dogs showed 
hesitation when what they found at the end of the scent trail did not match the 
toy they had followed and hence they expected. However, this effect was only 
observed initially and not in subsequent trials. This may be because dogs were 
rewarded regardless of which toy they retrieved, so learned that whether the toy 
matched the scent trail or not was not important. Alternatively, the scent from 
previous trials may still have been detectable in subsequent trials, or dogs may 
have started using other learning strategies with subsequent trials that were not 
completely reliant on scent tracking (Brauer and Belger 2018). Similarly, dogs 
form an expectation of their owner, based on odour and are surprised when the 
person at the end of an odour trail is not the owner (Bräuer and Blasi 2021), and 
we may expect that this may affect their affective state. 

Quaranta et al. (2020) showed that odour can improve dogs’ memory during a 
spatial memory task. Dogs were exposed to the odour of vanilla during “memory 
encoding” when they observed the experimenter placing food rewards under plastic 
cups. In the “memory retrieval” phase, dogs were required to recall the reward 
locations in the presence of the vanilla odour, a control odour (apple) or no odour 
(blank control). Dogs exposed to the original vanilla odour during this phase spent 
less time searching and made fewer mistakes. Hence, odour acts as a memory 
trigger, in this case improving performance at a task. This indicates odours are 
good contextual memory cues and are important in context-dependent memory for 
dogs (Quaranta et al. 2020). 

Olfaction, memory and emotions are all controlled and processed by the brain’s 
limbic system (Rolls 2019; Campellone 2022), therefore smells have the power 
to trigger memories and elicit strong feelings since their neuronal pathways are 
closely linked. This means there is potential to use olfaction to to benefit welfare. 
Scents used as aromatherapy for managing dog behaviour could be classically 
conditioned and paired with a positive experience to improve effectivity of any
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positive or calming effects of the odours themselves (Hedges 2021). But simi-
larly, associations can easily be formed between negative events and odours, such 
as the smell of a veterinary surgery which is an important welfare consideration. 
Hence scents can be used to reduce unwanted behaviours. Conditioned food aver-
sion (CFA) is a learned avoidance of food that is previously associated with a 
negative experience (e.g. illness). CFA is a learned mechanism that animals use 
to prevent future poisoning when consuming food or prey in the wild (Gustavson 
et al. 1974). By adding an aversive chemical substance (e.g. levamisole, an anti-
parasite treatment) that induces mild and short-acting gastrointestinal effects (e.g. 
vomiting and diarrhoea) to a food source, CFA can be used as a non-lethal inter-
vention to deter predators such as dogs, wolves, foxes and coyotes from killing 
livestock and wildlife (Tobajas et al. 2019, 2020a, 2020b, 2021). The coupling of 
levamisole with odours such as vanilla has been shown to be effective in aiding 
CFA in wolves (Tobajas et al. 2020b) and foxes (Tobajas et al. 2021), where after 
initial exposure to both substances (levamisole and vanilla), baiting food with just 
vanilla was enough to deter predators from the food source. This demonstrates 
how even non-aversive olfactory cues can trigger memory recall of a prior nega-
tive experience and influence decision-making and aversive behaviour, and hence 
shows how olfactory triggers can impact dogs’ wellbeing. 

10 Value of Odour from Familiar People and Dogs 

The scent of familiar individuals is widely believed to be comforting and hence 
conducive to improved welfare in dogs. It is common advice for puppies leaving 
their litter or dogs going into boarding kennels to be given a clothing item smelling 
of their mother or owner, respectively (DoggieDiva 2022). Scientific study has 
started to confirm this principle. 

The presence of an owner’s scent has been shown to reduce cortisol levels 
in stressful situations (Shin and Shin, 2016). A study of dogs reported to show 
separation-related behaviour measured salivary cortisol concentrations before, dur-
ing and after a 20-min period of separation from their owner. Dogs were provided 
with the owner’s odour (worn T-shirt), audio (voice recording) or neither (control). 
The relative increase in salivary cortisol in the first five minutes of separation was 
significantly reduced in dogs provided with the odour or sound of their owner 
compared to the control condition. 

Owner odours are also processed and interpreted differently in the brain. Dogs 
presented with scents from a familiar human (owner), an unfamiliar human, a 
familiar dog, an unfamiliar dog, and their own scent were studied under conscious 
fMRI (Berns et al. 2015). Only the owners’ scent led to significant increases in 
activation of the caudate nucleus. Since this region of the brain is associated with 
positive expectations (Knutson et al. 2001), social rewards (Rilling et al. 2002; 
Izuma et al. 2008) and motivation (“wanting” or “seeking”) (Panksepp 2004), this 
suggests that the odour of the owner causes a positive expectation and/or social 
reward.
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11 Odour of Individuals in Different Emotional States 
Affects the Recipient 

It is, however, not just the identity of the odour that potentially impacts on wel-
fare but also the emotional state of the donor. A recent study found that dogs can 
discriminate the odour of human sweat and breath collected after a 3-min men-
tal arithmetic stress test from that taken from the same individuals before the test 
(baseline) (Wilson et al. 2022). Four dogs were trained to discriminate control 
blank cloth from stress odour. During a series of double-blind, forced-choice tests 
they were able to discriminate stress odour samples from the baseline (pre-test) 
samples. When tested with samples from 36 individual people dogs showed accu-
racies between 90% and 97%. This indicates that there is a difference in odour 
associated with acute stress in humans that is detectable by dogs. However the 
effect these odours had on the dogs’ own emotional state was not investigated. 

There is a growing body of evidence of emotional contagion both between dogs 
and between human and dogs. Dogs show increases in alertness, stress-related 
behaviours, cortisol and comfort offering after hearing recordings of distress 
vocalisations from familiar conspecifics compared to unfamiliar conspecifics or 
control vocalisations (Quervel-Chaumette et al. 2016). They show person-oriented 
behaviours such as looking, approaching and making contact when hearing a famil-
iar or unfamiliar person crying compared to humming or talking (Custance and 
Mayer 2012). Dogs will work to release their owner from a box, and will do so 
quicker, with higher heart rate (Carballo et al. 2020) and showing more stress 
behaviours if the owner is distressed (Van Bourg et al. 2020). Dogs’ performance 
in a spatial task is improved if their owners are moderately stressed (Sümegi et al. 
2014), raising the possibility that an owners’ state anxiety is contagious to dogs, 
that the anxiety experienced by the owner influences their dog’s behaviour and that 
these effects are manifested in the cognitive domain. 

Some studies show that dogs yawn more after a person yawns (Joly-Mascheroni 
et al. 2008; Harr et al. 2009), although the extent of this effect varies between 
studies (Harr et al. 2009) and individual dogs (Buttner and Strasser 2014) and is 
greater when the person is familiar (Silva et al. 2012). It has also been debated 
whether this effect is empathy-induced or a sign of the stress of the experimental 
situation (Kis et al. 2020). Research continues to investigate the extent to which 
these effects are due to empathic distress (feelings of discomfort and anxiety in 
response to the perceived physical or emotional pain of another; Kis et al. 2020). 
However, these studies primarily focus on visual and auditory triggers, such as 
the dog watching yawning or hearing a person crying. Owners often report that 
their dogs pick up on their mood, for example when they are sad the dog reflects 
this state in their own behaviour. Undoubtedly this involves dogs detecting subtle 
behavioural cues from their owner such as their posture and body language, but 
evidence from functional lateralisation studies suggests it may also involve an 
olfactory component. 

Functional lateralisation of the brain occurs in a multitude of sensory and motor 
functions as well as cognitive processes and emotions. It has been demonstrated
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across animal species, with similar processing pathways implicated (Vallortigara 
et al. 1999, 2011). The right hemisphere is thought to be involved in the process-
ing and control of emotions, avoidance/escape behaviours and fear across species 
(Rogers and Andrew 2002). The right forebrain in particular is associated with 
sympathetic activity and emotional responses such as arousal, aversion, danger-
perception, survival and negative affect (Craig 2005). By examining asymmmetries 
in how animals approach stimuli, one can draw conclusions about how that stimuli 
is perceived. This has been applied to vision (Bourne 2010), hearing (Altenmüller 
et al. 2002) but also olfactory stimuli (Simon et al. 2022). For example, prefer-
ences for right nostril sniffing behaviour have been observed in horses presented 
with adrenaline and oestrus urine, but not other odours such as food and repellents 
(Siniscalchi et al. 2015). 

When it comes to dogs, lateralisation in sniffing behaviour has also been seen in 
response to different odour stimuli (Siniscalchi et al. 2011). Researchers mounted 
a video camera at the level of the odour samples (presented on cotton swabs) to 
record which nostril was used first and whether dogs switched nostril in subsequent 
presentations of the same odour. Six different odours were presented multiple 
times; blank cotton swabs, food, lemon, vaginal secretion from a bitch in oestrus, 
and adrenaline and sweat from a famailiar veterinarian. Dogs showed preferential 
and sustained use of the right nostril for sniffing the arousing stimuli of adrenaline 
and sweat from a veterinarian. Because olfactory neuronal pathways ascend ipsilat-
erally (on the same side), from the right nostril to right hemisphere, these findings 
suggest involvement of the sympathetic hypothalamic-pituitary axis controlled by 
the right hemisphere, where alarming or threat stimuli are processed. When pre-
sented with the other odours there was an initial right nostril preference which 
then switched to the left nostril with repeated presentations, suggesting initial right 
hemisphere processing of novel stimuli followed by transfer to the left hemisphere 
once the odour was identified to be familiar and non-threatening (MacNeilage 
et al. 2009; Siniscalchi et al. 2011). Such behavioural exhibitions can help us to 
understand how an odour is perceived. A later study by Siniscalchi et al. (2016) 
using the same methodology found significant asymmetrical sniffing behaviour in 
dogs presented with stress odours (perianal, interdigital and salivary secretions) 
from conspecifics during an isolation condition and human sweat collected dur-
ing fear-eliciting film and physical exercise conditions (Siniscalchi et al. 2016). 
Dog were also presented with odours collected from conspecifics and humans 
after pleasurable encounters such as play (dog) or watching a joyous film, and 
neutral conditons such as showering and sleeping. Similar to the previous find-
ings, there was a right nostril bias when sniffing the dog isolation condition, but 
there was a left nostril bias for samples from humans in fear and physical stress 
(exercise) conditions. No significant nostril biases were found for the other odours 
presented. This potentially suggests different pathways and brain hemispheres are 
involved in processing these odours depending on the species from which they 
originated (Siniscalchi et al. 2016). It is not clear why the left hemisphere may 
be involved in processing odours from humans in this study, however studies into 
the function of the amygdala indicate the roles of the left and right sides may be
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distinct (Gläscher and Adolphs 2003). While the right side is involved in rapidly 
and non-discriminately detecting potential threats and is activated by easily iden-
tifiable threat stimuli, the left amygdala is involved in more fine-tuned assessment 
of perceived threats and determining whether a real threat is posed. So, it could 
be that dogs require further fine-tune processing of odour signals from humans 
before determining whether the signal is interpreted as a real threat. However this 
is a novel field and requires greater study. 

Siniscalchi et al. (2016) also found higher maximum heart rates in dogs when 
presented with odours from stressed conditions (isolated and dogs disturbed from 
sleep, human fear and exercise) compared to the neutral and dog “play” odour 
(Siniscalchi et al. 2016). The duration for which the heart rate was above the 
baseline average was also significantly increased when presented with these stress 
odours than neutral odours. Although when taken alone, increases in heart rate 
cannot indicate whether the response is associated with a positive (anticipation or 
excitement), negative (anxiety or fear) or neutral (arousal or alertness) experience, 
when taken together with observed changes in stress-related behaviours (D’Aniello 
et al. 2018) and olfactory processing (Siniscalchi et al. 2016), it could suggest an 
association with stress or threat perception. 

Other studies have also looked at responses to the odour of fear, by examining 
more general behaviour. Dogs showed an increase in the frequency and duration of 
owner-oriented and stress-related behaviours, and a decrease in stranger-oriented 
behaviours when presented with sweat samples from human donors collected dur-
ing a “fear” condition (watching fear-inducing video) compared to a “happiness” 
condition and control samples (D’Aniello et al. 2018). The heart rate of recipient 
dogs remained higher following exposure to odour samples from the fear condition 
than the happiness condition or blank samples (D’Aniello et al. 2018). Exposure 
to “happiness odours” increased the frequency and duration of stranger-oriented 
behaviours. Together, these findings suggest modulation of social interests and 
interactions with humans when exposed to chemosignals associated with the differ-
ent emotional states of the donor, showing a preference to interact with a familiar 
human during fear odour exposure and an increase in sociability with strangers 
during happiness odour exposure (D’Aniello et al. 2018). This makes biological 
sense given that animals have evolved to limit risk-taking behaviours when envi-
ronments are unsafe, and for social species, responding to the fear of other group 
members by avoiding novel situations or animals when others are fearful is protec-
tive. But why are these distinguishable across species? Semin et al. (2019) poses 
two possibilities; that odours produced in emotional contexts (of fear and hap-
piness) contain distinctive chemical compounds that invariably activate the same 
responses across the species and thus have a pheromone-type quality, or that the 
responses to the odour are acquired in the process of socialisation and the two 
species acquire a sensitivity to the specific emotion-induced odours (Semin et al. 
2019). Either way, if dogs smell odour taken from individuals in different states 
with different nostrils and behave differently following exposure, it is plausible 
that the odour affects their own emotional state. If this is the case, then being 
housed next to a stressed dog, for example in rehoming or training kennels, or
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being handled by a stressed handler may have adverse effects on a dog’s own 
welfare. This concept is yet to be fully explored but should be considered when 
housing and husbandry regimes are planned. 

12 Welfare of Dogs Used for Olfactory Work 

The use of dogs for olfactory detection appears limitless, but as use continues to 
expand, it is imperative that ethical consideration ensures that dog welfare within 
each role is protected. Some olfactory tasks have an inherent risk attached to them 
such as land mines (Phelan 2002), explosives (Rooney and Clark 2021), and even 
predator (e.g. grizzly bear (Wasser et al. 2004)) detection. For these, it is essential 
that dogs are selected and trained to maximise their performance and that oper-
ational protocols are devised to minimises risk to the dog. Other uses such as 
detecting contaminants like DDT (dichloro-diphenyl-trichloroethane) (Arner et al. 
1986), and diseases such as COVID-19 (Mancilla-Tapia et al. 2022), require exten-
sive risk assessment to minimise the risk to the dog’s health. However, there may 
also be some tasks that, although not detrimental to health, are aversive or less 
rewarding to the dog. Very repetitive work such as vehicle searching and remote 
sample searching for diseases can require very high stamina and hence may require 
stricter selection, innovative training, and greater efforts to optimise welfare when 
not working to retain dogs’ motivation. One may predict, given a dog’s sensitivity 
to the scent of affect in others (see section 11), that smelling stress or disease in 
others may cause them distress, and hence using dogs for disease detection, or 
to assist people suffering from fear or anxiety may impact their welfare. The fact 
that dogs can be trained for these purposes with seeming success and longevity 
suggests this may not be the case or that effective classical conditioning can result 
in successful pairing of scent and reward, overriding any inherent aversion or neg-
ative affect. It is, however, important that welfare is monitored to ensure this is 
always the case, and dogs do not start to show any signs of stress during their 
work. 

Search and Rescue (SAR) dogs involved in the 9/11 response have been mon-
itored annually and compared to similar SAR dogs not involved in the event 
using the Canine Behavioral Assessment and Research Questionnaire (C-BARQ; a 
standardised, behavioural evaluation tool for dog owners/guardians, handlers and 
professionals) (Hare et al. 2021). Using this instrument, no significant behavioural 
differences have been detected, leading the authors to conclude the dogs were 
resilient. Similar welfare monitoring of long-term use of working dogs is rec-
ommended, and should use a variety of instruments, health and physiological 
measures as well as questionnaires. 

The way the dog is trained has a major impact upon its welfare. Most working 
dogs worldwide are now trained predominantly using positive reinforcement (Mar-
tin et al. 2020), and this applies also to scent work where reward is usually paired 
with the target scent. However, positive punishment and negative reinforcement are 
still utilised and are common in specific disciplines and organisations (Haverbeke
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et al. 2009). Studies on companion animals have found links between the way dogs 
are trained and their welfare and also their task performance. Surveys and obser-
vations of companion dogs strongly suggest punishment-based training is linked to 
increased incidence of behaviour problems (Hiby et al. 2004), including fear, anx-
iety and aggression (Blackwell et al. 2008), wariness towards strangers, reduced 
playfulness (Rooney and Cowan 2011), and increased anxiety-related aggression 
and excitability (Arhant et al. 2010). Dogs regularly trained with electric shocks 
show fear and distress behaviour in the presence of their owner, even outside the 
training context (Schilder and van der Borg 2004). Dogs subjected to physical 
reprimands have been shown to score significantly higher for aggression (Hsu and 
Sun 2010) and dogs whose owners report using a higher proportion of punishment 
are less likely to interact with a stranger (Rooney and Cowan 2011), and more 
likely to show a negative cognitive bias (Casey et al. 2021). Similarly in work-
ing dogs, studies have reported better performance and fewer behaviour problems 
in police dogs trained using rewards (Fattah and El Abdel-Hamid 2020), and an 
association between better performance and less use of more aversive stimuli by 
handlers in military dogs (Haverbeke et al. 2008). Those military dogs suspected 
to have been handled roughly in the past were perceived to be more fearful (Lefeb-
vre et al. 2007). During protection and obedience work, dogs which had received 
more punishment tended to show more fear behaviours (Haverbeke et al. 2009). 

13 Aspects of Housing and Husbandry are also Vitally 
Important 

Many working dogs used for olfactory roles are kennelled. Kennelling has been 
shown to result in considerable stress especially to dogs that are unaccustomed 
to it (Hiby et al. 2006; Rooney et al. 2007). Infrared thermography showed that 
working police dogs were more stressed in their home kennel than in a police car 
on the way to work (Bartolome et al. 2021). Dogs kept in a home environment 
and then brought into military training kennels experienced a significant increase 
in cortisol (Rooney et al. 2007). This stress can be reduced by gradual introduction 
to the kennel environment from an early age using a program involving positive 
rewards (Rooney et al. 2007). 

There are numerous aspects of a kennel environment that can be stressful; lim-
ited space and exercise, excessive noise, limited social contact and separation from 
attached figures (Cobb et al. 2020). Many kennel environments do not provide for 
all that the animal needs; for example, the dog has little control over their environ-
ment and may thus have difficulty coping and may experience negative feelings. 
Research has shown the importance of a variety of factors within the kennel envi-
ronment (Gaines et al. 2008; Rooney et al. 2009; Taylor and Mills 2007b; Cobb 
et al. 2022). Hence, there are numerous interventions which have been shown to 
be effective ways of improving welfare of kennelled dogs including those used for 
scent detection.
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Intraspecific social contact (Gfrerer et al. 2018) can benefit working dogs as 
can social housing for dogs that are sociable, resulting in lower levels of hair 
cortisol (Grigg et al. 2017). Increasing time outside the kennels and exercise can 
reduce barking (Clark et al. 1997), repetitive behaviours and cortisol, as can the 
addition of in-kennel toys (Nogueira et al. 2021) or chewing devices such as Kong 
(Gaines et al. 2008). Interactions with humans can be calming for many dogs, and 
stroking leads to increases in oxytocin in working dogs suggesting a positive effect 
on emotional state (Ogi et al. 2020). Play sessions with other dogs (Coppola et al. 
2006; Shiverdecker et al. 2013) or humans (Conley et al. 2014) can be especially 
beneficial. Allowing dogs vantage points can increase control over their visual 
environment (Hubrecht 1993) whilst providing bedding and/or heating increases 
thermal comfort (Hiby 2005). The olfactory environment is also vitally important. 
As seen above, being able to smell potential prey or predator species can be a 
cause of stress, as can smelling neighbouring conspecifics that cannot be reached 
nor avoided. It is especially frustrating for intact males to be able to smell females 
that are in oestrus, although the extent of arousal without physical contact was 
questioned by the single published study examining this (Jezierski et al. 2019). 
Olfactory calming agents may have some value as may olfactory enrichment (see 
section 4–7 above). 

14 In Conclusion 

It is clear that dog research, like that on other species, suffers from anthropocen-
tric sensory biases, favouring investigating visual information and cues despite 
the dominance of other sensory cues in many nonhuman research subjects, and 
the excellent olfactory performance in dogs (Horowitz and Franks 2020). Welfare 
research has similarly concentrated upon our predominant senses of vision and 
hearing and neglected olfaction. For dogs, the impact of odour is potentially great 
(Nielsen et al. 2015). Odours have the capacity to calm, stimulate and cause harm. 
Our knowledge of this area is gradually growing. However, those training, han-
dling and researching with dogs need to be aware of possible olfactory influences 
if they are to optimise dogs’ potential use whilst also protecting their welfare. 
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Abstract 

This chapter presents the use of substance detection canines from a forensic 
and security viewpoint. It provides the reader with a foundational framework of 
forensic principles that can be extended and applied to the use of canine teams 
as a forensic tool for odor detection purposes. It draws a special focus on key 
aspects of legal and security considerations to better educate the reader on opti-
mal and efficient uses of canine teams within operational settings. Furthermore, 
it provides a basic introduction to the chemical aspects of odor analysis as it 
relates to the detection of canine performance. Lastly, it provides a synopsis 
of detection disciplines within substance detection canines of relevance to the 
forensic practice. 
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1 Introduction 

Forensic science is a unique discipline that provides an interdisciplinary connec-
tion across various areas of expertise with the common goal of providing a service 
to legal matters. The role of forensic science includes assisting either a crimi-
nal or civil investigation by: establishing necessary elements of the case (Corpus 
delicti), aiding the “trier of the fact” in reaching a just decision, and aiding the pro-
cess of evaluating the credibility and reliability of testimony (Harris et al. 2019). 
There are many disciplines that can routinely play a role in forensic applications 
which include medical sciences, natural sciences, engineering, and technology (See 
Fig. 1). With the advancement of technology and digital capabilities, more types 
of evidence can be processed and collected from crime scenes and analyzed in the 
forensic laboratory. Novel sensor systems provide rugged and robust capabilities 
for the recovery of evidence items that can provide help with the identification, 
individualization, reconstruction, and association of evidentiary material. 

Within technological advancements, both instrumental and biological sensor 
systems have changed the dynamics of evidence recovery. Instrumental tech-
nologies provide the ability for rapid on-site analysis of trace evidence items, 
while laboratory instrumentation provides cutting-edge results on the chemical 
composition and physical characteristics of recovered items. However, another 
tool in the forensic practitioner’s toolbox is that of biological detection, specif-
ically, canines as detection systems. The use of canines within law enforcement 
and forensic applications ranges from contraband detection (as seen with explo-
sives, narcotics, and firearms), human remains, live human scent, human evidence 
collection (remains, blood, semen, etc.), arson (accelerant), and emerging applica-
tions such as electronic storage device detection. Substance detection canines play 
essential roles in routine criminal investigations as they provide a robust, rugged, 
and highly mobile detection mechanism as compared to conventional instrumen-
tation. The highly developed olfactory capability of the canine nose allows for its 
wide applicability in substance detection purposes. The canine’s nasal cavity has 
millions of sensory neurons within the olfactory epithelium. During the inhalation 
process, volatile molecules enter the nasal passage where they are directed in their 
path by complex tissue called turbinates located in the lining of nasal cavity wall.

Fig. 1 Forensic science application discipline 
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Overall, the natural physical configuration of the olfactory sensory region of the 
canine nose allows for optimized nasal airflow patterns during sniffing that makes 
it an advantageous sensor system for odorant delivery and detection (Craven et al. 
2010). Thus, canines offer a practical detection mechanism to locate and identify 
target odor sources in operational environments given their innate physiological 
and biological advantages with respect to olfaction capabilities. 

Within a forensic and security perspective, there is a wide range of forensic 
specimens that emit volatile organic compounds (VOCs), thus depicting another 
source of evidentiary material—forensic odor evidence. Odor evidence has wit-
nessed novel uses in forensic science applications to include toxicology, drug 
identification and profiling, explosive and arson investigations, and human odor 
(both live and deceased) (Furton et al. 2015; Titus et al. 2022). The use of canines 
as sensors has been explored for its utility in locating hidden or obscured physical 
evidence (and even live human scent when it is used to corroborate other evidence). 
Additionally, as a parallel effort analytical chemistry techniques to understand the 
chemical odor signatures emitting from these ranges of sources are gaining recog-
nition in the courts as evidence (Anthony 2013; Torrez 2020). The scent or odor 
profile of a particular substance and/or subject can be characteristic of a particular 
specimen, thus making the odor trace an effective investigation tool for identifi-
cation and differentiation purposes. As with any other type of forensic evidence, 
it is imperative to follow valid and reliable scientific approaches to safeguard the 
integrity of the crime scene and its associated evidence. Thus, in recent years, 
efforts have been geared to promote and enhance the understanding of detection 
canine performance by clearly delineating important variables for research test 
designs (Lazarowski et al. 2020) as well as promoting and creating standards for 
routine training and certification purposes (OSAC Dogs and Sensors Subcommittee 
2022). 

Trace evidence is fragile, transitory in nature, and most often not highly visi-
ble or recognizable. Odor evidence is not an exception to this rule and must be 
treated as any other type of trace evidence. The three “Rs” of trace evidence are 
known to be recognition, recording, and recovery (Houck 2016). As it relates to 
trace odor evidence, the recovery relies on understanding what odor is, how odor 
is transferred, how it persists in an environment, and how to optimally train the 
dog to locate such odor(s). Once located, the recording and recovery of physi-
cal evidence relies on the handler/operator’s understanding of canine behavior and 
responses given to trained odor(s), and the joint work of other forensic profession-
als to recover evidence once it is found (Fig. 2). As such, the work of a detector 
canine team parallels that of any other scientific discipline in the forensics field. It 
is important to understand that, while the canine is crucial in locating these odor 
traces, the complementary use of technological instrumentation such as chromato-
graphic methods can provide a final confirmatory analysis of the substances in 
question. Hence, the canine detector system can be viewed as a highly mobile and 
rugged screening tool for efficient operational contexts.

When used for legal purposes, canines may be utilized for (1) detection of 
substances to indicate the presence of an illegal material (explosives, narcotics,
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Fig. 2 The “3 R’s of canine odor evidence

Fig. 3 Locard’s exchange principle illustrated to show the linkages between crime scenes, sus-
pects, victims, and physical evidence

contraband, weapons, digital storage devices, human remains, etc.), and (2) the 
formation of linkages that tie people to evidence and crime scenes, such as 
blood, trace odors associated with human decomposition, human scent in match-
to-sample applications, seminal fluid, etc., which occurs when two items come 
into contact with one another, cross transfer of material occurs and/or is often left 
behind (See Fig. 3). The intensity, duration, and nature of the materials in con-
tact with one another determine the extent of the transfer. The transfer of material 
occurs in two ways. Physical contact results in direct or “primary transfer” of
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material, whereas a secondary transfer occurs when evidence is transported from 
one area to another on something (such as clothing) and then the evidence is 
deposited elsewhere (Deedrick 2000). This concept was proposed by a French-
man with a background in medicine and law, Edmond Locard, in the first police 
crime laboratory in Lyons, France in 1910 and has come to be known as Locard’s 
Exchange Principle. His principle was instrumental in solving several crimes and, 
after World War I, Locard’s successes served as an impetus for the formation of 
police laboratories in Vienna, Berlin, Sweden, Finland, and Holland (Criminalis-
tics: An Introduction to Forensic Science). His principle remains the cornerstone of 
modern forensic science today. Canines used forensically, like any other sensor tool 
used in crime scenes, can help investigators create linkages. For example, when 
canines locate trace odors associated with blood, or seminal fluid from a suspect 
which is left within a crime scene, if blood or trace odors of human decomposi-
tion are found on a suspect’s clothing, in their vehicle or on tools/weapons; then 
the linkages that occur as a result of cross transfer may prove to be probative in 
trial. Furthermore, the odor from contraband, such as narcotics or explosives, or 
human scent (living or remains) may also be transferred in a similar manner to 
the physical evidence and can aid in recovery of the contraband or establishing 
linkages relating to the location of a human or a body. Canine responses to any of 
the aforementioned may aid in the collection of evidence to support the linkage or 
strengthen a chain of circumstantial evidence. Important to note is that, Locard’s 
Exchange Principle also has implications in contamination of target odor training 
aids for detection canines when the components are substituted with environmental 
variables, which will be discussed later in this chapter.

In the field of forensics, there are many types of tests that identify the poten-
tial of a material to be something that may have evidentiary value. “Class” and 
“Individual” characteristics are often discussed in terms of the types of evidence 
encountered at crime scenes. “Class characteristics” are considered as a piece 
of evidence as it belongs to a group of like items. Like Nike Pegasus running 
shoes, there are thousands of pairs of them in circulation within a population. 
“Individual characteristics” are those which make that item very specific and 
unlike the others, for instance, when a rock alters the tread pattern of the Nike 
Pegasus running shoe and makes that shoe unique. Blood, like other bodily fluids, 
can be viewed similarly. Mammalian blood collectively has similar components 
and as such would be a class characteristic. It can further be separated into classi-
fications such as canine blood, feline blood, and human blood, for instance. Once 
it is sent to the laboratory and its DNA is examined, it can be designated as 
specifically belonging to someone with a high statistical likelihood, thus making 
it individualistic (it belongs to John Doe). 

There are several ways in which evidence is located and evaluated in crime 
scenes. To determine if something is of evidentiary value, certain types of tests are 
conducted. These tests help investigators or crime scene professionals determine 
if something should be collected and sent to a laboratory for further analysis. To 
determine if a type of material or substance belongs to a certain class, presumptive
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tests can be used. A “Presumptive Test,” is one that is used in criminal investiga-
tions which is not conclusive but is used to screen for the presence of a substance 
(US Legal 2022). These are tests that simply identify the presence of something, 
but offers no specificity as to who it belongs. For example, blood can be identified 
using chemiluminescence (Luminol, BlueStar, Fluorescein, etc.) but it does not 
offer information as to whether it is animal or human blood, or who specifically 
contributed to the sample. In order for that to happen, the sample requires further 
examination at a laboratory by a trained examiner. A “Confirmatory Test” is con-
ducted at the laboratory by a serologist to determine if the sample is human by 
looking at certain proteins and then further testing can be conducted to determine 
individuality using DNA. 

It is important to understand that detection canines in law enforcement appli-
cations are to be viewed as presumptive tests only in that they are trained to 
detect an odor profile associated with a particular class of substances, just like 
other types of presumptive tests. A trained final response from a canine does not 
imply that a substance belongs to a particular individual. They are responding to a 
“class” of odorants that comprise a target odor profile collectively. For this reason, 
canine evidence should be used as corroboration with other forms of evidence or 
testing. This issue has been highlighted in several court cases where it has been 
determined that canine evidence must be considered with caution, is of slight pro-
bative value, and, if found reliable, cannot support a conviction in the absence of 
other direct evidence of guilt (People v. Perryman 1979; McDuffie v. State. 1992). 

This chapter explores the use of substance detection canines from a forensic 
and security application viewpoint. It introduces legal and security considerations, 
provides a brief description of the chemical analysis of odor, and details selected 
detection applications covering the characterization of odor targets and the training 
and proficiency of canines in that given area of work. 

2 Substance Detection Canines and the Law 

Canine handling has long been regarded as an art; however, court proceedings 
have forced science to quantify the performance of working dogs to corroborate 
evidence in criminal cases. In doing so, it has essentially married the art of canine 
handling and training to the sciences and has forever changed the landscape of 
how canines are viewed through a forensic lens. This process has woven the inter-
play between canines, law, and science so tightly together that you simply cannot 
have one component without the others. Just as the biological concept of emer-
gent properties in which an organism is comprised of many components that work 
together, forensic canines must be viewed as a triad of the three (Schultz et al. 
2022) (Fig. 4).

As far back as the early 1800s, scientific hypothesis and testing provided the 
foundation for the forensic sciences to build upon. In 1814, the first forensic 
science discipline (toxicology) was introduced by Mathieu Joseph Bonaventure 
Orfilia where he made chemical analysis a routine part of forensic medicine.
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Fig. 4 The Forensic Canine Triad Venn Diagram illustrating the interplay between canines, sci-
ence, and law (reproduced with permission from Jenny Stanford Publishing)

Throughout the 1800s and 1900s, contributors from various fields continued to 
advance the forensic sciences into what we know them to be today. Toxicology, 
fingerprints, accelerant and explosives analysis, DNA, firearms and toolmarks, 
anthropology, soil analysis, hair and fiber analysis, digital forensics, and more 
have come to gain acceptance. Since then, the methods, techniques, or procedures 
that are used to locate, collect, and examine evidence from crime scenes have 
become subject to rigorous evaluation in order to be used in court. In fact, in 
1893 (129 years ago), Hans Gross wrote the first treatise describing the applica-
tion of scientific disciplines to the field of criminal investigation (Criminalistics: 
An Introduction to Forensic Science). 

When canines are used to aid in resolving criminal cases, their use may be 
called into question and brought before the court. In some cases, the utilization or 
technique in how the canines were used are disclosed and the defense and prose-
cution have the opportunity to prove or disprove the reliability of the application. 
This is done during evidence admissibility hearings and through Daubert or Frye
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challenges in which prosecutors are tasked with proving the reliability of canine 
utilization. 

While various types of forensic evidence have been used in court proceedings, 
standards for courtroom admissibility of scientific evidence were not established 
until 1923 in Frye v. United States in a case that challenged the validity of poly-
graph examinations where it was determined that in order for a technique or a 
method to be accepted in court, it must gain “general scientific acceptance” within 
the community (Frye 1923). This is now referred to as the Frye Test and is still 
used by some states today (Schultz et al. 2022; Florida v. Harris 2013). 

In federal courts, a more robust set of standards are used to establish admissi-
bility. The Daubert Standard is considered by some as the gold standard by which 
to determine if a type of method or standard that is used to find, collect, and pro-
cess evidence is admissible for testimony. Canine applications, when used to find 
evidence, is evaluated to ascertain credibility. To meet the Daubert standard, the 
judge serves as the gatekeeper in determining if the type of canine work used in 
the case is admissible. For example, using canines to match human scent from 
objects recovered at a crime scene to a potential suspect was determined to be 
viable in a Daubert Challenge in the ninth circuit court in Anchorage, Alaska in 
2009 (United States v. Joshua Alan Wade 2009). How the canines were used came 
into question and the work that was completed by the teams was challenged by 
the defense. In order to prove that the type of canine detection application (human 
scent match-to-sample) could be admitted into court to be heard by the jury, the 
prosecution met the following criteria as outlined in Daubert. These criteria were 
adopted from the case titled, Daubert v. Merrell Dow Pharmaceuticals Inc. 509 
U.S. 579 (1993) in which the following requirements (that came to be known as 
the Daubert Factors) were laid out: 

1. The theory or technique in question has been tested. 
2. The results of the testing have been subjected to peer review and publication. 
3. The method or technique has established error rates. 
4. There are standards for maintaining or controlling its operation. 
5. The method or technique has gained acceptance within a relevant scientific 

community. 

It is clear to see how research is expected and necessary for the Daubert Factors 
to be met in order to ensure court proceedings are fair and free of unjustifiable 
expense and delay. They exist today to promote further development of evidentiary 
law (Schultz et al. 2022). It is widely recognized that other disciplines within the 
field of forensic sciences have underpinnings deeply rooted in research to develop 
examination methods and provide outcomes in criminal cases. The use of canines 
in forensic settings has gained popularity, and thus research is needed in order to 
continue to support canine evidence admissibility in court. When they are utilized 
in forensic applications, the courts rely on science to help establish the reliability 
of the evidence. This is done during evidence admissibility hearings and through
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Daubert or Frye challenges in which prosecutors are tasked with proving the reli-
ability of canine utilization. To do so, research is used to support or refute legal 
inquiries to determine if canines are both capable and reliable detectors. Research 
may also be used to disprove the reliability of the methods, and care should be 
taken to ensure that research is conducted with an objective approach as much 
as possible. This should be done to mitigate the possibility of drawing erroneous 
conclusions which could create a false sense of capability or potentially establish 
poor case law. Researchers should be mindful of the purpose of the research and 
the potential impact it may have beyond the laboratory or field trials in various 
applications (Yeager 2014) as studies may be used to support or refute a method, 
technique, technology, or application to either convict someone and significantly 
change that person’s life (potentially “end” their life if it is a capital crime with 
a death penalty sentence) or set a criminal free to potentially reoffend. Here, is it 
easy to see how research outcomes may impact legal proceedings. 

Once or if canine evidence is deemed as admissible by the court, the method, 
technology, or application can be presented during the trial in which the prose-
cution presents its evidence before the judge and/or jury. The information is then 
released to the public. However, in national security cases, the judge can deter-
mine if an application would be harmful to national security if the information was 
publicly released and not allow the evidence to be presented or seal the testimony. 

2.1 Implications of Research in Legal Settings 

Another consideration to note is the quality of the research conducted. Not only 
may releasing the results of research have an impact on criminal cases or on 
national security, but poor-quality research can also be detrimental to an entire 
industry. If the experimental design is not robust or is executed without an under-
standing of how detection canines are trained, operated, or utilized, the effect can 
damage the credibility of an entire industry when erroneous conclusions are drawn. 

An example of this occurred in a peer-reviewed paper published in Animal Cog-
nition in 2011 titled “Handler beliefs affect scent detection dog outcomes” by Lisa 
Lit, Julie Schweitzer, and Anita Oberbauer (Lit et al. 2011). This research focused 
on how handler beliefs can impact detection outcomes. In this study, researchers 
carried target odor containers into the testing environment in order to lead handlers 
to believe that target odors were being placed, however, these containers were 
removed from the testing area shortly after. Handler–dog teams ran the testing 
exercise, and all responses were annotated. Canines responded in the testing envi-
ronment and those responses were considered as false responses. The results of this 
study were published and subsequently used by defense councils to question the 
reliability of canine utilization in criminal cases in numerous cases throughout the 
United States. The broad conclusions drawn in this study did not consider other 
contributing factors aside from handler beliefs, such as the sensitivity of canine 
olfactory acuity, nor did they survey canine handlers to determine if limitations 
existed in their training methodology or certification standards.
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Due to these concerns, the Scientific Working Group for Dogs and Orthogonal 
Detector Guidelines (SWGDOG) published a rebuttal on their website in 2011 
stating that the authors could not draw the conclusions they did based on the work 
described in the publication, due to several flaws in the experimental design and 
execution of the study. In the rebuttal, SWGDOG’s 55-member group of subject 
matter experts stated the following about the conclusions drawn from the study. 

The authors stated in their findings that “handler beliefs affect working dog outcomes and 
human indication of scent location affects distribution of alerts more than dog interest in a 
particular location.” It is universally agreed that understanding how to minimize the manip-
ulation of handler and canines is important to incorporate into best practices. However, the 
relevant scientific and canine community represented on SWGDOG believes there are a 
number of characteristics of the study presented that limit or invalidate the conclusions of 
this study and cannot be extended to working detector dog teams. 

This study was meant to focus on the behavior of the handlers and not the performance 
of the canines, but the baseline performance of the canines, critical in evaluating handler 
influence, was not addressed. The failure to evaluate the proficiency of the canine teams 
in a controlled blind setting at the time of testing prevents scientifically valid conclusions: 
a canine with a propensity to false respond during blind testing would render different 
results than a canine with no propensity to false respond. The authors speculated throughout 
the paper as to the possible explanations for the canine responses, but there is insufficient 
baseline data and insufficient controls to allow the readers to make meaningful conclu-
sions. The authors did not indicate if the canine team’s training records were reviewed to 
determine if the teams regularly engaged in documented maintenance training to include 
(multiple) blank areas, and distracters, such as food and experimenter’s hand scent. Certi-
fication details are lacking and do not appear to conform to best practices. The use of two 
dual-trained drug/explosive canines described in this study as “certified” is problematic, this 
is universally recognized as an unsafe practice. The article failed to describe what certifi-
cation standard was used for each detector dog team, when each canine team was initially 
certified and last certified, if distractors were included in the certification, and whether blank 
areas were included in the certification. There was also insufficient information regarding 
the handler’s experience including number of historical deployments or searches conducted. 

The experimental design did not consider the complexity of using detection canines 
in a study and did not follow detection canine testing best practices. Drugs and explo-
sives should never have been introduced into the blank search areas due to the potential for 
contamination of the test area and test materials. The authors stated that each day the exper-
imenter carried a metal box and canvas bag containing drugs and explosive into the church. 
Though the containers were never opened in the test area, it does not alleviate the possibility 
of contamination. It is well known that drug and explosives odors can readily permeate even 
multiple layers of plastic and other materials. The authors should have mitigated the design 
problem by conducting a blind odor recognition assessment of participating canine teams 
prior to the start of the testing, as well as proofing the testing area with a non-participating 
certified canine team to ensure the absence of target odors such as drugs or explosives. 

The authors stated a “double-blind” test was conducted. In a conventional double-blind 
test, neither the tester nor the canine team would know any parameters of the test. The 
authors did not describe if the handlers were given instructions not to discuss their search 
results or whether they were sequestered until the conclusion of the study. In this study the 
handlers were instructed that “each condition might contain up to three target scents and 
that target scene markers consisting of a red piece of construction paper would be present in



Forensic and Security Applications of Substance Detection Canines 247

two conditions.” It is SWGDOG’s opinion that the authors would have provided some dis-
cussion of the extreme nature of the bias that was intentionally created relative to a typical 
detection dog scenario. 

The unusually high “false alert” rate indicates more than a cuing effect. There were 
12 runs where handlers called more than the instructed maximum of odors present. SWG-
DOG members routinely involved in detection canine research indicated there are a number 
of factors that can contribute to higher than normal false response rates under testing sce-
narios. Failures that have occurred with dogs tested in an artificial environment have been 
attributed to factors including test site contamination, unfamiliarity and pressures associated 
with blind testing, extreme expectations, unfamiliar working procedures, and having canine 
teams search the same area multiple times. The authors did not describe if the handlers were 
instructed to search on or off-lead, or whether they were given a choice. If instructed to 
search in a particular method, the team must have demonstrated prior competency in that 
method (Letter in response to the Lisa Lit et al. research study). 

To elaborate on the Lit et al. study (2011) and its limitations, the fact that contain-
ers housing target odors were brought into the blank testing area for a period of 
time and then removed makes it plausible that the canines could have responded 
to residual odors left behind after target source containers were removed from 
the environment. In this case, canines would have been correct in their responses. 
Interestingly, this is a point that two of the original authors acknowledge in a 
publication released in 2019 where they state “The olfactory abilities of dogs are 
far superior to those of humans. The problem is that detection dog alerts are not 
always corroborated by the actual presence of the detection target. For example, in 
some cases, a dog may detect the residual scent from an object that was previously 
(but is no longer) present” (Lit et al. 2019). An experimental design in which sim-
ilar uncontaminated containers were brought into the blank testing environment 
would have been a better alternative. 

It is well accepted that cueing does exist within all forms of animal training to 
include detection canine training, and the phenomenon dates as far back as the turn 
of the twentieth century with psychologist Oskar Pfungst and the horse, Clever 
Hans (Waterbury and Schultz 2022). While non-verbal handler cueing (whether 
intentional or unintentional) is recognized by the detection canine industry, this 
publication failed to acknowledge what, if any, other variables impacted the per-
formance of the teams. A more heuristic design with an ethological approach to 
identifying specific handler behaviors, non-verbal communication, or movement 
and how they impacted response rates would have been a good step in identifying 
why false positive responses occurred and would have created a more robust study. 
The information gleaned from such a study could help identify limitations associ-
ated with specific occurrences and correlations and lead to more rigorous canine 
training to reduce handler dependence and handler training protocols to eliminate 
such cueing. Research should not only validate the efficacy of a technique, method, 
or a process but it should aim to identify the limitations of the process and offer 
insight into how to mitigate the limitations by providing solutions. Making broad 
conclusions without identifying other contributing factors is incomplete. To deter-
mine that a limitation exists is the first step in understanding why it occurs, but
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robust experimentation identifies how the limitations developed with the ultimate 
aim of improving the process. 

While the conclusions of the Lit et al. publication (2011) have not been widely 
accepted by practitioners in detection canine training, it did bring to light the 
need to adopt methodologies to train canines for additional stimulus control and 
independence in training to mitigate the fallout from its use in court proceedings. 
To prevent the challenge of ascertaining whether a canine is responding to non-
verbal handler cues or a target odor, some agencies have adopted and implemented 
an “independence assessment” into their certification procedures and assessments. 
This is accomplished by placing a target odor source in an environment in which 
the canine is released into, but the handler remains out of sight. Here, the canine is 
unable to rely on visual cues from the handler as to the whereabouts of the target 
odor source. The canine is required to offer its trained final response without the 
line of sight or any prompting from the handler. Once the canine responds, the 
handler is notified and can then enter the space and reinforce the final response 
behavior. This mirrored a certification procedure utilized by the Federal Emergency 
Management Agency (FEMA) for disaster live-find and disaster cadaver canines 
in which the canines are sent into a limited access rubble pile and are required 
to respond to targets without visual contact with their handlers. Handlers are not 
allowed to access the rubble pile until the canine responds. This ensures that the 
canine is responding to the odor stimulus and not handler stimuli (The State of 
Florida Urban Search Rescue Response System Canine Search Specialist Training 
Student Manual 2004; SWGDOG 2010). 

2.2 Security Considerations 

It is important to note that not all research is, or should be, released for pub-
lic consumption. When conducting research with canines used in forensic, law 
enforcement, or military applications, there are several things to consider, partic-
ularly when the information gleaned from the research will impact the safety of 
citizens. If the information impedes a law enforcement agency’s ability to resolve 
cases or protect its citizens, then the information may be deemed as “Unclassified: 
Law Enforcement Sensitive,” “Unclassified: For Official Use Only,” or even “Clas-
sified.” A summary of the United States classification system is given in Fig. 5. 
Furthermore, if a technique is discovered or a technology is developed based on 
research that may prove to be formidable in combating acts of terrorism, it may 
be assigned a higher classification such as secret or top secret. Then, the question 
that should be asked is “could that information be used to circumvent detection or 
reverse engineered and used against us?” Thus, putting human lives in jeopardy. 
Hence, it is important to understand where the research falls within the respective 
classification systems used in government and how the information obtained from 
the research will be or could be used.

For these reasons, there is likely additional applied research in the areas of 
forensic evidence recovery or security-related substance detection, particularly in
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Fig. 5 Illustration depicting the types of classification and their definitions that are commonly 
used by the federal government

explosives detection, than is presently available in the public domain. Frequently, 
such research has security implications as research data have the potential to relay 
capability gaps that could be exploited by bad actors. Furthermore, there is poten-
tial for criminals to exploit publicly available research for the purpose of defeating 
forensic recovery techniques. Examples of this have played out in several terror-
ist bombings on U.S. soil whereby individuals obtained information from open 
sources to create explosive devices. Examples include Eric Rudolph’s attack at 
the 1996 Summer Olympics in Atlanta and the Boston Bombing in 2013 (Yeager 
2014). This is particularly alarming in today’s digital environment where scien-
tific articles are easily transitioned from printed publications to online venues, thus 
increasing their accessibility to those with nefarious intentions. This must be some-
thing taken into account while conducting such research in an unsecured capacity, 
for instance, academic research. Great care should be taken to not publicly release 
data that could become dangerous in the wrong hands. 

Reasons for why information is pushed out may stem from scientists who rush 
to publish in efforts necessary to meet department requirements and to bolster bona 
fides in the laboratories of academia where the mantra “publish or perish” runs 
rampant. This is understandable because often, research scientists rarely have the 
ability to gain “boots on the ground” experience in live theater giving them first-
hand knowledge of how the information can be used pervasively. In an editorial 
piece published in 2014, Dr. Kirk Yeager so eloquently writes,
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The phrase “ipsa scientia potestas est” or “knowledge itself is power” first appears in the 
writing of Sir Francis Bacon in 1597. Those who labor in the pursuit of knowledge can 
become jaded to this profound fact, and lose perspective on the power they truly possess. 

Yeager (2014) 

In security or forensic canine applications, how research and testing results are 
used may fall into this category. As a biosensor capable of outperforming modern-
day technology in detecting odors of specific substances or scents, a canine’s role 
can either be on the front lines aiding in an investigation by helping narrow the 
scope of an investigation to solve crimes and prevent further criminal activity or 
in the background in a laboratory environment. Releasing the results of validation 
studies, proof-of-concept analysis, etc., may provide criminals insight into how 
to “game the system” in the continuing cat-and-mouse game between criminals/ 
terrorist organizations, law enforcement agencies, and the military. 

Such security concerns disrupt the flow of information to public forums where 
it can be implemented. For example, many agencies or government contractors 
that utilize detection canines conduct internal research studies without dissemi-
nating the results outside the agency. Because of this lack of transparency, it is 
not uncommon for agencies to spend time and money repeating studies that were 
already completed by other groups. A 2018 search of classified research database 
for canine detection research related to olfactory detection produced no output, 
though the authors had knowledge of such research activity occurring, indicating 
that classified or secured research is not being shared outside of the individual 
agency, even among different government entities with the appropriate security 
clearances (Peranich and DeGreeff 2018). Improved communication would benefit 
both the operational community and also stretch the small amount of funding avail-
able for canine detection research by preventing duplicative research. The authors 
herein strongly encourage those conducting research relating to canine detection, 
particularly of contraband such as explosives, to find mechanisms for safely dis-
seminating research to the community. This may be by creating searchable reports 
in classified databases or by removing some pertinent information, such as spe-
cific target types, manufacturer names, or participating operational canine teams, 
for the purposes of publishing publicly available peer-reviewed manuscripts. 

3 Chemical Analysis of Odor 

When one considers detection canine research, one might first think of behavioral 
research relating to training, veterinary studies on canine fitness, or neurobiolog-
ical studies with olfactory receptors. Perhaps, it is not necessarily intuitive that 
chemical analysis works hand-in-hand with the detection of canine performance. 
Testing of the animal alone only conveys half of the story; one must also under-
stand the odor, more specifically, the odorants, that the canine is being asked to 
detect. Here, chemists focus on characterizing the odor that the canine is to detect 
instead of studying the animal itself. Chemical analyzes may be carried out to
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define the compounds that comprise an odor, ascertain where or when an odor is 
most concentrated, or develop and validate methods for controlling what or how 
much odor is presented to the canine for training or testing purposes. Chemical 
studies of odor have included the determination of the odorant availability from 
a given target confirming the particular compounds which have olfactory inter-
est for detection (odor activity) (Cerreta and Furton 2015; Cannon 2020; Francis 
et al. 2019; Furton et al. 2002; Harper et al. 2005a; Kranz et al. 2014; Lorenzo 
et al. 2003; Macias and Furton 2011; Rice and Koziel 2015; Johnston et al. 1998), 
measurement of residual, contaminating, or background odor (Oesterhelweg et al. 
2008b; Hallowell et al. 1997; Alexander et al. 2015), assessment of odor changes 
with time or environmental condition (Hudson et al. 2009; DeGreeff et al. 2017b), 
and measurement of the change in amount or characteristics of the odor due to 
manufacturer or form (DeGreeff et al. 2017b; Harper et al. 2005b; DeGreeff and 
Peranich 2021; Crespo Cajigas et al. 2019), to name a few. The chemical analy-
sis of odor allows the canine handler or trainer to better understand the olfactory 
challenges the canine will face and the knowledge can be applied in the choice of 
training aid materials and training aid handling. This would be done with the goal 
of increasing canine proficiency and effectiveness in the field. 

An odor is comprised of a collection of (mostly) volatile compounds. Volatile 
compounds are chemicals that are readily available in the vapor phase (as a gas) 
under ambient conditions. Chemical analysis of odor focuses on the characteriza-
tion of these volatile compounds as, most often, odor enters the nose and interacts 
with the olfactory system as a gaseous vapor. A volatile compound that binds to an 
odorant receptor in the olfactory system and produced a recognized odor is termed 
an odorant, while the term odor is actually the perception of the odorant in the 
olfactory system] (Pickenhagen 2017). Many times, a perceived odor is made up 
of a collection of many odorants, and this is referred to as the odor profile (e.g., 
vapor profile, volatile profile, VOC [volatile organic compound] profile). 

There are many types of instrumentation that can detect gases, but very few have 
the sensitivity and resolution to characterize and quantify complex vapor samples 
containing only trace levels of analyte. The most common is gas chromatography 
with mass spectrometry (GC/MS) owing to its superior selectivity and sensitivity 
for samples in the gas phase. As the hyphenated name implies, GC/MS is actu-
ally two instruments run in tandem. The gas chromatograph (GC) separates the 
individual components in a mixture, while the mass spectrometer (MS) is used for 
identification. Detailed information about the function and types of GC/MSs can 
be found elsewhere and a full discussion is beyond the scope of this chapter. In 
short, an odor sample is injected onto a GC column. The column has a station-
ary phase that coats the sides of the column. A mobile phase, most commonly 
helium or hydrogen, moves the molecules through the column, and as the individ-
ual analyte molecules interact with the stationary phase, they are separated into 
bands based on their affinity for the stationary phase (See Fig. 6). The GC alone 
does not identify these bands of odorant molecules. Instead, each discrete band 
enters the mass spectrometer (MS) where they are bombarded with high energy,
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Fig. 6 Schematic of commonly used odor analysis laboratory instrumentation. Vapor is extracted 
via a pre-concentrated approach using solid phase microextraction (SPME). The SPME fiber is 
desorbed into the inlet of the gas chromatograph (GC). Separation and identification of volatile 
analytes by gas chromatography with mass spectrometry (GC–MS) 

producing charged molecule fragments. The type and ratios of these charged frag-
ments (e.g., fragment ions) are unique to each analyte. The resulting fingerprint 
of fragment ions is termed the mass spectra, and can be used for identification of 
a compound by comparison to standards or a mass spectral library. While many 
crime investigation shows would like you to believe otherwise, each compound 
may be identified by GC/MS, the origin or source of the odor is not. For exam-
ple, we may identify cyclohexanone and 2-ethyl-hexanol from a material, but one 
would only know that this odor is likely from the explosive C4 through prior 
research and experience (Frank et al. 2022). 

For injection of a vapor sample into the GC/MS, direct headspace injection 
systems are the simplest. With this type of system, a small plug of air containing 
the analytes of interest, such as a gas-tight syringe, is injected directly onto the 
head of the GC column. Sensitivity with direct headspace analysis is quite lim-
ited because the GC inlet can only accommodate a very small volume, and thus, 
only a small amount of analyte enters the instrument for detection. As such, this 
method is generally reserved for high-volatility analytes present at high parts per 
billion (ppb) levels or above (Wojnowski et al. 2017). For optimal sensitivity, the 
goal is to instead inject a bolus of analyte at the head of the GC column, normally
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by employing some type of pre-concentration step. To improve sensitivity, pre-
concentration is often used, either by analyte extraction onto a sorptive medium or 
collection of the whole air sample onto a chilled or adsorbent trap. Sorbent extrac-
tion methods, such as solid-phase microextraction (SPME), are most common as 
they are simple to use, field portable, and require no additional instrumentation 
or modifications. SPME is a simple, needle-like apparatus, with a polymer-coated 
fiber that is extended from a protective sheath by depressing a plunger at the top 
(Fig. 6). The fiber is placed in the headspace, or gaseous space above a sample of 
interest. Any odorants in the headspace are adsorbed onto the fiber. The fiber can 
then be transferred into the heated injection port in the GC/MS where the odorants 
are desorbed and analyzed. Other methods of vapor pre-concentration include ther-
mal desorption tubes where air is pulled using a pump from a sample or from the 
environment onto a sorbent material packed in a glass tube, or by direct collection 
of volatiles onto a chilled trap at the head of the GC column. Unlike SPME, both 
of these methods involve additional instrumentation and modification of the GC 
inlet. 

Because sample introduction of vapors into the GC/MS instrument is not always 
straightforward, analysis can be time-consuming making near real-time analyzes 
impossible (Blake et al. 2009; Biasioli et al. 2011; Majchrzak 2018), and quan-
titation is often tedious. A move toward real-time analysis with high sensitivity, 
MS-based techniques that do not require prior sample pre-concentration or chro-
matographic separation may be considered. Direct Analysis in Real Time (DART), 
Selected-Ion Flow-Tube (SIFT), and Proton Transfer Reaction (PTR)—mass spec-
trometry, for example, allow for real-time analysis of vapor samples directly 
injected at or near the ion source. DART-MS is an atmospheric ionization tech-
nique that can handle a wide range of analytes. DART-MS experiments are largely 
carried out in the open laboratory, and though it is most commonly used for anal-
ysis of solids, liquids, or compounds that have been deposited or adsorbed to a 
substrate (Bylinski et al. 2017), analysis of vapor or headspace is possible, though 
it is less common and generally requires a custom interface to entrain vapors. 
This is essentially a brief (8–10 s) pre-concentration step, before analyte vapors 
are delivered to the instrument (Sisco and Robinson 2020). While ambient vapor 
detection may be possible, it is limited to high-volatility compounds and, because 
this would involve sampling an open environment, data can be greatly affected 
by contaminants or humidity in the room (Emmons and Gionfriddo 2021; Simon 
et al. 2021). Both PTR-MS and SIFT-MS yield accurate trace vapor analysis in 
real time with the capability for immediate quantitation. They also both have good 
sensitivities and wide analytical ranges (Sulzer 2014; Smith and Španěl 2011), 
though these pieces of equipment are extremely expensive, often costing more 
than $500,000, and are thus hard to come by for this application. 

More novel instrumentation that is capable of real-time monitoring of trace 
vapors has been applied for the measurement of vapors from explosives and other 
threat materials in support of or working in tandem with canines. Nevertheless, 
these instruments are still in the development phase or have been recently com-
mercialized and are not widely available, and are very costly prohibiting more
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widespread use. They are also not currently capable of full characterization of 
vapor profiles. Karsa Ltd. (http://karsa.fi) deployed a high-sensitivity atmospheric 
pressure time-of-flight mass spectrometer with a relatively small footprint for the 
vapor detection of explosives. With this system, the explosive vapor in air can 
either be collected onto and subsequently thermally desorbed from an adsorbent 
filter (Simon et al. 2018) or the vapor can analyzed directly in real-time. Another 
highly sensitive real-time vapor analysis mass spectrometer was developed by Ong 
et al. (2017) with the expressed goal of supporting canine detection training and 
deployments. It has the reported capability of detecting a range of explosives in 
the parts-per-trillion to parts-per-quadrillion range, rivaling the assumed detection 
limits of a canine. The author endeavors to deploy this instrument in locations 
where canines are working to verify the presence of explosive odor and detect 
contamination of training aids (Ong et al. 2017). This instrument is not currently 
commercially available and has not been widely deployed due to its high cost, 
requirement for the operator to have a high skill level, and logistical difficulties 
with field sampling in an open environment. More advancement to either of these 
mass spectrometers, or an alternative analytical method, has the potential to not 
compete with, but enhance canine work bringing not just detection but substance 
identification to threat mitigation. 

4 Applications 

4.1 Contraband Detection 

Contraband detection is likely the most well-known type of detection canine disci-
pline today. The Organization of Scientific Area Committees for Forensic Science 
(OSAC), Dogs and Sensors Subcommittee defines contraband as “an article or sub-
stance that is prohibited by law or regulation withing a specific area” (Academy 
and of Forensic Science Standards Board, Dogs and Sensors 2017). For detection 
canine teams, this most commonly refers to drugs or explosives, but may also 
include anything that may be illegally smuggled across borders or into controlled 
facilities. The list is long and includes, but is not limited to, firearms, digital stor-
age devices and cellphones, tobacco, currency, agriculture, wildlife, in addition to 
drugs and explosives. 

Canines were not regularly utilized for contraband detection until after World 
War II, when they were first deployed in Germany to locate smuggled coffee and, 
with success of that program, they eventually included the detection of illegal 
drugs. It was not for almost two more decades that the use of canines for contra-
band detection, namely drugs, became more widely utilized; and it was not until 
1970 that the U.S. Customs established a drug detection canine training program 
(Drug detection dogs 1976). Today, the U.S. Customs and Border Protection, for 
example, deploys 1500 canine teams in disciplines including concealed human 
and narcotic detection, search and rescue, tracking/trailing, currency and firearms 
detection, and human remains detection (Customs and Protection 2022).

http://karsa.fi
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Of these disciplines, explosives detection has been the most widely represented 
in the peer-reviewed research literature. In 2018, a literature survey of canine 
detection topics turned out 102 unique citations on canine explosives detection, 
compared to 31 citations for narcotics detection, and literature covering canine 
detection of other types of contraband is even more limited (Peranich and DeGre-
eff 2018). While the general canine detection literature covers a wide range of 
topics and fields relating to odor, olfaction and the olfactory system/receptors, 
breeding, fitness, cognition, and learning; research explicitly related to contra-
band detection applications tends to be focused on a subset of these topics. These 
include detection proficiency, training aids—development and effectiveness, and 
characterization of the odor itself. More specifically, at the time of this publi-
cation, the contraband detection research community has a great interest in the 
topics of characterization and/or development of non-detonable explosives training 
aids (particularly for homemade explosives), generalization between like materials 
to improve detection proficiency in the field, as well as dog/puppy selection and 
breeding and training paradigms for the specific task of explosives detection. These 
targeted research initiatives are rooted in the growing trends in the manufacture of 
explosive devices, emergence of novel drugs, and increases in mass shootings and 
domestic terrorism events that call for enhanced tools in the detection of evolving 
threats. 

4.1.1 Homemade Explosives—Training Aids and Generalization 
Across Detection Targets 

A 2018 report by the Naval Research Laboratory identified the need to shift focus 
from the detection of traditional, military, and commercial explosives to homemade 
explosives (HMEs), and with that necessitates shifting canine training materials 
from solely the once more common explosives, such as TNT, C-4, and gun pow-
ders, to new aids representing the major classes of HMEs, namely fuel-oxidizer 
mixtures and peroxide-based explosives (Simon et al. 2018). Unlike the explosive 
materials to which the majority of explosives detection canines were previously 
trained, HMEs are not fabricated or mixed to set standards and thus potentially 
pose a greater safety risk. This is especially true with the peroxide explosives, 
triacetone triperoxide (TATP) and hexamethylene triperoxide diamine (HMTD), 
which are classified as primary explosives, meaning they are highly sensitive 
and can readily detonate with applied heat, shock, or friction. As such, training 
on bulk material is often impractical leading to a push for the development of 
non-detonable training aids as well as detection generalization across the many 
variations of each of these explosives. 

A growing body of research is invested in the development of non-detonable 
HME training aids. The most common mechanism for fabricating a training aid 
that is both non-detonable, and thus safe to handle, and omits an odor realistic of 
the true material is through either an odor soak or the application of trace residue 
on a solid substrate. TATP, having a high vapor pressure for an explosive, is readily 
amenable to odor soaks, where the odor of the contraband is adsorbed onto a sec-
ondary material which will then off-gas the odorants related to the target (Simon



256 P. Prada-Tiedemann et al.

2020). Jeunieau et al. (2022) and Moore et al. (2011) utilized filter paper and cot-
ton gauze or polydimethylsiloxane (PDMS, a rigid gel-like polymer), respectively, 
to adsorb and subsequently release vaporous TATP (Moore et al. 2011; Jeunieau 
et al. 2022). Others mix solid explosive with a substrate to dilute and render the 
explosive insensitive, or phlegmatize the explosive material, while allowing the 
release of the odorants of the solid explosive (Vu 2014; Wilhelm et al. 2022). 

HMTD, unlike TATP, has a very low vapor pressure and, as such, molecular 
HMTD is not likely to be found as a vapor under normal environmental condi-
tions (Oxley et al. 2009). However, also unlike TATP, HMTD degrades into highly 
volatile (and highly odorous) compounds that can be readily detected in the vapor 
phase. Inconveniently, the presence and quantity of these compounds change with 
time, storage condition, and method of synthesis (DeGreeff et al. 2017), making 
training difficult and the creation of training aids problematic. For example, if one 
looks to develop a non-detonable mimic of HMTD, should the manufacturer mimic 
laboratory or clandestine-made HMTD? Furthermore, should it be the odor profile 
from fresh material or aged (Simon and DeGreeff 2019)? 

Like TATP, HMTD aids may be made from odor soaks, mixing into a substrate, 
or, alternatively, by imparted chemicals that represent the HMTD odorants onto a 
substrate in such a way that it imitates the odor of the actual material without the 
actual explosive material being present. Because of the complexity and instabil-
ity of the HMTD odor profile, existing HMTD training aids have proven to be 
quite dissimilar from one another. Both Simon and DeGreeff (2019) and Buckley 
(2022) have shown that the odor profiles of HMTD from different manufacturers 
are distinct both immediately upon opening and even more so over time and regu-
lar usage (Simon and DeGreeff 2019; Combat Capabilities Development Chemical 
Biological Center Report 2022); however, extensive canine testing is required to 
determine the effect of this changing odor and which training aid variety best 
depicts the odor. 

There are no widely adopted standards to which commercial training aid man-
ufacturers must adhere (Combat Capabilities Development Chemical Biological 
Center Report 2022); however, for any novel training aids, it is necessary to val-
idate the effectiveness of the aids by both chemical analysis and canine testing. 
Chemical analysis, as discussed in the previous section, is used to characterize the 
odor profile from the training material in comparison to true material and will be 
discussed in more detail below. Chemical analysis can confirm the presence of the 
odorants of interest and measure the quantity of confounding odorants that may 
exist from the manufacturing process or the substrate. Analysis of TATP train-
ing aids is relatively simple. The main odorant of TATP is TATP itself; as such, 
the analysis would simply need to confirm that this odorant is present at a high 
abundance and that any confounding odorants are present at significantly lower 
abundances. Several studies have assessed the odor profiles of peroxide explosive 
training aids (Simon et al. 2021; Simon and DeGreeff 2019; Combat Capabilities 
Development Chemical Biological Center Report 2022). Buckley (2022) assessed 
all current commercially available TATP and HMTD training aids. The study 
showed the presence of TATP vapor from all but one (out of seven) commercial
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training aid tested, and most had minimal interference from extraneous odorants. 
HMTD, however, was more complex with each training aid yielding a differing 
quantity and collection of odorants (Buckley 2022). 

To further validate the utility of the training aids, it is imperative that they are 
tested with canines, with third-party testing being optimal. Data for canine test-
ing relating to homemade explosive training aids available in the public domain is 
minimal. This is primarily due to the high cost of testing, as well as the availability 
of canines for testing, the level of labor necessary for training, and availability of 
facilities for both housing and testing, or the studies may not be publicly available 
due to security concerns. While it is useful to validate materials with canines pre-
viously trained for explosives detection, it is far more useful to carry out testing 
with “green” dogs, or dogs that have not previously been trained in the detection 
of explosives, though may have other operational detection experience. The report 
by Buckley (2022) is a good example of such a study. Here, a cross-over study 
was conducted with a control group of five canines imprinted and trained with 
true TATP explosives and an experimental group of another five canines trained 
with a commercial TATP training aid. Both groups were then tested on their abil-
ity to correctly choose the TATP training aid or explosive from other odors in 
a carousel. Results showed that canines trained solely on the commercial aid did 
spontaneously respond to real TATP, though at a lower rate than those in the control 
group, although recognition of the explosive was gained through repetition (Com-
bat Capabilities Development Chemical Biological Center Report 2022). As an 
increasing number of commercial training aids are developed representing difficult-
to-obtain contraband, such as homemade explosives or other emerging threats, it 
is imperative that research continue to validate these aids prior to or when they are 
made commercially available, both by characterization of the odor profiles as well 
as their effectiveness as a training tool measured by canine detection testing. 

Due to the nature of the materials in HMEs being homemade or clandestine, 
there are commonly variations in the odor profiles of the materials making pro-
ficient operational detection of all variations challenging (DeGreeff et al. 2017b; 
DeGreeff and Peranich 2021). The first study examining the canine ability to gen-
eralize from the odor of a single explosive used for training to other variations 
of the same target material was reported by Cerna et al. (2011). In this study, 
explosives detection canines (n = 5) were trained solely with flake TNT supplied 
by a single manufacturer and were then tested in their ability to detect this flake 
TNT as well as a novel German TNT sample, and discriminate these from a num-
ber of distractor odors. All canines responded correctly to the flaked TNT, but 
none identified the novel TNT. This study indicated that canines trained solely 
to one variation of a given target, may not readily generalize to other variations 
of that target. More recently both DeGreeff and Peranich (2021) and Lazarowski 
et al. (2015) studied generalization across varying sources of ammonium nitrate 
(n = 17 and n = 15, respectively). Though the studies had differing experimen-
tal designs and testing compounds, both concluded that while there was some 
spontaneous generalization to variants of ammonium nitrate to which the canines 
were not originally trained, this generalization was weak and detection rates were
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lower than that of their trained target. Furthermore, both studies noted that canines 
showed individual differences in the particular variants to which they were more 
likely to detect, with some canines being more likely to generalize as a whole 
than others (DeGreeff and Peranich 2021; Lazarowski et al. 2015). On the other 
hand, Lazarowski et al. (2021b) studied generalization across variations of TATP 
formulations and found that the canines (n = 11) did readily generalize from 
a laboratory-prepared formulation to other clandestine-prepared formulations that 
were less pure (Lazarowski et al. 2021b). The discrepancy between the studies is 
quite possibly due to the dissimilarities between TATP and ammonium nitrate odor. 
TATP has a much higher abundance of odor with a limited number of background 
contaminants compared to ammonium nitrate with very low vapor availability 
and a number of compounds imparted by the manufacturing process (Frank et al. 
2022), the higher odor abundance and more simplistic odor signature potentially 
making it easier for the canines to detect their trained odorant in the clandestine 
formulations of TATP than ammonium nitrate. 

Aviles-Rosa et al. (2022) conducted research using canines (n = 5) trained to 
detect the odor of a double-base smokeless powder from the outlet of an olfac-
tometer. Similar to the other studies described above, detection of a different, 
single-base smokeless powder was statistically lower than their trained odor of 
double-base smokeless powder (Aviles-Rosa et al. 2022). This result is supported 
by previous work showing distinct differences in the vapor profiles of different 
brands of smokeless powder (Harper et al. 2005b). Aviles-Rosa also examined 
generalization from the odor of pure smokeless powder to the odor imparted to 
various substrate materials. They found that canines were more likely to correctly 
respond to smokeless powder odor imparted to more adsorbent materials, such as 
fabrics and polymer tubes (Getxent tube 2022), than metallic substrates including 
a gun and bullets (Aviles-Rosa et al. 2022). 

4.1.2 Emerging Threats in Contraband Detection 
Other emerging threats, not relating to explosives, should also be considered. 
Examples include synthetic drugs, such as fentanyl and its analogs, 3-D printed 
guns, agriculture (food and safety/tax evasion), wildlife product (e.g., ivory, bush-
meat, etc.) or chemical/biological weapons. Canines are a valuable tool in the 
detection of emerging threats due to their ability to be rapidly trained to new 
odors. Indeed, a canine previously trained in odor detection can be taught a new 
odor in less than a day. In comparison, instrumental field detectors often require, 
at minimum, arduous changes in software or hardware when new threats arise 
(Furton and Winialski 2022). Research on canine detection of emerging threats, 
outside of the realm of explosive detection, is often limited due to lack of funding 
and insufficient access to materials for testing. 

To aid in the detection of new materials, researchers and canine trainers must 
first select appropriate training aids. This may be complicated by access to pure 
materials or the variety of the target materials necessary to encourage generaliza-
tion across all versions of the target which may be encountered in live theater. As 
an example, Singletary et al. (2022) explored a novel method of training canines
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to detect emerging biological threats. Handling and storage of these materials 
present great health hazards and security concerns, limiting access to materials 
to be used for canine training. As such, the study proposed the use of a non-
hazardous polymer-based training aid, which “captures” the odor from the target 
virus and then releases the same odor slowly over time for canine training. Fol-
lowing training, using this novel training aid, canines (n = 6) were able to detect 
and discriminate a culture of the threat material from other relevant distractor 
odors with a sensitivity of 97.22%. The canines were also tested on their ability to 
generalize from the training odor (virus culture) to the threat odor in other biolog-
ical sample types, including blood, urine, fecal matter, nasal secretions, and saliva. 
Detection ranged from approximately 65–91%, indicating the novel polymer-based 
training aid was successful in imparting the threat odor for training but further 
research to improve general proficiency should be carried out (Singletary et al. 
2022). 

Prior to large-scale training of canine teams to detect a new threat material, it 
is valuable to have an understanding of the vapor profile of the threat, how the 
profile changes with factors such as synthetic method or manufacturing process, 
storage conditions, and degradation over time. The recent growth of the illegal syn-
thetic drug market is a good example. Novel synthetic drugs are often designed to 
have similar effects to controlled substances, but are often not controlled due to 
the lag time between appearance on the black market and DEA scheduling. In an 
attempt to circumvent drug scheduling laws, novel analogs constantly appear on 
the illegal market often with only small modifications to their structure compared 
to the controlled substances. These drugs also account for a large number of drug 
overdoses. For instance, fentanyl, a synthetic opioid legally used as an analgesic, 
has surpassed heroin as the deadliest drug in the United States, with a potency 
50–100 times greater than morphine. Fentalogs (fentanyl analogs) may be even 
more deadly, with carfentanil having an estimated potency one hundred times that 
of fentanyl (U.S. Drug Enforcement Agency 2017). Similarly, synthetic cathinones 
(bath salts) have increased in popularity though risks of intoxication and overdose 
are high. Training for the detection of solely fentanyl, or a single synthetic cathi-
none, by a canine (or instrumental detector) could mean many other dangerous 
analogs to which the canines were not trained are missed. Headspace analyzes of 
both confiscated fentanyl and fentalogs (Vaughan et al. 2021a) and illegal synthetic 
cathinones (Francis et al. 2019) indicated that, while the full odorant profiles differ, 
there are volatile compounds common to each group of drugs. The commonality 
implies that there is potential to train canines to not only detect a single analog, 
but also related analogs as well. In fact, a study where certified narcotic detection 
canines were trained to locate a single synthetic cathinone was able to generalize 
to another cathinone to which they were not previously trained, indeed implying 
that there were commonalities between the vapor signatures (Francis et al. 2019). 
To date, canines’ tendency to generalize from fentanyl to other related analogs has 
not been studied; however, headspace analysis has shown that, while there are sig-
nificant variations in the vapor profiles of various confiscated fentanyl-containing
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exhibits, there is at least one volatile compound in common to which canines could 
potentially be trained (Vaughan et al. 2021a). 

4.1.3 Odor Characterization 
As described, odor characterization in support of canine detection has been car-
ried out on a wide variety of canine detection targets, from explosives and human 
remains to more novel applications such as bedbugs and COVID-19 to name a few. 
The aims of these studies vary and include measuring odorant availability, estab-
lishing feasibility of detection, elucidating the target odorants for mimic training 
aids, characterizating similarities and differences between variations in the target 
material, or testing for the presence of contamination (Lazarowski et al. 2020). 

To the authors’ best knowledge, the first research to recognize that working 
detection canines use volatile compounds, odorants, associated with the target of 
interest for detection, but not necessarily the parent molecule of that target was 
reported by Hallowell et al. (1994). The aim of the research was to assess an olfac-
tometer vapor generator used to deliver explosive vapor to canines for detection 
threshold testing. The main explosive component of C-4, a plasticized explosive, 
is RDX. During the assessment, it was noted that no trace of RDX explosive could 
be detected instrumentally from the outlet of the olfactometer, though the canines, 
previously trained with actual C-4, were able to successfully detect an odor from 
the olfactometer as C-4. Vapor analysis found significant amounts of contamina-
tion from cyclohexanone, a solvent associated with C-4, in the system. Researchers 
drew the conclusion that the dogs may actually use this cyclohexanone and other 
volatile compounds present in the headspace of C-4 in the detection of C-4 instead 
of the explosive, RDX, itself (Hallowell et al. 1994). 

Further work by researchers at Auburn University combining headspace anal-
ysis and canine testing odor profiles from C-4, as well as smokeless powder, 
dynamite, and TNT, confirmed that detection dogs learn a trained target based 
on its dominant volatile compounds and not necessarily the parent molecule of 
the explosive of interest. In this series of studies, the dominant volatile com-
pounds from the explosives, commonly solvents, compounds from plasticizers, 
or other highly volatile compounds identified by headspace analysis were pre-
sented to the canines. The findings showed that, while the specific compound of 
interest to an individual dog may differ, only a few dominant compounds elicited 
positive responses from the dogs, contradicting the previously held belief that 
dogs respond to the energetic compound in the explosive just because that is of 
interest to the human, and confirming Hallowell’s hypothesis. The authors further 
explain the importance of understanding odor signatures in selecting training aids, 
understanding false responses, and measuring contamination (Johnston 1999). 

Since these early studies, headspace analysis and odor characterization in sup-
port of canine detection has been carried out for a number of additional explosive 
analytes. A full summary is beyond the scope of this chapter, but can be found in 
Frank et al. (2022). Initially, military and commercial high explosives (C4, TNT, 
dynamite, detonation cord, etc.), and low explosive powders (smokeless and black 
powders) were characterized. Today, research in this area is more focused on the
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characterization of homemade explosives, as mentioned above. TATP and HMTD, 
are homemade explosives synthesized from peroxide and acetone or hexamine 
with an acid catalyst. Though similar in the synthesis methods, their headspaces 
are quite distinct. Molecular TATP itself has a relatively high vapor pressure mak-
ing it readily detectable at room temperature, while HMTD has a very low vapor 
pressure making it an unlikely olfactory detection target (Ewing et al. 2013), 
though HMTD does decompose under ambient conditions to yield a number of 
highly volatile and odorous compounds that are likely detection targets (DeGreeff 
et al. 2017b). Which of these compounds are the active odorants have yet to be 
determined. 

The oxidizers in fuel-oxidizer mixtures are most often inorganic salts. Salts 
do not inherently have a vapor pressure; thus, they generally cannot be found in 
the vapor phase except at exceptionally high temperature. Odor from these oxi-
dizer salts is derived either from its degradation or the presence of contaminants. 
Ammonium nitrate, the most common oxidizer salt, naturally degrades in ambient 
humidity forming ammonia and nitric acid vapors. The nitric acid is sequestered 
by ambient water leaving only the ammonia and any contaminant odors available 
for detection. As such, the amount of ammonia present is highly dependent on 
humidity with higher humidity yielding more ammonia (Steinkamp et al. 2016). 
Temperature and purity of the ammonium nitrate also changes the quantity of 
ammonia, which is thought to have implications on canine detection threshold 
for ammonium nitrate (DeGreeff and Peranich 2021). Potassium chlorate, on the 
other hand, does not readily degrade, and has very little associated odor. For some 
time, the canine detection target for potassium chlorate was unknown. Although, 
Crespo-Cajigas et al. (2019) detected low levels of chlorine in the headspace which 
is, currently, the only hypothesized active odorant (Crespo Cajigas et al. 2019). 

At the same time the odor profiles of explosives were first being explored, 
that of narcotics, namely, cocaine, were also considered. Another early instance 
of odor characterization to understand canine detection was in 1997. Researchers 
used headspace analysis to determine the dominant odorants from cocaine, illicit 
and pharmaceutical grade. A number of volatile compounds were detected in the 
headspace of these samples, though methyl benzoate was found to be the most 
common across all varieties tested, and indeed, in a series of tests with trained drug 
detection dogs (n = 15) confirmed that methyl benzoate was the active odorant for 
cocaine detection (Furton et al. 1997, 2002). 

The active odorants from drugs including heroin, methamphetamine, and 
MDMA (Ecstasy) have also been established through a combination of instrumen-
tal analysis and canine testing. These compounds include acetic and acetylsalicylic 
acids for heroin (Huertas-Rivera 2016), benzaldehyde for methamphetamine (Vu 
2001), and piperonal for MDMA (Macias and Furton 2011). More recently, the 
headspace of fentanyl, a highly potent and dangerous synthetic opioid, has been 
characterized (Vaughan et al. 2021a; b). A number of volatile compounds were 
identified in the headspace of fentanyl, but in comparison between many con-
fiscated samples, one compound, N-phenylpropanamide, was identified in the
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majority (Vaughan et al. 2021a). It has yet to be established if this compound 
will elicit a response from trained canines. 

Odor profiles from natural products tend to be more complicated making inter-
pretation of active odorants more complex. Several studies have been carried out 
to elucidate the odor profile of marijuana, but due to the complex profile, no active 
odorants have been identified. In her graduate dissertation research, Huertas-Rivera 
compared the headspace of ten samples of confiscated marijuana and identified 
six compounds that were common to all samples, and of those, caryophyllene and 
limonene contributed the largest abundance to the odor profile, followed by b-
myrcene and a-caryophyllene. Eight trained drug detection canines were tested on 
three occasions on single marijuana odorants including limonene and caryophyl-
lene. The alert rates for limonene and caryophyllene alone were 57.1 and 28.6%, 
respectively, compared to 100% for the positive control (real marijuana), 16.7% to 
linalool, and 42.9% to a-pinene. 1:1 ratios of combinations of these compounds 
were then presented to the dogs, though the highest alert rate was still only 43.7% 
(Huertas-Rivera 2016). This study exemplifies the difficulty in creating synthetic 
(“pseudo”) training aids for targets with such complex odor profiles. Indeed, in 
another study the commercially available Sigma Pseudo Marijuana scent was not 
readily detected by any of the seven certified drug detection canines tested (Ewing 
et al. 2013); as such, pseudo-training aids that have not been validated using the 
scientific method should be regarded with caution. 

The legalization of marijuana in much of the United States has made the need 
for pseudoscent training aids less necessary; however, canines at military bases 
and in parts of the country where it is illegal, as well as at the border and ports 
of entry, are still trained to detect marijuana. The introduction of the 2018 U.S. 
Farm Bill further complicated the landscape by creating a distinction between legal 
hemp, having 0.3% or less THC (tetrahyrdrocannabinol—the main psychoactive 
compound on marijuana), and [federally] illegal marijuana, having greater than 
0.3% THC. This bill implied that canine handlers needed to train their canines to 
differentiate between the two, though they are visually and olfactorily similar. In 
his dissertation research, Frank compared the headspaces of eight hemp samples to 
five marijuana samples. While the majority of the dominant headspace compounds 
were in common, some small differences between each group were identified, 
indicating the potential for canines to also be able to distinguish between hemp 
and marijuana. Further experiments with detection dogs supported this hypothesis. 
Canines (n = 24) originally trained to detect marijuana often did generalize to 
hemp, with alert rates ranging from 25 to 75% for each of the eight hemp varietals. 
Handlers then trained the canines specifically to not alert to hemp by training them 
to discriminate between marijuana and hemp, after which the canines (n = 11) 
gave only three alerts to the hemp material out of a possible 132 total chances, a 
2% alert rate with no deterioration of their marijuana detection proficiency (Frank). 

While there are many other applications of canines in the detection of other 
contraband not relating to drugs or explosives, studies characterizing the odor 
profiles of such materials are minimal. For example, canines have been used to
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locate concealed firearms for some time; however, very few studies have exam-
ined the vapor signatures of firearms, and science has currently not yet formed a 
consensus on what odorants elicit recognition. In recent work, Ong et al. focused 
on the odor of double-base smokeless powder (the propellant used in firearms), 
unburned, and as gunshot residue. The work looked at the main smokeless powder-
specific volatile compounds identified in earlier studies (Harper et al. 2005b; Joshi 
et al. 2009), including nitroglycerin, diphenylamine, dibutyl phthalate, and dinitro-
toluene (DNT). Using the National Center for Forensic Science smokeless powders 
database, nitroglycerin and diphenylamine are the most common volatile com-
pounds of smokeless powder with diphenylamine in all entries and nitroglycerin 
in all but two of the 899 entries. Dinitrotoluene occurs in the remaining two entries. 
The researchers suggest that training on these three compounds in specific ratios 
will enhance generalization across the broad class of smokeless powders (Ong 
et al. 2022). Nettles et al., however, collected headspace samples directly from 
firearms (n = 15) and ammunition magazines (n = 30). The major smokeless pow-
der compounds were not detected from these samples, indicating the canines may 
use alternative compounds to locate firearms as opposed to smokeless powder used 
in explosives. Instead, the five compounds that were the most commonly identified 
across the samples were nonanal, decanal, octanal, tetradecane, and tridecane (Net-
tles et al. 2022). More research should be done to determine the active odorants 
for canine detection. 

Another more recent use of canine contraband detection is for the detection 
of digital evidence to include items such as thumb drives, hard drives, SIM 
cards, and cellular phones. Digital evidence detection canines are used to detect 
smuggled electronic devices in prisons or other high-security facilities, or by law 
enforcement for evidence recovery. Identification of the odor profile associated 
with different devices can assist in the choice of training materials that will max-
imize recovery of the target by encouraging generalization, and minimize false 
alerts to other electronics not of interest to the canine handler. The goal of the 
first study that examined the odor signature of digital evidence items, specifically 
SIM and SD cards and USB drives, was simply to assess the feasibility of canines 
to discriminate those devices from other electronic devices, including batteries, 
circuit boards, cables, and whole cell phones. Several compounds were identi-
fied that were unique to these targeted digital evidence items and not detected 
in other electronics (DeGreeff et al. 2017a). While these data indeed support the 
canine capability to discriminate digital evidence from other electronics, more data, 
including canine testing, need be collected to further understand and optimize dig-
ital evidence detection, especially given the rapid and dynamic growth of digital 
media today. 

This need is applicable to all analytical work in support of canine contraband 
detection. Laboratory testing alone can only be used to identify the compounds 
in the headspace of a sample, however, canine behavioral assessments are impera-
tive in determining which of the identified compound(s) is the “active odorant” or 
the odorant (odorants). This issue is related to the compound’s odor activity value 
(OAV). To briefly depart from the discussion of odor characterization, the OAV is
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a value determined by the ratio of the odorant concentration, calculated from the 
compound abundance in the headspace, to the natural olfactory detection threshold 
(ODT) of that odorant. Meaning, a compound will have a higher OAV and will 
be more likely to be perceived as the active odorant if that compound is found in 
high abundance in the headspace of that target and the animal has a natural ability 
to detect that compound at a very low level. Research has shown that the highest 
abundance compounds may not actually be the active odorant because the animal 
does not have a natural affinity to that compound in terms of detection (Rice and 
Koziel 2015; Grosch 1993). This has particular importance in the development of 
pseudo-scent formulation for use as surrogate training aids. Creating a training 
aid based solely on the most dominant compound(s) might mean the pseudo for-
mulation excludes the compounds with the highest odor impact (Rice and Koziel 
2015). The ODT for canines has been measured for very few compounds. Using 
ODT for humans in the calculation of OAV as an alternative when canine data is 
not available is possible, although the ODT for compounds that are operationally 
relevant to canine detectors. 

4.1.4 Performance and Proficiency 
The quality of the training aid and the odor is irrelevant if the dog is not prop-
erly trained or not capable of detection. Performance and proficiency testing of 
operational canines is not frequently published. This is not necessarily because the 
testing is not done, but because the studies are not shared, either because it was an 
informal assessment meant only for internal use or because of security guidelines 
that prevent the organization from publishing any data that could potentially be 
viewed as a capability gap. Jezierski et al. (2014) is one of few peer-reviewed pub-
lications reporting on the efficacy of drug detection canines. Researchers assessed 
96 fully-trained, but not yet certified, Polish Police drug detection canines on their 
ability to detect street drugs including hashish, marijuana, amphetamine, cocaine, 
and heroin in a variety of double-blind search scenarios. They found that, on 
average, the canines made correct indications 87.7% of the time with a false 
alert rate of 5.3%. They further compared the difficulty level of the detection 
of different drugs, measured both by the time required to make a final indica-
tion and by a percentage of correct indications. They concluded that marijuana 
was the easiest to detect, followed by hashish, amphetamine, cocaine, and heroin 
(Jezierski et al. 2014). While this is useful data, the results may be oversimplified 
in that many factors affect the perceived “difficulty level” of detection includ-
ing the availability of odor (greater odor availability presumably yielding greater 
ease in detection), which is related to the available surface area of the target, as 
well as drug purity, drug age, and wrapping or containment, among other factors 
(DeGreeff and Maughan 2022a). 

Jezierski et al. also compared the performance of different dog breeds, again, 
based on mean detection time and percent of correct indications, misses, and false 
alerts. The terrier group (n = 25) had a significantly longer mean detection time 
(P < 0.05) and percent false alerts (P < 0.01), and lower correct indications than 
the other groups including German shepherds (n = 61), Englisher cocker spaniels
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(n = 10), and Labrador retrievers (n = 68). All other groups performed similarly 
(Jezierski et al. 2014). 

Though it is of great interest to the community, few other studies have com-
pared the performance of dog breeds, likely because obtaining enough subjects per 
breed group is challenging. A frequently referenced paper by Hall et al. (2015) 
compared the performance of pet dogs, pugs (n = 10), German shepherds (n = 
10), and greyhounds (n = 10), not previously trained in odor detection on an 
odor-discrimination task of increasingly dilute odor samples. All but one of the 
greyhounds failed to meet the required motivation criteria prior to the start of test-
ing, demonstrating that olfactory capability is not the only factor to consider when 
choosing a detection dog. Comparing the German shepherds and the pugs, the 
pugs, surprisingly, outperformed the shepherds at both the learning the discrimi-
nation task and their ability to perform the discrimination at increasingly low odor 
concentrations (Hall et al. 2015). Furthermore, a study investigating canine ten-
dency to generalize from a trained odor to other similar odors compared groups of 
canines either classified as “working dog breeds,” such as Labradors, German shep-
herds, spaniels (English springers and field spaniels), Belgian malinois, beagles, 
and “non-working dog breeds,” which including breeds such as golden retriever, 
poodle, husky, pit bull, corgi, collie, and mixed breeds. That data showed that those 
in the working dog breed group were no more likely to generalize to similar odors 
than the non-working dog breed group (DeGreeff et al. 2018). 

Contraband detection canines are often required to learn many target odors over 
the course of their careers. Several groups have tried to determine just how many 
unique odors can be learned and retained by canines. An early study sequentially 
trained canines to detect up to ten single-component odors, and found no decre-
ment in performance as more odorants were learned. Canines were also shown to 
be able to retain this proficiency on all ten odors for up to four months (longest 
interval tested) with no additional training or other experience with the odors 
(Johnston 1999). In more recent, subsequent studies, canines (n = 9) were trained 
to up to 40 odors in sets of 10 over 16 months, and then asked to recall the subsets 
of trained odors. Duration from last exposure was as long as 12 months prior. The 
trained odors in this study were not simple, single-component odors, but items 
with complex odor profiles, such as explosives, food, and other household prod-
ucts. The data indicated that canines were capable of learning the 40 odors with no 
decline in proficiency as more odors were added, and the dogs were able to recall 
odors to which they were not exposed up to 12 months (Waggoner et al. 2022). 
Research studies have yet to challenge substance detection canines in their abil-
ity to learn and retain a large number of targets over an extended period of time. 
This ability? has important implications in the selection of training aids and train-
ing regimens. Due to safety and security concerns, some types of contraband that 
are important in canine detection have additional restrictions for use and require 
special precautions, personnel, etc., during training. These constraints can limit 
both the frequency and location of training on that target, making this research 
particularly valuable.
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While researchers have shown that the impressive canine olfactory memory 
allows for long gaps in training with minimal decline in detection proficiency, this 
rule is not absolute. Research has also shown that some additional olfactory train-
ing is required to maintain a high level of proficiency. Two groups of canines (n = 
9 per group) were trained on a set of ten odors, including mostly explosive-related 
odors. Over the following 12-month period, the first group of canines continued 
some odor detection training of only approximately 30 min a month on a single 
odor of the ten, while the other group continued only non-odor detection training. 
Following this period of time, all canines were reassessed on their ability to recall 
the ten odors. The first group increased their performance from 94% accuracy to 
99%, while the second group decreased from 99% accuracy to 72%, indicating 
that canine olfactory memory can decline if not exercised regularly (Lazarowski 
et al. 2021a). 

This type of performance decline has been shown to also occur due to repetitive, 
unproductive searches. With some disciplines of contraband detection, canines typ-
ically encounter low rates of operational finds, such as with explosives detection 
or more novel disciplines like biowarfare agents. This is not only due to the low 
prevalence of the threats on a daily basis, but also due to the inability of a trainer 
to place target items in an operational environment for safety and security reasons. 
As a result, it has been shown that canines will be more highly motivated to search 
in training scenarios where they have learned they are likely to find a target and 
be rewarded, than in their work environment (Porritt et al. 2015). However, inclu-
sion of a non-hazardous target into the canine’s olfactory detection repertoire and 
its use during daily operations in the work environment can mitigate this decline 
(Porritt et al. 2015; Thrailkill et al. 2018). 

4.2 Human Scent 

Human scent is a form of trace odor evidence that cannot be readily seen but is 
available on any surface and/or location where an individual has been in contact. 
The purpose of using canine detection teams to locate human scent is to establish 
an association between the human scent traces left at a given location or scented 
article to the human scent of the subject in question (whether a perpetrator/fugitive 
of criminal activity or a missing person). The ability of the canine to establish such 
an association relies on the theory that every individual has a characteristic odor 
signature that can be used as a physical trait for discrimination and identification 
purposes. Canines trained in this discipline help the forensic investigative team in 
several ways. Human scent canines can follow a subject’s scent trail/track directly 
from the crime scene, assist in determining the direction of travel of the subject, 
identify a subject in a scent line-up procedure, or perform a location check by 
scent or aid in missing person recovery efforts (Hunt 1999). Within search and 
rescue operations, canines are trained to locate individuals trapped within debris 
following major, and sometimes dangerous, structural collapses. Forensic and law 
enforcement personnel gather human scent evidence by collecting odor traces from
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objects that the target subject may have handled during the commission of a crime 
or in the case of a missing victim, personal items that carry the donor’s scent. 
This evidentiary material is then presented to the human scent-trained canine for 
pre-scenting procedures, comparing the odor traces from the presented item (or 
location) to that of the subject in question (Prada et al. 2015). Regardless of the 
application, a central gap in knowledge with respect to human scent detection is 
the chemical nature and identification of the human volatile markers perceived by 
dogs to make the identification. Thus, a necessary complementary tool to fully 
exploit canine scent detection is the need to fully understand human odor. Human 
scent detection research has encompassed several topics to include the definition 
and characterization of human odor origins, optimized odor collection techniques, 
persistence/survivability of human odor traces and canine–human scent matching 
and discrimination capabilities. 

4.2.1 Human Scent Definition 
The human “odor signature” is one of the most complex odorant mixtures as it 
relates to both its instrumental definition and related canine detection applications. 
The human odor print is comprised of many variables that include biological 
processes, genetic makeup, and microbial interactions (Prada-Tiedemann 2022). 
Characteristics of glandular activity and skin microbiota have been the subject of 
numerous studies targeting an understanding of the interplay between biochemical 
pathways and odor-releasing enzymes present in microorganisms on the human 
skin surface that yield a particular odor type (Baker and Wolfe 2020; Wilke et al. 
2007; Natsch and Emter 2020; Smallegange et al. 2011). The dynamic chemical 
“topography” on the skin surface is crucial for microbial interactions. Human odor 
complexity is further heightened by the varying composition of the skin microbiota 
which is dependent on factors such as body location, skin pH, and moisture level, 
to name a few. Thus, occluded regions with limited air exposure such as the axil-
lae and groin tend to favor microbial activity while regions of low water content 
(forearms) have reduced microbial density. Furthermore, lifestyle factors such as 
beauty and hygiene products can further affect microbial composition (Grice and 
Segre 2011; Turnbaugh et al. 2007; Costello et al. 2009; Holland and Bojar 2002). 
Genetic makeup has also been a widely studied area with respect to the definition 
of human scent. Foundational work in this area has targeted the Major Histocom-
patibility Complex (MHC) as a source of the individual odor signature (Kwak et al. 
2010). The MHC is the most diverse part of the genome; in humans, this genetic 
coding region is referred to as the human leukocyte antigen (HLA) and represents 
a large locus containing closely linked polymorphic genes (Havlíček et al. 2020). 
Studies in this area are based on the premise that there is a specific odor compound 
along with a corresponding combination of MHC genes that can potentially func-
tion with respect to kin selection or recognition. Generally, it can be said that all 
studies propose mechanisms that result in a degradation product from the MHC 
molecules that interact with either peptides, specimens, volatiles, cells, or even 
microbes that generate a particular odor print (Prada-Tiedemann 2022). Recent 
studies, however, have made use of analytical advances to understand the human
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odor “volatilome.” The human body is a constant source of volatile organic com-
pounds (VOCs), which generate a complex and dynamic mixture of compounds 
that are often referred to as human odor. VOCs emitted by the human body are 
a useful tool in not only forensic science applications (Prada and Furton 2012, 
2008) but also for disease and medical diagnostics (Shirasu and Touhara 2011; 
Broza et al. 2015; Buljubasic and Buchbauer 2015; Prugnolle et al. 2009; Ols-
son et al. 2014). A review article in 2014 collected a detailed review of VOCs 
from the human body of healthy individuals, reporting a total of 1,846 com-
pounds from breath, saliva, blood, milk, skin secretions, urine, and feces (Lacy 
Costello et al. 2014). In 2021, an updated version of this compendium was pub-
lished with the addition of over 900 new compounds that have been reported since 
2014 (Drabińska et al. 2021). Recovered compounds depict a variety of chem-
ical classes including aldehydes, short and long-chain hydrocarbons, carboxylic 
acids, alcohols, esters, ketones, and amines. It is important to highlight that while 
analytical methodology has advanced the understanding of the human volatilome, 
comparison of all this foundational work needs to be taken with caution as differ-
ences in headspace sampling approaches, participant characteristics (age, gender, 
diet, disease, ethnicity) and body regions produce distinctive odor signatures that 
can yield high variation and divergences in the results obtained. As can be seen, 
the definition of human scent is not a light one, as the variables that affect it 
range from the physiological to the environment in which the subject is in, hence, 
making this target odor source one of the most complex odor signatures for scent 
detection purposes via instrumental or canine means. 

4.2.2 Odor Collection Techniques 
A critical aspect of concern for valid protocols and performance is proper scent 
collection techniques. Currently, there is no uniform human scent evidence collec-
tion method established. However, regardless of the specific procedure employed, 
all variations make use of an absorbent substrate to gather human scent, yet 
the materials and detailed procedures (time, manner, personal hygiene for col-
lection) have not been previously optimized or standardized among the canine 
scent detection community. Odor collection methods can be divided between direct 
and non-direct. The conventional manner of collecting human scent for canine 
pre-scenting is to allow the dog to smell the scent article/source directly. This pro-
cedure, however, introduces contamination risks and/or destruction of other forms 
of trace evidence such as fingerprints or DNA for further forensic analysis. Other 
direct methods of human scent sample collection include swiping the scented arti-
cle with collection mediums. Generally, sterile gauze pads are used which are 
placed in direct contact with the object or person of interest. Given there is no 
standardization as to the type of collection medium (gauze may be cotton or cotton 
mixes), several studies have been performed to understand how textile chemistry 
affects the generated odor profile, which may indirectly affect canine performance 
(Prada et al. 2011, 2014). Non-direct methods include passive absorption (collec-
tion substrate in close contact but not touching) with object/person or the use of
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airflow dynamic devices during collection processes. The most used device specifi-
cally for human scent collection is the Scent Transfer Unit (STU-100). This device 
is a portable vacuum designed to draw air through 5×9-inch sterile gauze pads. 
The STU-100 allows for the ability to perform non-contact sampling and collec-
tion of human scent from objects without contaminating or altering the object of 
interest, as well as allows for large sample collection numbers on a vast array of 
target objects (steering wheels, doorknobs, etc.). Several studies have evaluated 
the STU-100 as a dynamic collection medium, either utilizing standard chemical 
mixtures and/or subjects (Eckenrode et al. 2006; DeGreeff et al. 2011) or from the 
perspective of optimal collection mediums in terms of generated chemical odor 
signature (Prada et al. 2011). 

4.2.3 Aging and Persistence of Human Scent 
An important concept in trace evidence analysis is that of persistence—how long 
does the evidence last on a particular location or object? In the case of canine 
human scent detection—how long does odor persist in a given trail or loca-
tion? The answer is confounded by numerous variables that include environmental 
conditions (wind, terrain, humidity, temperature), scent deposition substrate (i.e., 
concrete vs. grass) as well as the innate biological definition of odor which is 
subject to bacterial degradation like any other biological evidence type. The pas-
sage of time can affect its availability as well as its integrity. While canines can 
match odor in human scent identification line-ups flawlessly with same-day col-
lected samples, the performance drops over time periods from two weeks to six 
months. Possible causes include the volatile nature of scent and the distinctive 
vapor pressures of chemical compounds. Over time, scent samples sitting in glass 
jars may lose vapor concentration where no more volatile emission is available 
within the given containment volume, thus showing how storage protocols must be 
taken into consideration when handling scent samples (Schoon 2005). In another 
study, well-trained trailing canines were used to follow human trails up to 48 h 
old. This study was made with cross-trail contamination and varying environmen-
tal conditions (Harvey and Harvey 2003). To further understand the age of human 
scent, researchers have attempted to evaluate human scent odor signatures across 
a longitudinal study over a seven-week period at various environmental conditions 
to include room temperature, −80 °C conditions, dark storage, and UVA/UVB 
light exposure. Results suggested that human hand odor scent samples stored in 
glass containers and subjected to minimal UVA/UVB light exposure provided the 
most stable environment for containment purposes of human scent (Hudson et al. 
2009). Persistence studies have also been evaluated in terms of the survivability 
capability of human scent. More specifically, as it relates to the ability of human 
scent to survive extreme thermal and mechanical effects such as those encoun-
tered in explosion and arson settings. In one study, 12 test subjects were selected 
and allowed to handle materials used for the construction of four pipe bombs using 
two low-explosive powders and two high-explosive materials. Following the explo-
sions, scent pads were collected from the pipe-bomb debris using the STU-100. 
The study demonstrated the survivability of human scent which was still usable
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to the canine to make a positive scent match even after undergoing violent ther-
mal conditions reaching temperatures that exceed 5000 K during the detonation of 
explosives (Stockham et al. 2004). Another study also evaluated the survivability 
of human scent using human scent samples from post-blast debris with an overall 
success rate of 73.5% (Curran et al. 2010). These types of studies aim to under-
stand different environmental conditions on the preservation of a scent sample, 
although careful interpretation must be exercised given these experimental designs 
have taken into consideration double-blind setups and additional decoys, however, 
these studies do not depict canine search performance as it relates to using air 
scenting or ground disturbance as behavioral and olfactory cues when performing 
the scent detection task (Schoon 2022). 

4.2.4 Canine Human Scent Matching and Discrimination 
Capabilities 

Human scent detection canines are tasked with an array of different olfactory tasks 
that can range from location checks, scent identification line-ups, and man trailing 
(fresh and/or aged trails) activities. Variables to understand their performance are 
rooted not only in the definition and individualization of human scent but also lie in 
understanding how canines respond to the actual human odor cue when performing 
the identification and discrimination within that respective olfactory task. 

A fundamental aspect to understand in canine scent detection capabilities 
includes the ability of the canine to determine the target scent source direction. 
Studies in this area suggest that for the dog to determine proper directionality 
along a selected trail, odor concentration plays a key role. The concentration of 
the target scent is a function of the source strength and its movement and dis-
sipation in the air. The strength of the scent source is, in turn, directly related 
to factors such as compound vapor pressure, environmental conditions, and influ-
enced by any affinity or binding key compounds may have for the substrate in 
which they are deposited (Cablk et al. 2008). Other findings in the area suggest 
that the canine’s ability to determine the correct direction is related to the ani-
mal’s age and sex whereas young male dogs are more efficient in determining the 
correct direction of a trail than older and/or female animals (Wells and Hepper 
2003). Within practical operational situations, however, it is important to note that 
a canine’s motivation to trail is the compounded effect of many training param-
eters such as reinforcement quality, enhanced canine assessment paradigms, and 
operational history. Moreover, practical implications of various studies have deter-
mined that canines trained to follow a track do not necessarily learn to determine 
the track’s direction and that footsteps alone can provide enough olfactory infor-
mation to determine directionality (a minimum of five sequential footsteps). Dogs 
do not determine the direction of a track by following each step from heel to toe 
thus being able to follow a scent source even if the individual walked backward 
(Wells and Hepper 2003; Steen and Wilsson 1990; Mackenzie and Schultz 1987). 
Canine behavior for scent detection purposes has been previously defined as con-
sisting of three distinct phases: an initial searching phase, a deciding phase, and a 
final tracking phase. The deciding phase is usually characterized by a slow-moving
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speed and long sniffing period compared to the other two phases. Thus, the ability 
to determine the correct direction seems to rely on methods of sampling air and a 
specific sensitivity for certain substances (Thesen et al. 1993). 

Other variables studied to understand human scent discrimination capabilities 
included the influence of genetics on canine discrimination ability. Studies have 
shown that subjects who are more genetically similar (kin related), fed the same 
diet, and live under identical environmental conditions do not produce highly dis-
criminable odor cues for the canine (Harvey and Harvey 2003; Hepper 1988). With 
respect to gender differences, a study by Jerzierski et al. (2012) utilized scent line-
up procedures with six dogs to evaluate human gender distinguishability to canine 
response. It was found that dogs in the study identified women’s hand odors more 
accurately than those of men, thus suggesting a chemical difference in generated 
scent as a function of gender (Jezierski et al. 2012). 

Generalization across body locations or regions has also been the subject of 
study with respect to scent-detection canines. In one study, more than 700 scent 
samples were utilized including both genders and a varying age range. Canines 
were presented with scented cloths which had been in contact with an unspecified 
body region and allowed to match on other body-scented cloths to identify the 
same target scent. The success rate was of 80% correct match recognitions for 
this part of the experiment. Consequently, a further experiment allowed canines to 
match odor from various parts of the body with the hand odor of the same subject 
on clean steel tubes. The percent correct matches were of 85% thereby depicting 
the canine’s ability to generalize between individual human scents acquired from 
varying anatomical locations (Settle et al. 1994). Another study with respect to 
human scent generalization utilized Dutch police dogs to test if dogs were capable 
of matching hand scent to scent collected on the crook of the elbow as well as 
matching trouser pocket scent to collected hand scent, depicting how enhanced 
training and familiarization with target subject enhances canine performance to 
scent detection tasks (Schoon and Bruin 1994). 

Other researchers have attempted to understand if human scent “fall-out” is 
enough for a scent discrimination task. In the context of this study, human “fall-
out” is a term for a scent that may be collected or deposited without a subject 
touching the substrate. Hence, using two scent discrimination dogs, a control sam-
ple (cotton square touched by a human hand) versus test sample (hand 5 cm above 
the cotton square) was evaluated. Both canines satisfactorily matched the samples, 
suggesting the existence of a “fall out” component of human scent (Vyplelová 
et al. 2014). 

An additional use of canines in human scent detection is that of identification 
line-up procedures. This task is focused on the canine correctly selecting the target 
odor in a line-up procedure, whereby the canine’s behavior establishes an associ-
ation between the crime scene’s scented article given to the dog for pre-scenting, 
and the odor from the suspect in the row of odor samples being tested (Kalden-
bach 2000). George Romanes performed the first experimental study depicting the 
canine’s capability of scent discrimination in 1887. In the early 1900s, Inspec-
tor Bussenius from Germany was the first person to suggest the value of suspect
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discrimination in practical police work using individuals as the scent source, 
which led to the arrest of the suspect (Schoon and Haak 2002). The scent line-up 
procedure has undergone a lengthy developmental process (both operational and 
scientific) for the past 30 years. In the late 1990s, Schoon tested different exper-
imental test designs using certified Dutch police canine teams. Important notions 
from this study depicted how incorporating a positive control check prior to the 
actual trial run reduced the number of mistakes, thereby introducing the concept 
of an initial “calibration” to uphold forensic scrutiny (Schoon 1996). In a recent 
study by Ferry et al. (2019), 11 countries were surveyed to compare methodolog-
ical frameworks involved in routine line-up protocols, depicting a general lack of 
international standardization of the line-up procedure from the different countries 
that participated. Variables that were questioned included scent collection and han-
dling, decoy characteristics, control and trial disqualification parameters, line-up 
experimental set-up, dog training, alerting and handling, handler qualifications, 
and degree of blindness. 

Although scent evidence is a valuable tool in a range of human scent detection 
contexts, it is imperative that research moving forward focuses on valid experi-
mental designs that aim to understand and bridge the scientific foundation of the 
definition of human scent with the canine capabilities in alerting to this complex 
target odor source. This includes evaluating the sensitivity and specificity of human 
scent detection canines in order to provide a better snapshot of their capability in 
both laboratory-designed experiments as well as in operational scenarios. 

4.3 Human-Related Evidence 

4.3.1 Human Remains Detection 
Human remains detection (HRD) canines are an asset within forensic applica-
tions worldwide. Some interchangeable names for this specific application are also 
cadaver dogs or victim recovery dogs. Capabilities, where they prove useful can 
range from locating victims of homicide/suicide, accidents, mass disasters (natu-
ral or man-made), missing persons, or aiding in clandestine grave investigations 
(Titus et al. 2022). HRD canines are trained to identify the odor of human decom-
position. Given the complexity and dynamic character of the human decomposition 
process, canines are trained on a wide spectrum of decomposition material (human 
blood, tissues, adipocere, body fluids, wet/dry bone, and burned human remains) to 
maintain optimal performance and proficiency (SWGDOG SC8 2009). The odor 
profile of human decomposition is one of the most complex as the decomposi-
tion process of the human body is affected by intrinsic and extrinsic factors that 
can include: environmental conditions, deposition ecosystems (land, water, urban, 
wilderness), victim characteristics (trauma, body size, containment), and ecolog-
ical factors such as insect and scavenging activity (Titus et al. 2022; Irish and 
Dilkie 2022). In general, the total number of stages in the decomposition timeline 
can be grouped into five categories: fresh, bloat, active decay, advanced decay, and 
skeletonization or dry remain phase (Kaldenbach 2000). In recent years, there have
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been increased efforts in understanding the odor of death’s volatilome, however, a 
significant challenge in this type of research is the ethical and legal restrictions of 
obtaining whole human cadavers. To circumvent this challenge, the development 
of the so-called “body farms” have pioneered taphonomic studies by using whole-
body cadavers in different geographic locations and under different conditions to 
better understand the postmortem changes of the human body using more realis-
tic and operational experimental designs. The first of these taphonomic facilities 
opened in 1980 at the University of Tennessee by Dr. William Bass, and since then 
a total of another seven have opened in the United States, one in Australia, and one 
in Holland (Wescott 2018). While there is no defined set of human decomposition-
specific chemical odor signatures identified to date, numerous studies have utilized 
gravesite soil, human tissue samples, or human analogue models (whole animal 
carcass or parts) to understand the chemical odor profile at distinctive timepoints 
and/or under specific environmental conditions (Agapiou et al. 2015; Armstrong 
et al. 2016; Connor et al. 2018; DeGreeff and Furton 2011; Dekeirsschieter et al. 
2012; Forbes et al. 2014b, 2016; Hoffman et al. 2009; Iqbal et al. 2017; Martin 
and Verheggen 2018; Perrault et al. 2014, 2015; Rosier et al. 2015; Stadler et al. 
2015; Stefanuto et al. 2015). 

4.3.2 Human Remains Canine Training Materials 
Human remains are one of the most complex target odor materials for canine 
training purposes; as mentioned, the dynamic process of human putrefaction and 
degradation is highly variable and dependent on many elements within a given 
location. Globally, there is no set standard, which depicts the optimal training 
materials for this canine detection discipline, and while each country has made 
efforts in providing guidelines or best practices (Irish and Dilkie 2022), there is 
still a lack of consensus as to a finite set of materials for canine training purposes. 
Training materials for HRD canines can be divided into human remains, human 
analogue models (animal proxies), or synthetic training aids (pseudoscents). A 
detailed review by Dargan and Forbes (2021) provides a comprehensive list of 
VOCs previously detected in canine training materials to include blood, human 
remains, decomposition fluid, soil, burned remains, textile, and synthetic training 
aids (Dargan and Forbes 2021). It also provides a discussion on the reported capa-
bility of canines to respond to these target odor sources. In countries where it is 
either difficult to obtain human remains or laws prohibit their use as training aids, 
porcine material (pig) has been used as a proxy to facilitate the training of canines. 
Through stimulus generalization, the process was successful in the United King-
dom as evidenced by bodies being located. This more than likely occurred as a 
result of canines learning to respond to similar odor profiles and being rewarded 
for doing so. In essence, the canines were trained to initially respond to pig and 
rewarded for finding human remains, thus, both became part of their target odor 
repertoire. In the United States, this methodology sparked many a debate. The 
outcome of those discussions led to practitioners and scientists unifying to answer 
questions about VOC profiles to determine the best route to take when training 
human remains detection canines. In the 1990s the methods of how canines were
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trained started to work their way into the court system, furthering the need for 
knowledge and quantification of the VOC profile of human remains. This has 
shed light onto how canines are trained, with what odors human remains detection 
canines should be trained, and has even impacted law in areas where those items 
were once banned from possession for use to train canines with. Slowly, more 
state laws in the United States are being amended to accommodate the training of 
human remains detection canines with actual human remains and not that of other 
species as proxies. 

Another option with respect to training materials are synthetic training aids, 
commonly known as pseudoscents. As discussed above in regards to contraband 
training aids, pseudoscent products are those that claim to synthetically replicate 
the decomposition odor profiles of target substances for which to train detection 
canines. Pseudoscent training aids are appealing to those with limited access to 
training material or where laws forbid their possession. While they have been 
effective in other disciplines of detection, pseudoscents have not proven to be use-
ful in human remains detection canine training. Studies that tested canines trained 
using pseudoscents found they missed actual human remains, demonstrating the 
ineffectiveness of the training aids. Conversely, canines that have been trained only 
on human remains material would not respond to pseudoscent products. These 
findings are thought to be largely due to the fact that the odor profiles, when 
instrumentally analyzed, do not replicate that of actual human remains (Stadler 
et al. 2012; Tipple et al. 2014). Further complicating the matter is the fact that 
the odor of human remains is constantly changing throughout its various stages of 
decomposition and the environmental variables that aid in the stages. It is hypoth-
esized that canines select a repertoire of similar compounds that remain consistent 
throughout the decomposition timeline. Until researchers can identify what the 
chemical odor profile is or what suite of compounds remain consistent through-
out the process it is not plausible that an effective synthetic training aid could 
be developed that would yield accurate operational results (Irish and Dilkie 2022). 
Regardless of if those remains are whole bodies recovered on land, buried in differ-
ent substrates, burned, submerged in water, scattered/dismembered, are thousands 
of years old (historical/archeological remains); or their odors are in trace amounts 
associated with minute amounts such as touch transfers of odors or drops of blood 
on tools and weapons, canine detection is an invaluable resource in this forensic 
capability. Countless accounts of canines detecting odors associated with human 
remains have been reported and have been recognized by the courts as being a 
reliable detection capability in criminal cases. 

4.3.3 Residual Odor and Human Remains 
Another area within human remains detection canine research that warrants more 
work is that of “Residual Odor,” defined by the National Institute for Standards and 
Technology’s Dogs and Sensors Subcommittee and later ratified by the American 
Academy of Forensic Sciences as: “Odor/scent that originated from any substance/ 
subject that may or may not be physically recoverable or detectable by other 
means. The odor/scent that originated from a target substance/subject and lingers
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after the target substance/subject has been removed or has totally decomposed (as 
in the case of human remains)” (OSAC Dogs and Sensors Subcommittee 2022). 
Another more brief definition from Daus defines it similarly as a detectable odor 
signature from an object that remains after the object has been removed (Daus 
2013). The term itself sparks debate due to the belief that odor, if it is available to 
detect in an environment, is not a different type of odor and should not be classified 
as such. Thus, the belief that “odor is odor” is a topic of discussion in training cir-
cles because in essence the odor does not change types, it only changes in saliency 
or the amount that is available to detect. Beyond the consternation surrounding the 
term, the primary component of the debate that is in question is the amount of the 
odor that is available to detect and the canine’s ability to detect it. This has been 
challenged in the courts by defense attorneys despite ongoing work over the past 
decade that has shown that odors emanating from sources can be captured and ana-
lyzed in laboratory and field settings after they have been removed. Canines have 
responded to those types of conditions, and responses have corroborated other cir-
cumstantial evidence in trials (Torrez 2020; Alexander et al. 2015; DeGreeff and 
Furton 2011; People v. Lane 2014; Braulio Marcelo Castillo v. Commonwealth 
of Virginia 2019). Other than a few studies, literature is absent that defines how 
long odor persists in certain environmental conditions and the limits of detection 
for human remains detection canines in these instances. Success with the detec-
tion of residual odor from burials where remains were removed and plots were 
aged 667 days have been reported. Here, canines responded with 75% accuracy 
or greater (Alexander et al. 2015). In another study, carpet squares were contami-
nated with remains odor through a non-contact transfer of the volatiles (no actual 
contact between the remains and the carpet squares was made). Following only 
two minutes of odor transfer, canines were able to detect the carpet squares above 
chance for up to 35 days, and with ten minutes of odor transfer this was increased 
to 65 days (Oesterhelweg et al. 2008a). 

DeGreeff (2020b) reports on the retention of odor on various substrates once 
the odor source has been removed and the impact it could potentially have on 
detection rates. It is important to note that canines were not used in the study, 
but odor was measured with analytical instrumentation (namely, SPME-GC/MS). 
While this study was conducted with Nosework (non-operational, sport detection) 
canines, the implications could be applied to human remains detection teams and 
the methodology could be replicated. Here she discusses important considerations 
that arose out of three test groups in which odors were applied to various substrates 
(absorptive and non-absorptive) through either direct application, touch transfer, 
and non-contact (vapor) transfer. Results indicated that absorptive substrates of 
concrete, Cordura® (synthetic fiber-based fabric), and drywall interestingly, but not 
surprisingly, did not produce as much odor initially, though the odor took longer 
to dissipate and persisted longer due to absorption and trapping of odors. On non-
absorptive materials (metal and tile), odor availability was high initially and was 
depleted more quickly. Also of interest was that on non-absorptive materials, odors 
from the non-contact group lasted as long as the touch transfer group (DeGreeff 
and Maughan 2022b; DeGreeff and Whittington 2020). This may provide insight
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into potential odor availability in certain crime scenes such as bathrooms with 
non-absorptive surfaces prone to high evaporation such as tile versus a concrete 
basement, a highly absorptive substrate if untreated. With this knowledge, handlers 
can adapt working strategies in different environments or scenes accordingly. 

4.3.4 Canines Trained for Bodily Fluids 

Blood 
Blood detection is often considered part of human remains detection, but may also 
be a form of evidence detection in that canines can be trained to locate minute 
amounts or otherwise obscured blood which can then be collected and returned to 
the laboratory for DNA analysis, or may be used to presumptively locate crime 
scenes. Specialized blood detection canines are trained specifically to locate blood 
evidence and not human remains. Even though they have great utility in forensic 
investigations, unlike human remains detection dogs, they are not used widely 
around the globe and are predominantly deployed with law enforcement in the 
United Kingdom, Norway, South Africa, and Australia (Rust et al. 2022). 

Limited research has been conducted in this field. The first piece of scientific 
research examining the capabilities of a blood-detection canine and the related 
VOC profiles was carried out by DeGreeff et al. (2012), where the VOC profile of 
blood was assessed over time as it aged in an open environment. The brief study 
demonstrated that the VOC profile of blood changes quite significantly over time 
as it ages, with fresh blood having an odor distinct from that of the decomposed 
blood. A single blood detection canine, the only trained in the United States at the 
time, was used to confirm the distinct shift in the odor signature from fresh to aged 
blood. The canine had only been trained to locate aged blood, and in a controlled, 
double-blind study the canine indeed demonstrated the trained response for aged 
blood, but did not give a trained final response for the fresh blood, indicating 
a notable difference in the blood odor. Others later confirmed the shift in VOC 
profile as blood ages which could be measured when the blood was dried on 
either porous or non-porous surfaces (Rust et al. 2016), as well as in blood stored 
at freezer, refrigerator, or room temperatures (Forbes et al. 2014a). 

Since this initial study, further research probing blood-detection canines has 
been carried out (Rust et al. 2016, 2018; Forbes et al. 2014a; Schoon 2013; 
Rendine et al. 2019; Chilcote et al. 2018). Schoon compared the sensitivity of 
canine detectors to common tests used at crime scenes to presumptively identify 
blood including luminol, tetrabase, and Kastle-Meyer by depositing increasingly 
dilute blood samples on a substrate. Researchers determined that the two previ-
ously trained human remains detection canines outperformed the tests when blood 
was deposited on a porous surface (carpet), but the traditional presumptive tests 
were more sensitive for blood on the porous surface (vinyl) (Schoon 2013). Fur-
thermore, in a study of the detection of blood from washed cotton fabric, canines 
could detect blood after as many as five washes, similar to the performance of 
luminol spray (Rust et al. 2018).
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Blood detection is an underutilized capability of canine detectors, as studies 
have shown that they can be both very sensitive and specific, and thus aid in the 
recovery of small, obscured, or otherwise overlooked blood evidence. While the 
research in this specific field is currently limited, it is unlikely that it will see 
a large growth in literature in this area until the use of blood-detection canines 
become more common and widespread. Additional research should examine opti-
mal ways of obtaining and storing blood for training materials, as well as expanded 
studies in canine sensitivity and specificity with greater numbers of participants 
allowing for statistical interpretation of the data. 

Seminal Fluid 
Seminal fluid detection by canines has become an application that is gaining atten-
tion largely due to work that has been initiated by the Netherlands National Police 
Agency and the University of Amsterdam. This partnership is a good example of 
practitioners and scientists working in concert to identify strengths and limitations, 
and have even helped identify practical workflows on crime scenes regarding when 
to utilize canines in the evidence collection process. 

Sexual assault cases can be difficult to investigate due to the following 
complexities outlined by Schoon et al. (2022):

. Many are not reported as a result of shame, fear, lack of trust in the police 
investigative system

. No eyewitnesses because the nature of the crime is often conducted in seclusion

. Victims may be very young or mentally impaired and may not be able to express 
themselves 

Traditionally, seminal fluid has been detected at crime scenes with the use of an 
Alternate Light Source (ALS), a high-intensity light focused on a scene through 
a fiber optic cable using various filters, or with a smaller ALS device with LED 
lights the size of a flashlight. These methods are used for detecting different types 
of organic materials which fluoresce and become visible through the use of filters 
and safety goggles. Latent fingerprints, fibers, and body fluids (saliva, urine, and 
semen) are easier to locate when ALS is used (Fish et al. 2015). Some of the lim-
itations associated with ALS include some models being heavy and cumbersome 
to transport in a crime scene, only effective if technicians point the light in the 
right direction, have a narrow field of range, and if using the flashlight version 
they require multiple people to scan large areas. Additionally, it is not uncommon 
to miss areas if the stains are small and the light source is not pointed directly at 
the stain. The use of a specially trained canine can significantly reduce all of the 
issues stated above. 

Detection of seminal fluid may be time sensitive but longitudinal studies are 
needed to quantify the temporal capabilities of detection in this relatively new 
application. In 2009, the Norwegian Police trained crime scene dogs on semi-
nal fluid and blood and conducted research to determine how long canines could
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detect samples that varied in sample volume and length of time in outdoor environ-
ments. Seminal fluid was detected up to 2 days for lower volume samples and up 
to 4 days for larger volume samples. Spermatozoa was observed via microscopy 
between 32 h and 4 days which was also correlated with DNA results (Skalle-
berg and Bouzga 2016). Two case examples highlighted instances in which crime 
scene canines resulted in case resolution. In 2017, a canine responded to two spots 
that were sampled and tested positive with presumptive testing and ultimately pro-
duced a full DNA profile of the offender. In 2019, similar usage of crime scene 
dogs yielded positive results after one year and again produced DNA profiles that 
matched two suspects; even where ALS missed evidence previously (Schoon et al. 
2022). 

In a 2019 study, in which five canines were compared to three traditional meth-
ods of locating seminal fluid using ALS, a presumptive test called the Rapid Stain 
Identification (RSID) Kit, and the enzymatic Acid Phosphatase (AP) test for semen 
that was deposited on different types of fabrics highlighted the effectiveness of 
crime scene dogs. This study was done to determine the feasibility and efficacy 
of using canines in forensic settings. Much like blood, which typically requires 
visual detection in that if you cannot see it, you may miss it, seminal fluid stains 
can be difficult to detect at crime scenes due to several factors that include colors 
and patterns of fabrics and large areas that make searching with alternate light 
sources time-consuming and cumbersome (Dam et al. 2019). Based on the data 
that was presented, the authors came to the conclusion that canines were most 
effective with regards to sensitivity and selectivity in detection of semen samples, 
especially when it came to cotton and polyester fabric types with different colors 
and those fabrics that had patterns which make semen problematic in detecting 
visually. The only test that was comparable with canines was the AP test in the 
pattern testing experiment, in which visual acuity was not necessary. When Foren-
sic light sources (FLS, also known as Alternate Light Sources ALS) were used, 
not all semen stains were detected due to the auto-fluorescent properties of some 
of the fabrics (six samples were missed). Canines detected 100% of seen stains 
on fabrics regardless of type, color, or pattern. However, they were not able to 
pinpoint the exact location of some samples, at which time other presumptive 
methods were used to identify exact locations (lending credence to the importance 
of using multiple presumptive methods for crime scene processing). Overall, the 
use of canines proved to be valuable when compared to other presumptive test-
ing methods. This study combined with the case examples provided earlier has 
proven that crime scene canines can be an efficient search tool in locating pri-
mary or secondary crime scenes due to their mobility, sensitivity, and selectivity 
as a biological sensor. In some cases, canines were more effective than existing 
presumptive testing currently available. 

There have been instances where the question has been posed as to whether 
human remains detection canines that have been trained on a full spectrum of 
odors associated with human decomposition could respond to other body fluids at 
a crime scene. The answer is difficult due to several factors. While a well-trained 
human remains detection canine that has been trained to generalize odor profiles
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among the different target odor types (decomposition odors associated with blood, 
tissue, bone, etc.), the odors associated with the different stages of decomposition, 
and the different thresholds or amounts of odor in various environments, whether 
they will respond to semen specifically has not been tested. Typically, in training, 
if canines show interest in saliva or locations where people have spat or urinated, 
they are often corrected or discouraged to do so because those types of odors 
are considered distractors. Once scientists have solved the odor profile of human 
decomposition, it will be interesting to see if similar VOCs are present in singular 
human bodily fluids. Anecdotally, it would not be outside the realm of possibility 
for human remains detection canines to respond to singular fluids if they have been 
trained with a high degree of generalization and to a low threshold, even if they 
have not been trained on semen samples specifically. Due to the material being 
organic, human in nature, and subjected to biological bacterial degradation and 
decomposition processes, the possibility should not be discounted. The question 
may arise as to whether human remains detection should serve like other detec-
tion canines that are trained to respond to multiple target odors, or, should canines 
only be trained and be used for specific substances? This application may be better 
served with single-purpose detection canines that are specialized, have documented 
exposures, certifications that are dedicated to the specialty, and handlers that are 
trained for the intricacies of such a search. Furthermore, from a research per-
spective, what would be useful are studies that shed light on the persistence of 
odor profiles in various environmental conditions, generalization capabilities of 
well-trained canines, and limits of detection to determine how low of a threshold 
canines can detect. 

5 Conclusions and Future Direction 

This chapter has covered much of the research related to the use of canine detectors 
from a forensic and security viewpoint. In recent decades the amount of research 
relating to canine detectors has grown exponentially as scientists and operational 
end-users alike begin to understand that, just like any other sensor technology 
that is used in forensics, the canine as a biosensor should be assessed both in 
the laboratory and the field using the scientific method. Such research should not 
only validate the efficacy of a technique, method, or a process but it should aim to 
identify the limitations of the process and offer insight into how to mitigate the lim-
itations by providing solutions. Despite the growing field of research, there remain 
many gaps in knowledge that could improve the proficiency and deployment of 
these complex biological detectors. 

As with any area of forensic science, canine odor detection represents an overar-
ching convergence of disciplines that work in unison for optimal use. The forensic 
uses of a canine team must meet the same scrutiny as any other evidence type, 
with challenges stemming from the crime scene all the way to courts of law. 
Hence, it is important to remember that canine odor evidence must bear high-
quality standards and best practices to protect the integrity with a solid scientific
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foundation. In order to continue in this path, it is important to understand basics 
of odor dynamics. These foundational blocks of odor detection include odor trans-
port and movement, chemical characterization of target odor sources, persistence/ 
survivability of odor across varying periods of time and under different environ-
mental conditions, as well as evaluation of storage, containment, and handling 
practices to safeguard contamination issues and provide integrity of odor sample. 
With the development of synthetic training aids, it is also imperative to provide 
controlled delivery of target material, hence proper validation standards must be 
in place to maintain optimal canine performance. To further the discussion about 
the determining factors that should be used in decision-making paradigms sur-
rounding their use, the following should be considered: Can the company that is 
producing the pseudoscent product provide peer-reviewed validation studies that 
illustrate the efficacy of the aids in double-blind testing scenarios with detection 
canines using cross-correlation? Here, canines trained on only actual target mate-
rial should respond to pseudoscent without prior exposures and canines trained 
only with pseudoscent should respond to actual target material without prior expo-
sures. Can the company provide peer-reviewed instrumental analysis of the VOC 
profiles that have elicited responses from trained detection canines over time and 
with consistency? If the answer is “No” to either of these questions, then buyer 
and trainer beware. 

Another topic of great interest is the sensitivity of the canine olfactory sys-
tem and olfactory threshold capabilities. Regardless of target substance detection 
discipline, it is important to understand the selectivity when trained target odors 
occur in mixtures or in the vicinity of other salient odors from which they have 
to discriminate. Additionally, the persistence of odors in different environments is 
also important to understand as it has faced scrutiny where canines have been used 
successfully in various cases in which unproductive responses have corroborated 
other circumstantial evidence (Torrez 2020; People v. Lane 2014; Braulio Marcelo 
Castillo v. Commonwealth of Virginia 2019). An additional area where research 
will prove to be beneficial in court proceedings is canine olfactory learning and 
behavior. For example, through canine behavioral assessments during detection, 
handlers will be better equipped to interpret subtle canine movements in response 
to target odors versus non-target odors. Research should be geared toward under-
standing performance from distinctive perspectives crucial to training paradigm 
developments such as reward motivations, distractions, reinforcement rates, and 
schedules, to name a few. The same field of study can also help identify relation-
ships that exist between handler movement and canine performance. This will also 
allow handlers to augment training regimens to account for nuanced non-verbal 
body language communication that occurs during training. Here, the research 
would focus on identifying observable and measurable handler movements as envi-
ronmental stimuli and the behavioral responses that occur as a result (Waterbury 
and Schultz 2022). 

When considering research in the field of canine olfactory detection, one should 
bear in mind that canines are cognitive, learning beings, and that not all canines
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possess the same capabilities due to differences in training methodologies, expo-
sures to odor mixtures, and operational experiences. Care should be taken not to 
characterize canines based on only a small sample size or over-generalize results 
from a group of canines trained in a particular way or with certain past experi-
ences, to a different group of canines with other past experiences. For example, 
just because one group does not produce favorable results it should not mean that 
all canines are not capable of performing that particular task. It may simply mean 
that the wrong set of canines was selected for the study. Conversely, equal consid-
eration should be given to research that does show favorable capability in that we 
should not assume that all canines can perform to the same standard based on the 
same reasons mentioned previously or if they are not trained accordingly to accom-
plish the task. Making broad conclusions from small sample sizes or a select group 
of canines can be dangerous. However, such studies do provide valuable informa-
tion for proof-of-concept and serve as good launching points for future research. 
For this reason, the courts have determined that a canine’s reliability should be 
evaluated on a case-by-case basis and have provided a framework by which they 
should be evaluated. Canine substance detection has proven to be an invaluable 
tool in the forensic practitioner’s toolbox and although there has been a quest for 
research and dedicated teamwork between laboratory scientists and canine detec-
tion professionals, the heightened scrutiny of forensic evidence calls for continued 
validation and globally recognized standards to provide the full potential behind 
the wet nose. 

This is publication number 23.02 of the Laboratory Division of the Federal 
Bureau of Investigation. Names of commercial manufacturers are provided for 
information only and inclusion does not imply endorsement by the FBI of the U.S. 
Government. The views expressed are those of the authors and do not necessarily 
reflect the official policy or position of the FBI or the U.S. Government. 
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Detection of Human Diseases 
for Medical Diagnostics 

Astrid Concha 

Abstract 

For centuries, the medical community has recognized variations in human body 
odor as a symptom of diseases. The ability of dogs to detect human diseases 
using their sense of smell is linked to volatile organic compounds (VOCs). 
VOCs represent a wide range of chemicals, volatile at ambient temperature 
and pressure conditions, detectable in sweat, breath, urine, feces, and other 
fluids. In the last two decades, several peer-reviewed articles have been pub-
lished reporting scientific evidence demonstrating the effectiveness of dogs in 
the detection of a variety of human diseases. Biomedical detection dogs have 
shown their ability to detect VOC signatures associated with human diseases 
as well as support the development of biomarker profiles for clinical diagnos-
tic instruments.This chapter highlights the current state of research evaluating 
dogs’ olfactory capabilities to detect human diseases. The majority of studies 
have evaluated dogs as detectors of a variety of forms of cancers including 
prostate, breast, lung, ovarian, bladder, and skin, among others. Similarly, a few 
infectious diseases have been assessed using detection dogs such as bacteriuria, 
clostridioides, and protozoal infections. Research on biomedical detection dogs 
has shown promising results, however, it is difficult to directly compare study 
results since they differ methodologically in many aspects. This chapter outlines 
key factors associated with training, testing, the type of odor sample materi-
als, and the dogs’ performance in terms of sensitivity and specificity. These 
key factors are used as points for comparison among the studies. Furthermore, 
methodological challenges and dogs’ individual characteristics are discussed to
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be monitored for the success of biomedical dogs as a screening tool for the 
early detection of human diseases. 

Keywords 

Biomedical detection dogs • Olfaction • Human diseases • Volatile organic 
compounds • Cancer 

1 Introduction 

For a wide range of animals, especially social species, there is evidence showing 
their ability to recognize health status of their conspecifics through olfactory cues 
(Kavaliers et al. 2005; Arakawa et al. 2009). This olfactory communication not 
only allows the receiver individual to detect health status of potential rivals and 
mates, but also to detect those sick (Kiesecker et al. 1999; Arakawa et al. 2011; 
Ferkin 2018). Thus, the detection of olfactory cues indicating illness would enable 
the receiver to avoid potential infectious transmission. Nevertheless, the behavioral 
response of the healthy receiver toward a sick individual may vary from displaying 
social avoidance to affiliative behaviors (Renault et al. 2008, 2008; Boillat et al. 
2015; Willette et al. 2007; Aubert and Richard 2008). 

In the human medical community, variations in human body odor have been 
used as a symptom for the diagnoses of diseases for centuries. Physicians often 
came to recognize odors associated with specific diseases, for instance, a sweetish 
odor is described in cholera, sweet-fruity acetone-like breath suggesting unbal-
anced diabetes, a stale beer odor associated with tuberculosis, and a fishy reek with 
liver diseases (Phillips 1992; Shirasu and Touhara 2011). The ability of humans 
to diagnose disease by smelling has only rarely been the subject of quantitative 
studies. Observational studies have shown that healthy individuals perceive the 
body odor (e.g., axillar, saliva, and urine) of sick people as more intense and 
aversive compared to healthy ones (Moshkin et al. 2012; Olsson et al. 2014; Gor-
don et al. 2008). However, the ability to discriminate human body odor between 
healthy versus ill people depends on the degree of sickness symptoms, type of 
trigger of illness response, and multisensory integration combining sight and smell 
(Regenbogen et al. 2017). 

A famous case reporting human capacity to smell disease in people is Joy 
Milne, a 72-year-old woman from Scotland, who noticed changes in her hus-
band’s body odor, primarily around his shoulders and the back of his neck. As 
the years passed, he was eventually diagnosed with Parkinson’s disease. Joy Milne 
has hereditary hyperosmia (i.e., a heightened or increased sense of smell), a rare 
condition that gives her superior olfactory abilities compared to the normal human 
population. Humans are considered to have a poorly developed sense of smell that 
is clearly inferior to some nonhuman animals. This is probably, at least in part, 
why animals such as dogs have been employed to assist in the detection of human 
diseases (Edwards et al. 2017).
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The first publication regarding the olfactory ability of dogs to detect human dis-
eases was reported in The Lancet by Williams and Pembroke (1989). The authors 
described a case of a Border Collie and Doberman Pincher cross that sponta-
neously showed an inordinate interest in sniffing a skin lesion on the owner’s 
leg, which thereafter was removed, and was found to be diagnosed as malignant 
melanoma. A decade later in the same journal, Church and Williams (2001) not 
only reported another anecdotic case of a pet dog constantly sniffing at a patch of 
eczema on his owner’s thigh, which after excision was histologically diagnosed as 
a carcinoma, but also mentioned for the first time a dog trained for the detection 
of skin cancers suggesting that the dog’s ability to detect unique odors of certain 
cancers can be taught and, therefore, it should be investigated through rigorously 
controlled experiments. In 2004, the first two experimental studies were published 
providing proof of the principle that dogs could be trained to detect cancer odors. 
Pickel et al. utilized two dogs already trained in explosive detection and hunting 
and trained them to detect samples from melanoma tissue. Following the training, 
dogs were tested sniffing at the skin of seven patient volunteers with some clini-
cal suspicion of skin melanoma, showing high accuracy in confirming six positive 
patients out of seven (subsequently biopsy-proven). Similarly, Willis et al. pub-
lished a controlled, blinded study where six trained dogs performed better than 
chance alone in detecting and discriminating bladder cancer urine samples from a 
range of controls obtained from age-matched diseased and healthy subjects. 

These studies provided a benchmark and starting point for investigating the use 
of medical detection dogs. Over the past two decades, the scientific evidence has 
increased showing that trained dogs can successfully detect a variety of human dis-
eases including different types of cancers such as skin (Picket et al. 2004), bladder 
(Willis et al. 2010), lung (Riedlova et al. 2022), prostate (Guest et al. 2021), breast 
(Kure et al. 2021), cervical (Yamamoto et al. 2020), ovarian (Horvath et al. 2010), 
and colorectal (Schoon et al. 2020), as well as diseases cause by virus, bacterial, 
and parasite diseases such as COVID-19 (Sakr et al. 2022), clostridium difficile 
(Bomers et al. 2012), urological infections (Maurer et al. 2016), and malaria (Guest 
et al. 2019). 

The ability of dogs to detect diseases using their sense of smell is linked to 
volatile organic compounds (VOCs). VOCs represent a wide range of chemi-
cals, volatile at ambient temperature and pressure conditions, detectable in sweat, 
breath, urine, feces, and other fluids. These VOCs are in general the end prod-
ucts of metabolism of carbohydrate and lipid, aerobic and anaerobic fermentation 
processes of microbial pathogens/commensals, produced by the body in response 
to microbial infections (e.g., inflammatory response), oxidative stress, glandular 
secretion, and external absorption, which result in the complex mixture compo-
sition of the human odor. In addition, VOCs emitted from different areas of the 
human body vary with age, sex, diet, genetics, and physiological/metabolic body 
status (Shirasu and Touhara 2011). 

The investigation of VOCs using both instrumental methods such as SPME/ 
GC–MS (solid-phase microextraction/gas chromatography-mass spectrometry) has
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Table 1 Comparison of 
potential advantages and 
disadvantages between 
detection dogs and mass 
spectrometry (MS) methods 
for screening of human 
diseases (modified from 
Lippi and Haney 2019) 

Characteristics Dogs MS 

Initial cost ++ +++ 

Operating costs + ++ 

Environment adaptation + +++ 

Portability +++ −/+ 

Pre-analytical sample precautions + +++ 

Efforts for calibration (or dog training) +++ + 

Standardization − +/++ 

Possibility of quality control assessment −/+ +++ 

Early diagnosis ++ + 

Overall diagnostic performance +++ +++ 

Inter-assay (or individual) imprecision +++ + 

shown correlation between the pattern and concentration of VOCs with some dis-
eases, and therefore biomarkers from these VOCs can be developed (Phillips et al. 
2004; Siegel et al. 2017; Probert et al. 2009; Hakim et al. 2012; Lima et al. 2019; 
Guest et al. 2021; Giró Benet et al. 2022). Biomarkers are defined characteris-
tics that are measured as indicators of biological and pathological processes in the 
human body. These biomarkers can be obtained from blood, urine, breath, sweat, 
etc. (Farha and Salami 2022). 

Biomarker VOCs not only provide a non-invasive and rapid method of diag-
nosis, but also may reflect disease progression and response to therapeutic 
intervention. However, despite progress in the identification of medical biomark-
ers using instrumental techniques, a wide practical use is still limited by costs 
and by the interfering effect of non-disease specific related VOCs present in the 
sample (e.g., breath and urine) such as inflammatory or metabolic products, but 
also physiological factors such as dietary and smoking habits (Fischer et al. 2015). 
Although the practical and wide application of dogs to assist in the diagnosis of 
human disease is still far from a routine screening method, scientific evidence has 
demonstrated the potential advantages of dogs over instruments (Table 1; Lippi 
and Heaney 2020). For instance, dogs’ mobility enables detection in different sites 
outside of a laboratory and the response given by a dog to a positive sample is of 
a binary nature, meaning that it is a yes/no response facilitating results interpreta-
tion and data collection (Jezierski et al. 2015). Another advantage of using dogs 
for medical diagnosis of human diseases relies on the combination of the acuity 
of their sense of smell, such as threshold detection sensitivity (e.g., Concha et al. 
2014), together with their ability to recognize subtle variations in odor background 
(Guest et al. 2020), and to learn by associative learning of odors leading to olfac-
tory representation of a complex mixture of VOCs (Pirrone and Albertini 2017). 
The olfactory representations are the neural characterizations on which olfactory 
decisions are based and are processed by multisensorial cortical pathways (Invitto 
et al. 2019). Thus, olfactory representations are of features of molecules rather than
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of molecule identity per se (Weiss et al. 2012). This gives dogs a unique charac-
teristic over instruments as an odor profile of a human disease might depend on a 
combinatorial mixture in perceptual representation rather than the identification of 
a mixture of molecules. Indeed, the study performed by Guest et al. (2021) using 
a multiparametric approach to create a non-invasive urine diagnostic method for 
prostate cancer showed that there may be information synthesized by trained dogs 
related to cancer odor signature that may not be identified by molecular currently 
available biomarkers analysis (e.g., GC–MS). The authors describe “the challenge 
remains on how to port canine intelligence into machine olfactors.” 

In general, biomedical or medical detection dogs are trained and tested under 
laboratory settings to search a determined number of odor samples collected from 
patients and healthy volunteers using exhaled breath, blood serum, urine, etc. The 
dog discriminates between the target sample (i.e., the conditioned odor of a human 
disease) and non-target samples (i.e., control odors) using a reward-based approach 
with food or toy rewards. Odor samples are placed next to each other on a non-
restrictive searching system such as multichoice carousel and line-ups (Concha 
et al. 2019; Willis et al. 2004; Guest et al. 2021). The dog has to identify the 
target sample by showing a trained alert response (e.g., sit or down) and ignore 
the non-target samples. In a biomedical detection scenario, dogs detect disease 
biomarkers in human samples, which may relate to a particular cancer, bacterial 
or viral infections. 

In the last two decades, several peer-reviewed articles have been published 
reporting scientific evidence demonstrating the effectiveness of dogs for the detec-
tion of a variety of human diseases. Biomedical detection dogs have shown 
their ability to detect VOC signatures associated with human diseases as well 
as support the development of biomarker profiles for clinical diagnostic instru-
ments. However, it is difficult to directly compare study results since they differ 
methodologically in many aspects even when the same type of disease has been 
investigated; for instance, studies in lung cancer patients have been performed 
using breath, urine, and blood samples (e.g., Buszewski et al. 2012; Amundsen 
et al. 2014; Riedlova et al. 2022). These methodological differences are expected 
since the first decade of experiments in this field were focused on the dogs’ abil-
ity to detect different types of human cancers, which showed some evidence of 
experimental reproducibility (see review Moser and McCulloch 2010). Since the 
last decade, studies not only began to investigate the use of dogs for the detection 
of other human diseases such as bacteria (Maurer et al. 2016; van Bomers et al. 
2014; Davis et al. 2019a, b), viruses (Maughan et al. 2022; Sakr et al. 2022), and 
protozoa (Guest et al. 2019), but also how to develop a consistent training criterion 
for testing (Crawford et al. 2022). 

This chapter discusses the current state of research in medical detection dogs 
for human diseases including different types of cancers and infectious diseases.
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2 Cancer Detection 

Cancer is a leading cause of death globally, with one in five people developing 
cancer during their lifetime (World Health Organization). There were an estimated 
19.3 million new cases and 10 million cancer deaths in 2020 (Sung et al. 2021). 
Globally, the most frequently diagnosed cancer in women are breast and cervical 
cancers followed by colorectal and lung. Breast cancer and cervical also lead to 
the mortality rate. In men, prostate cancer is the most commonly diagnosed cancer, 
followed by lung, colorectal, and liver. Mortality is led by lung cancer followed 
by colorectal (Sung et al. 2021). According to the World Health Organization, at 
least 40% of all cancer cases could be avoided by prevention measures and further 
mortality could be reduced through early detection. Nevertheless, current early 
cancer detection is still limited, for instance, high-resolution scanning technologies 
and serum biomarker tests are highly accurate but can be costly and false positive 
results lead to unnecessary biopsy procedures. 

The initial interest in the possibility that dogs might be able to detect can-
cer in humans began with case reports of people’s pet dogs causing concern due 
to spontaneous excessive sniffing interest in skin lesions that were later deter-
mined to be cancerous (William and Pembroke 1989; Church and Williams 2001). 
Since then, vast robust scientific evidence has demonstrated the ability of dogs 
to screen samples from patients with different types of cancer from healthy and 
age-symptoms-matched controls including melanoma (Picket et al. 2004), bladder 
(Willis et al. 2004), lung (McCulloch et al. 2006), breast (McCulloch et al. 2006), 
colorectal (Sonoda et al. 2011), prostate (Gordon et al. 2008), ovarian (Horvath 
et al. 2008) and cervical (Yamamoto et al. 2020). 

Here we discuss a variety of studies performed to assess the ability of dogs 
to detect cancer in humans. As parameters of the dog’s detection accuracy, sen-
sitivity, and specificity are described. Sensitivity is defined as the proportion of 
disease-positive samples (i.e., true positives) identified as positives by the dog, 
while specificity refers to the proportion of disease-negative samples or controls 
(i.e., true negatives) that are accurately identified as negatives by the dog. In other 
words, sensitivity measures how good the dog is at identifying the patients with 
cancer, whereas specificity assesses how good the dog is at ignoring the non-cancer 
patient samples; low specificity indicates a high rate of false positive indications 
(i.e., the dog indicates a patient’s sample as cancerous/positive while it is negative). 

2.1 Prostate Cancer 

Prostate cancer is the second most frequent cancer and the fifth leading cause of 
cancer death among men, with an estimated 1.4 million new cases and 375,000 
deaths worldwide in 2020 (Sung et al. 2021). The current standard screening 
method for prostate cancer is the prostate-specific antigen (PSA) blood test rou-
tinely used as an indicator, not diagnostic. Although PSA accuracy in symptomatic 
patients has been reported as high sensitivity and low specificity in the detection
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of prostate cancer, published scientific evidence shows that the sensitivity of PSA 
in symptomatic patients is unknown and likely to be lower than reported (Mer-
riel et al. 2022). The low specificity of PSA tests results from false positives from 
non-cancer conditions affecting the prostate such as prostatitis and benign prostatic 
hypertrophy leading to unnecessary prostate biopsy. Given the limitations of PSA, 
additional diagnostic is needed for early accurate detection. Biomarkers of prostate 
cancer have been studied for the development of more specific and non-invasive 
methods of diagnosis and prognostic. Several molecular biomarkers are currently 
commercially available using different sample sources, such as serum, tissue, and 
urine. Further evaluation is needed for the selection of the appropriate biomarker 
depending on the clinical scenario (Farah and Salami 2022; Fujita and Nonomura 
2018). 

A potential non-invasive tool to assist in the improvement of prostate cancer 
diagnosis is trained detection dogs. To the best of the author’s knowledge, six 
peer-reviewed publications on prostate cancer detection by trained dogs have been 
published so far (Table 2). The first study was published by Gordon et al. (2008), 
where four dogs were trained to detect urine samples from a patient with prostate 
cancer among six samples from healthy volunteers (age and sex-matched). The 
dogs were trained by their owners at different locations using clicker training and 
food as a reward for alerting the cancer samples. The results showed a success rate 
of 18%, none of the dogs performed significantly better than chance in identifying 
the positive cancer samples (sensitivity) and two dogs did better than chance in 
recognizing all the control samples as being negative (specificity). The authors 
mentioned that better management of the urine samples should have been done, 
but they do not discuss more about the reason for this statement and whether 
this might have been due to the storage conditions or sample handling. The urine 
samples were stored for a maximum of 5 months at −20C and then stored in 
freezers at the trainer’s home for an undefined time. This management could have 
affected the quality of the urine samples as pH changes resulting from variations 
in C02 concentrations by freezing procedures and therefore, it is recommended 
that urine samples should be frozen at −20C and transferred to lower storage 
temperatures (−80C) within a week (Rist et al. 2013). Another reason for these 
unsatisfactory results discussed by the authors is a lack of a more rigorous training 
protocol for dogs. This could suggest that the training quality done by the owners 
could have been different, for instance in terms of timing and unintentional cues 
given to the dog. Furthermore, these results could also have been due to behavioral 
differences among the dog breeds trained for the study (Chihuahua mix, Pembroke 
Welsh Corgi, Goldendoodle, and Border Collie).

Cornu et al. (2011) used a Belgian Malinois belonging to the French Army Vet-
erinary Department. The dog was professionally trained to detect prostate cancer 
in urine samples based on operant conditioning using a clicker and a ball as a 
reward for alerting to a positive sample. After the training phase of 16 months, a 
double-blinded test was performed; the dog discriminated one positive cancer sam-
ple among 5 controls (age and symptom matched). A total of 33 positive prostate
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cancer samples against 33 controls were screened by the dog, positively identify-
ing 30 out of the 33 cases (91% sensitivity). The dogs only made 3 false alerts 
(i.e., performed the trained alert response on non-cancer sample), however, one of 
these samples that initially was classified as healthy control was diagnosed with 
prostate cancer after biopsy was taken, confirming the dog’s positive indication as 
correct. Despite only one dog being trained and tested, this study provided success-
ful evidence in the detection of prostate cancer using urine samples. The authors 
indicated that some confounding factors in the study were the limited number of 
samples and the fact that they only selected positive patients and healthy controls 
over 50 years old, suggesting that results might not be generalizable to a wider 
population, therefore limiting the potential for clinical application. 

A later study by Elliker et al. (2014) trained ten dogs using clicker training with 
a food reward to detect a wide range of urine samples from patients diagnosed 
with prostate cancer and controls all collected from Addembrooke’s Hospital in 
the United Kingdom. The use of only one location for sample collection aimed 
to eliminate contamination or changes in the background odor associated with 
the ambient air of the clinical settings from where samples are collected. Dogs 
were trained to detect one positive cancer sample among 3 controls. A total of 50 
prostate cancer samples with different degrees from small tumors to metastasized 
cancers, and 67 controls including healthy and matched symptom volunteers. Only 
two dogs (out of 10) succeeded in training, a 9-year-old Labrador and a 3-year-old 
Border Collie. The authors mentioned that the dogs failed to progress in training 
because they did not have optimal temperament for this type of detection task, 
though these dogs were recruited from a pool of dogs attending classes at a dog 
training center and were selected based on the professional opinion of dog trainers 
or behavioral scientists. The two remaining dogs were double-blind tested using 
31 cancer samples and 93 controls. Dogs failed to indicate positive samples more 
frequently than expected by chance with a sensitivity of 13–25%, but specificity 
was relatively high (71–75%). Authors discussed that the unsatisfactory results 
could be the consequence of the memorization of samples used during the training 
phase and therefore, dogs were not able to generalize to a new sample set. A few 
studies have investigated dogs’ capacity to remember odors; we know that dogs 
can learn 10, 20, and 40 different odors and retain them with an accuracy between 
80 and 100% even after an interval of several months (William and Johnson 2002; 
Ka-ho et al. 2020; Waggoner et al. 2022). Thus, the maximum number of odors 
that a dog could learn to detect and memorize is still an open scientific question. 

Taverna et al. (2015a, b) used two, three-year-old German Shepherds explo-
sive detection dogs, and trained them to detect prostate cancer in urine samples 
using clicker training. Dogs were tested using 920 urine samples, 362 positive 
prostate cancer, and 540 controls. To identify confounding factors, prostate can-
cer samples were categorized into 5 groups as follows: (1) had been treated with 
surgery (n = 180), (2) had increased serum PSA (>2.5 ng/ml) and histological 
diagnosis of prostate cancer (n = 120), (3) had prostate cancer detected inciden-
tally (n = 22), (4) had metastatic prostate cancer or received hormonal therapy (n 
= 29), and (5) had primary prostate cancer and another tumor (n = 11). Control
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samples included: (1) 120 samples from female volunteers including (i) healthy 
nonpregnant younger and older women (n = 50) and (ii) women with nonneo-
plastic conditions such as urolithiasis, neurological or metabolic disorders, urinary 
infections, and other cancers (n = 72); (2) 320 samples from males that were i) 
healthy and young (n = 60); (ii) older with no family history of prostate cancer, 
PSA < 2.5 ng/mL, and did not have urological or system disease (n = 240); (iii) 
treated with transurethral prostate resection for benign prostate hyperplasia (n = 
40); (iv) non-prostatic cancer (n = 78). Controls from females against prostate 
cancer samples were used in the first phase of training to avoid dogs getting con-
fused or learning to detect other non-prostatic cancer VOCs. The use of opposite 
sex has been avoided in other studies as dogs may be able to detect VOCs that 
differentiate males from females (Willis et al. 2004; Mazzatenta et al. 2021). This 
training protocol may have facilitated better discrimination and learning to detect 
specific VOCs associated with prostate cancer and therefore, successfully identify-
ing the correct samples among controls. In the double-blind test phase, six samples 
were searched by the dogs, but the number of positive prostate cancer presented in 
each run varied from 0 to 6, meaning that blank runs or empty lineups which con-
tained only controls (i.e., the positive target sample is not present) were presented 
to the dogs, and in other runs the whole lineup included only positive cancer sam-
ples without controls. This was the first study describing the use of blank runs 
or empty lineups in cancer detection dogs. A blank run trains the dog to avoid 
expecting to find a target every time, which may reduce the occurrence of taking 
a chance. 

To reduce the likelihood of memorization of odors by the dogs, 55.25% (n = 
200) of the positive prostate samples used during training were not reused during 
the testing phases. Similarly, 42.59% (n = 230) of the controls were not reused. 
The first dog achieved a sensitivity of 100 and 98.7%, specificity, and for the sec-
ond dog sensitivity was 98.6% and specificity of 97.6%. Interestingly, when female 
controls were excluded the first dog’s sensitivity dropped to 98%, and specificity 
did not show variation. Likewise, when controls of 45-year-olds were included the 
second dog slightly dropped in sensitivity and specificity to 96.9 and 96%, respec-
tively. This study did not find an association between dogs’ performance and the 
prostate cancer stage, nor different therapeutics that patients underwent. 

Another study in prostate cancer detection also showed a high sensitivity 
(93.5%) and specificity (91.6%) using a 15-month-old German Shepherd, which 
was previously trained in scent work and obedience since the dog was 7 months 
old (Urbanova et al. 2015). This study showed that a dog can be trained as a 
biomedical detection dog from a young age to avoid undesirable behaviors aris-
ing from other trainings with different aims that could interfere with this type of 
detection task. However, as described by the authors, a motivated young dog can 
also bring some challenges such as inattentiveness and restlessness while working. 

Finally, a more recent study by Guest et al. (2021) used a multiparametric 
approach to investigate a more effective and non-invasive early diagnostic method 
for the highly aggressive histology of prostate cancer (e.g., Gleason 9). This study
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combined medical detection dogs, VOCs, microbiota (i.e., group of microorgan-
isms associated with a specific niche (Banerjee and Robertson 2019)), and profiling 
analysis as well as artificial neural network (ANN) trained to emulate the dog 
olfactory capability. Two dogs, a four-year-old Labrador and a seven-year-old 
Wire-Haired Hungarian Vizsla previously trained to detect prostate cancer in urine 
samples from a single source (positive and control samples collected from Milton 
Keynes University Hospital, UK) were trained using samples from another source. 
These samples included 7 positive prostate cancer (Gleason 9) and 21 controls. The 
dogs were able to detect Gleason 9 prostate cancer versus biopsy-negative controls 
with a sensitivity of 71.4% for both the dogs, and specificity of 76.2% in dog 1 
and 70% in dog 2. This study identified differences in VOCs between cancer and 
biopsy-negative controls using gas chromatography–mass spectroscopy (GC–MS). 
Nevertheless, there were no differences in the microbiota profiling except by 16S 
rDNA sequence between the positive and negative samples. Finally, the trained 
ANN identified regions of interest in the GC–MS database on the dogs’ detec-
tion performance. Results suggested that there may be information synthesized by 
the dog regarding the cancer VOCs that may be identified by conventional single 
molecular biomarker analysis. This is the first study providing evidence of the use 
of medical detection dogs together with a multiparametric approach to develop 
machine-based olfactory diagnostic tool for prostate cancer. 

2.2 Breast Cancer 

Female breast cancer is the fifth leading cause of cancer mortality worldwide. 
It was the leading cause of global cancer incidence in 2020, with an estimated 
2.3 million new cases, equivalent to 11.7% of all cancer cases (Sung et al. 2021). 
Mammography (MG) is currently the most common screening test for breast can-
cer, with a reported sensitivity of 77% and specificity of 91% (Ohuchi et al. 2016) 
and it is known to be less sensitive in dense breast (Tohno et al. 2009). A non-
invasive method for the diagnosis of breast cancer would be VOC biomarkers 
(Yuan et al. 2019; Huang et al. 2016; More et al. 2018). Phillip et al. (2010) ana-
lyzed breath VOCs in 54 women diagnosed with breast cancer and 204 cancer-free 
controls using GC–MS. They found a set of VOCs that differed between positive 
and control breath samples with a sensitivity of 78.5 and 84.4% specificity. Like-
wise, volatile organic metabolites (VOMs) were investigated in urine collected 
from 26 patients with breast cancer and 21 healthy controls. Six VOMs among 
79 selected were statistically different between positive and control patients (Silva 
et al. 2012). 

To date, four studies have evaluated the use of dogs for the detection of breast 
cancer in women using VOCs contained in exhaled breath and urine samples 
(Table 3). The first study published was done by McCulloch et al. (2006), where 
breath samples were collected using cylindrical, polypropylene, organic vapor 
sampling tubes (Defencetek, South Africa), which contained a silicon oil-coated 
polypropylene wool fiber that capture the VOCs in exhaled breath. A total of 
31 positive breast cancer samples and 83 healthy volunteers (not age/symptom
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matched) were available for use in training. Five dogs, three Labrador Retriev-
ers and two Portuguese Water Dogs, were trained using clicker training with a 
food reward to detect both breast and lung cancer for three weeks. Following the 
training phase, a single-blind and then double-blind tests were performed; in both 
experiments, dogs alerted to one positive cancer sample among 4 controls. All 
samples used in the double-blinded test were a completely different set of subjects 
not previously encountered by the dogs. A total of 6 breast cancer-positive samples 
and 17 controls were used for the double-blind test. A difference from the previous 
training and the single-blind test was that the dogs were not rewarded when a pos-
itive sample was alerted to. After performing the trained alert response, the dogs 
were removed from the room and praised outside. This study found a sensitivity of 
88% and specificity of 98%. The detection sensitivity for breast cancer was 10% 
lower than for lung cancer performed with the same dogs. Authors discussed that 
the specificity found in this study may be overestimated as they used only healthy 
controls. It is argued that dogs could have learned VOCs associated with the cancer 
process such as inflammation, necrosis, and infections. Therefore, further research 
should include symptom-matched samples. This study was the first one introduc-
ing the use of exhaled breath samples for cancer detection by dogs. Confounding 
factors that should be taken into consideration when using breath samples include 
smoking habits, dental infection, diabetes, and food as these can influence the 
VOCs present in the sample beyond the presence or absence of cancer.

Gordon et al. (2008) was the first study investigating breast cancer detected in 
urine samples. Six dogs were trained by their owners to detect one breast cancer-
positive sample among six healthy controls (age and sex matched). In the testing 
phase, a total of 18 runs were carried out. However, none of the six dogs per-
formed better than chance, the mean sensitivity was 22%. Similarly, two out of six 
dogs showed specificity better than chance, with a mean of 33.3%. One possible 
explanation for the unsatisfactory results of this study is the underlying variation 
in disease aggressiveness within the pool of patient samples presented to the dog. 
Very different results were obtained by Kure et al. (2021), overall showing both 
sensitivity and specificity of 100% in a double-blind setting. In this study, a 9-
year-old Labrador Retriever trained to detect several types of human cancers was 
trained for 12 months to detect breast cancer in urine samples (Sonoda et al. 2011). 
Interestingly, the authors mentioned that under certain stressful conditions such as 
high temperature (26.3–26.8 °C) and high humidity (83% RH) the dog detection 
test could not be conducted because the dog could not focus on the task. A recent 
study in detection dogs showed that temperatures over 26.6 °C (80 °F) and humid-
ity of 40% increase the time for a dog to engage in a search task and there is 
substantial reduction of search performance (DHS S&T 2022). Kure et al. (2021) 
bring up evidence that adjusting training and testing to the dog’s needs, such as 
reducing training time or avoiding training during high temperature, results in 
performance with higher sensitivity and specificity. Authors also suggested that 
biomedical dogs should be trained in different conditions to habituate them to a 
variety of environments when the aim is operational scenarios.
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2.3 Lung Cancer 

Lung cancer is the second most commonly diagnosed cancer and the leading cause 
of cancer death in 2020, with an estimated 2.2 million new cancer cases and 1.8 
million deaths. Lung cancer represents approximately 1 in 10 cancers diagnosed 
and 1 in 5 deaths. Lung cancer is the leading cause of mortality in men, while 
in women, it is the second cause of cancer deaths after breast cancer (Sung et al. 
2021). Unfortunately, the lack of symptoms at early stages of the disease that 
would warn the patient to visit a doctor results in a poor prognosis (Christensen 
et al. 1997). An early diagnosis is fundamental to improve the five-year survival 
rate. If lung cancer is diagnosed earlier the rate of survival could increase to 70, or 
54% when the cancer is still localized, but only 15% are identified at an early stage 
(American Cancer Society). The current diagnosis of lung cancer includes differ-
ent types of imaging, such as low-dose computed tomography (LDCT), which has 
shown a sensitivity of 85% and specificity of 99% (Horeweg et al. 2014). Never-
theless, the overall false positive rate has been found to be between 81 and 96% 
(Gartman et al. 2018). This high false positive rate results in costly screening and 
invasive procedures (e.g., biopsy) in patients free of lung cancer. Another com-
mon method of diagnosing is the cytological examination of sputum which has 
been found to be a helpful screening method for early detection, however, periph-
eral tumors can be missed (e.g., adenocarcinoma arising from smaller airways) 
when this diagnostic method is used. The early diagnosis of lung cancer remains 
a challenge because most of the available clinical methods can detect cancer in 
advanced stages. Although biomarkers for lung cancer are an emergent field, more 
studies are needed to validate their use consistently (Nooreldeen and Bach 2021). 
Therefore, regular non-invasive and low-cost screening for the early diagnosis that 
facilitates a successful therapeutical intervention for reducing the mortality rate is 
still needed. 

Studies investigating detection dogs for lung cancer screening started with 
McCulloch et al. (2006) (Table 4), where the same five dogs trained to detect 
breast cancer in exhaled breath samples were also trained in lung cancer follow-
ing the same procedure (see Sect. 2.2). Dogs were tested in a double-blind trial 
to discriminate 55 non-small cell lung cancer (NSCLC) patients from 83 healthy 
controls. The overall sensitivity and specificity were both 99%, and no significant 
difference was found in detection accuracy among the dogs across the stages of 
lung cancer samples (i.e., stages 1–4 of adenocarcinoma and stages 2–4 of squa-
mous cell carcinoma). The results of this study suggest that dogs may be able to 
detect early preclinical stages of lung cancer. These results contrast those reported 
by Walczak (2009) using the same breath sample polypropylene tubes (Defencetek, 
South Africa); 3 Labrador Retrievers were trained and tested, finding a sensitiv-
ity of between 53 and 58% in detecting lung cancer. This study evidenced that 
collecting exhaled breath samples from cancer patients outside of hospital rooms 
significantly decreased the odds ratio for positive indication by dogs and increased 
the odds ratio for false indication of healthy controls. Confounders can be a conse-
quence of a characteristic “hospital odor” derived, for instance, from disinfectants
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or other odors in the room. These background odors can become part of the “odor 
signature” learned by the dog to discriminate positive samples from controls. To 
minimize background variability, controls should be collected from the same clin-
ical environment as target odors and ideally at the same time. When this is not 
possible, maximum variability should be done to make sure that the dog is learning 
only the “disease” odor regardless of the background odor (Edward et al. 2017).

Another study in lung cancer detection by dogs by Ehmann et al. (2012) 
reported that trained dogs successfully discriminated lung cancers from chronic 
obstructive pulmonary disease (COPD) in breath samples. COPD is character-
ized by lung function deterioration, chronic airway inflammation, and structural 
changes in lung parenchyma (Bollmeier et al. 2020). Four family dogs were trained 
by a professional dog trainer for six months using reward-based training to indicate 
lung cancer in breath samples collected using cylindrical glass tubes closed at both 
ends by removable caps (Gassner Glastechnik GmbH, Germany). The tubes were 
filled with polypropylene fleece (one hydrophilic and one hydrophobic) that were 
impregnated with silicone oil to have either hydrophilic or hydrophobic absorbing 
properties. Three double-blind tests were performed to assess the dogs’ ability to 
(1) detect positive samples of lung cancer patients (n = 25) among four healthy 
controls (n = 50); (2) discriminate lung cancer from COPD patients (n = 50); and 
(3) discriminate lung cancer from a mix of healthy controls and COPD patients. 
Overall sensitivity was 71% and specificity 93%. They found that dogs’ perfor-
mance was not affected by people’s smoking and nutritional habits. However, the 
authors reported potential confounders resulting from medications used by patients 
such as metoclopramide, verapamil, metoprolol among another six drugs. Montes 
et al. (2017) followed the same methodology for sampling exhaled breath to train 
and test a three-year-old Labrador–Pitbull cross to detect lung cancer. The dog was 
exposed 785 times using 85 cancer-positive patients and 28 controls (11 patients 
without lung cancer and 17 healthy volunteers) showing an overall sensitivity of 
95% and specificity of 98%. 

Less optimistic results were obtained by Amundsen et al. (2014) investigating 
whether dogs can discriminate patients with malignant lung cancer from those 
with different benign lung conditions, including small cell lung cancer (SCLC), 
non-small-cell lung cancer (NSCLC), non-lung cancer (pulmonary, mesothelioma, 
carcinoid, and lung metastasis from other primary neoplasm), and non-cancer. 
Patient samples were collected from exhaled breath using sterile exhalation fil-
ters (Breath Filter Allegro Medical Inc, US) and urine samples. Four dogs were 
trained, a Belgian Shepherd, Border Collie, Dachshund, and a Rottweiler. Dogs 
were exposed to detect one positive cancer sample among 0–6 control samples 
placed in a circle. In an interim analysis of the first 46 patients, sensitivity was 
70% for non-small-cell lung cancer (NSCLC) and 55.6% for small-cell lung can-
cer (SCLC), while the specificity for both lung cancer types was 8.3%. After 
intensive training, detection sensitivity for NSCLC decreased to 60% and speci-
ficity increased to 33.3%, whereas sensitivity for SCLC increased to 100% and 
specificity also increased to 33.3.%. Results of the double-blind tests showed a 
sensitivity between 56 and 76% and specificity between 8.3 and 33.3%, whereas
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test results from urine samples showed an overall sensitivity of 73.6–64.2%, and 
specificity of 25–29.2%. The dogs could not clearly discriminate between malig-
nant and benign conditions during tests. The dogs were trained to discriminate lung 
cancer samples from healthy controls, but then tested with other non-malignant 
lung cancer symptom-matched controls; this suggests that dogs would need to 
have previous exposure to these samples to be able to have an olfactory percep-
tual learning to discriminate between VOCs of malignant lung cancer from benign 
ones. 

Junqueira et al. (2019) investigated whether dogs can detect NSCLC from 
healthy controls using blood serum. Four two-year-old beagles were trained to 
detect one positive sample of lung cancer among four controls using clicker train-
ing and food reward for eight weeks. Authors reported that one dog was eliminated 
from the study because she was poorly motivated and did not respond well to any 
training method used. Following training, the three remaining dogs were tested in 
a double-blind procedure using 10 new NSCLC and 40 control samples. The dogs 
were able to detect lung cancer in blood serum with an overall sensitivity of 96.7% 
and specificity of 97.5%. 

Similarly, Riedlova et al. (2022) compared the ability of dogs to detect lung 
cancer in blood serum and exhaled breath samples. A four-year-old Labrador 
Retriever and a five-year-old Australian Cattle Dog were trained to detect lung 
cancer-positive samples among three healthy controls in blood serum and urine. 
Following training, a double-blind test was performed using a set of 47 positive 
lung cancer samples and 41 healthy controls. Detection sensitivity using blood 
serum was found to be 69 and 62% in dogs 1 and 2, respectively, whereas speci-
ficity was 67 and 97%. Likewise, detection of lung cancer using breath samples 
showed a sensitivity of 62 and 75%, while specificity was 71 and 90% in dogs 1 
and 2, respectively. Authors discussed that the better detection performance of dog 
1 could have been because this dog was trained by an experienced dog trainer and 
for much longer than the second dog. According to the authors, the experience of 
the handlers, the selection of dogs, and the interaction between the handler and 
the dog are very important factors to be considered for obtaining good detection 
performance results. 

Three studies have been published investigating the identification of volatile 
organic compounds present in human breath using GC–MS methods compared 
with trained detection dogs. Buszewski et al. (2012) and Rudnicka et al. (2014) 
examined exhaled breath samples that were collected from 108 patients with lung 
cancer, 121 control healthy volunteers, and 24 patients with other lung diseases. 
They found that the concentration of acetone, isoprene, ethanol, 1-propanol, 2-
propanol, hexanal, and dimethyl sulfide were higher in patients with lung cancer 
than in healthy and non-cancer lung diseases. Buszewski et al. (2012) described 
that positive correlations were found between dog indications and the presence 
of ethyl acetate and 2 pentanone content in exhaled breath samples. The higher 
the concentration of these two compounds, the better they were indicated by the 
dogs. Contrary, the higher the concentration of 1-propanol and propanal in breath 
samples, the lower the percentage of correct indication by dogs. Rudnicka et al.
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(2014) showed that dimethyl sulfide is the main compound enabling differentiation 
between patients with lung cancer and healthy volunteers. They prepared synthetic 
samples based on the exhaled air of cancer patients. The indication of the synthetic 
samples by the trained dogs was significantly worse (21%) than the indication of 
breath samples from cancer patients (86%). Fisher-Tenhagen et al. (2018) trained 
four dogs to detect one positive lung cancer among three healthy controls. In this 
study, breath samples were collected by an absorber technique using polypropylene 
fleeces, developed based on the work of Ehmann et al. (2012). After three months 
of training, two dogs were removed from training due to their lack of progress 
in discriminated breath samples (n = 10). Two tests were performed (1) to detect 
positive lung cancer (n = 9) among healthy controls (n = 10), and 2) to investigate 
the dog reaction to synthetic air samples spiked with 1-butanol, 2-butanone, 2-
pentanone, and hexanal (n = 4) among healthy controls (n = 10). Results showed 
in test 1 a true positive rate of 9 out of 9 in dog 1, and 8 out of 10 in dog 2. 
Test 2 for both dogs indicated three out of four synthetic air samples as positives. 
Nevertheless, so far, no specific VOCs have reached clinical relevance for reliable 
recognition of lung cancer with sufficient sensitivity and specificity. The signature 
odor of human diseases learned by the dogs or even each individual dog maybe 
related to specific qualitative or quantitative olfactory perception produced by a 
mixture of VOCs (Buszewski et al. 2012; Guest et al. 2021). 

2.4 Colorectal 

More than 1.9 million new colorectal cancers were diagnosed, and 935,000 deaths 
were estimated to occur, in 2020. Colorectal cancer ranks third in terms of inci-
dence, but second in terms of mortality (Sung et al. 2021). Globally, it is one 
of the cancers in which the incidence is increasing, comprising 11% of all can-
cer diagnoses (Wong et al. 2020). Unfortunately, 20% of patients with colorectal 
have metastatic disease at presentation for health care, and 25% who present with 
localized cancer will later develop metastases. The most common methods of diag-
nosis of colorectal cancer are invasive and uncomfortable for the patients including 
colonoscopy, guaiac fecal occult blood test (gFOBT), optical colonoscopy, flex-
ible sigmoidoscopy, digital rectal exam, and fecal immunochemical tests for 
hemoglobin (FIT). 

To the best of the author’s knowledge only two peer-reviewed, published studies 
have used dogs for detecting colorectal cancer (Table 5). Sonoda et al. (2011) used 
an eight-year-old Labrador Retriever previously trained to detect several types of 
cancers including gastric, prostate, breast, bladder, and colorectal. For this study, 
the dog was tested to discriminate exhaled breath (n = 33) and watery stool (n 
= 37) cancer samples from healthy controls (n = 132 breath; n = 148 stools). 
The sensitivity and specificity in breath samples were 97 and 99%, whereas in 
watery stool samples were 97 and 99%, respectively. This study found a higher 
detection accuracy for early stages colorectal cancer, and there was no confounding 
by smoking habits, other colorectal diseases, nor the presence of hemoglobin nor
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transferrin in the stools. A recent study by Schoon et al. (2020) trained eight dogs 
to detect colorectal cancer using stool samples in an eight-choice carousel setup. 
This study investigated factors influencing the generalization of “colorectal cancer” 
odor signature to a new patient and control sample set, showing that monitoring 
the dogs’ learning curves in training allows to follow-up every individual dog 
and adjust training to determine an appropriate timing for testing. For example, it 
is expected that some dogs increase their false alert rate when new controls are 
introduced in the search, which seems to be because of trial-and-error learning 
by the dogs. The dogs would use the “new” odor for a while in their learning 
process until they learned to ignore it, but also it could be odor similarity with the 
positive samples including background odors. Thus, the dog would use trial-and-
error learning until able to learn the “cancer odor signature” and discriminate from 
the controls.

2.5 Cervical and Ovarian Cancers 

Cervical cancer is the fourth most frequently diagnosed cancer, with an estimated 
604,000 new cases. It is the fourth leading cause of cancer death in women 
with 342,000 deaths worldwide in 2020 (Sung et al. 2021). Cervical cancer is 
preventable primarily because of the Human Papillomavirus (HPV) vaccine and 
second by the screening prevention measures (annual Papanicolaou test or pap 
smear cytology). Nevertheless, an alternative, a non-invasive screening technique 
is still needed, and therefore, biomedical detection dogs can be a non-invasive and 
cost-effective screening tool for cervical cancers. 

Canine detection of cervical cancer was first published in 2017 by Guerrero 
Flores et al. (2017) (Table 6a); a Beagle previously trained in drug detection was 
trained to detect cervical cancer using biopsies. The dog was first tested using fresh 
cytological smears from patients with cervical cancer and then tested using med-
ical surgical bandage worn overnight in home by patients with invasive cervical 
cancer. This criterion was introduced to assess detection performance in samples 
with less cells available. Overall sensitivity of 92.78% and specificity of 99.1% 
was determined when a smear was tested (positive cancer smears = 97; healthy 
controls = 776), whereas a sensitivity of 96.36% and specificity of 99.5% was 
obtained when surgical bandages were tested (positive cancer = 55; healthy con-
trols = 440). This study demonstrates that surgical bandages like sanitary pads 
could be used to collect several body metabolites and cancer-related molecules, 
which would be an inexpensive and non-invasive method of sample collection. 
However, the surgical bandage was worn for several hours (overnight) and only 
patients with invasive cervical cancer were sampled, therefore the concentration 
of VOCs may have been high compared to healthy controls, which might have 
overrated the dogs’ performance. Yamamoto et al. (2020) used an experienced 
dog previously trained to detect other types of cancer in breath and urine samples 
(Sonoda et al. 2011). The dog was able to successfully discriminate urine sam-
ples from patients with cervical cancer (n = 83) from those with benign uterine
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diseases (n = 49) and healthy volunteers (n = 63) with an overall sensitivity and 
specificity of 100%.

Ovarian cancer is the 18th most common cancer overall in women, with an esti-
mated 313,000 new cases in 2020. Horvath et al. (2008, 2010, 2013) (Table 6b) 
investigated the use of dogs for ovarian cancer detection. Their first study involved 
one dog trained to detect ovarian carcinoma of different stages using tissue and 
discriminate it from other tissues including abdominal fat, muscle, bowel, and 
two pieces of healthy postmenopausal ovary. To optimize the samples, the ovar-
ian carcinoma tissue was placed next to a cotton wool pad into a closed glass for 
24–168 h, then the cotton pads were used as the target odor during training. It 
is unclear whether the same methodology was followed in the test and was also 
done with controls tissues. In the double-blind test, the dog discriminated between 
ovarian carcinoma (n = 20) and healthy tissues (n = 80) with a sensitivity of 
100% and specificity of 97.5%. This was the first study showing the ability of 
dogs to detect ovarian cancer, however, the use of histopathological samples as 
target odor and controls does not justify the use of dogs as screening method; 
histological samples are the confirmatory method of diagnosis. In their follow-up 
study (2010), blood and tissue samples were used as odor sources. Two dogs were 
trained (one dog used in the previous study), to detect ovarian carcinoma and 
borderline ovarian tumors. Tissue controls were similar to the described above, 
in addition to non-malignant cervical, vulvar, and endometrial carcinoma tissues. 
The dogs’ performance results using tissue showed a sensitivity and specificity of 
100 and 96% in dog 1, 100 and 94% in dog 2, respectively, while performance on 
blood samples resulted in a sensitivity and specificity of 100 and 96% in dog 1, and 
both 100% in dog 2. The authors concluded that the study strongly suggests that 
VOCs emitted by ovarian cancer samples are also present in the blood (plasma) 
taken from patients with the disease. Kane et al. (2022) used micro-preparative gas 
chromatography (MPGC) technology to separate VOCs from ovarian cancer and 
healthy plasma samples into three different fractions to identify potential biomark-
ers of the disease. These VOC fractions were presented to five dogs previously 
trained to discriminate between ovarian cancer and controls (healthy and benign 
ovarian tumors) in plasma. The duration of time spent by the dogs at the odor 
container port was measured to assess the presence of ovarian cancer VOCs in 
the fractionated samples. It was found that dogs spent significantly more time at 
the complete malignant VOC MPGC fraction, 0–15 min fraction, and 15–25 min 
fraction than the control sample, but there was no difference between the con-
trol sample and the 25–35 min MPGC fraction, suggesting that the VOCs that the 
dogs use to detect ovarian cancer in plasma may lie in these 0–25 range MPGC 
fractions. 

The retrospective study of Horvath et al. (2013) aimed to investigate how pri-
mary surgery and chemotherapy treatment may affect the detection of cancer odor 
by dogs. The same two dogs from the previous study were used. One group of 
blood samples was collected from patients who had between five and six courses of 
chemotherapy, demonstrating an overall sensitivity and specificity of cancer detec-
tion of 97.6 and 99.5%, respectively. In the second group, the blood samples were
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collected from new patients at three and six months after the last (sixth) course 
of chemotherapy. The dogs indicated 3 positive samples out of the 10 patients. 
Unfortunately, all three patients had cancer recurrence. Thus, studies show that 
detection dogs can be used to monitor prognosis and relapse. 

2.6 Bladder 

Bladder cancer is the 10th most diagnosed cancer worldwide, with an estimated 
573,278 new cases and 212,536 deaths in 2020. It is four times more common in 
men than in women. In men, it is the sixth most frequent cancer and the ninth 
leading cause of cancer death (Sung et al. 2021). 

Bladder cancer tissue can change VOC composition in urine by excreting 
metabolites directly into it, therefore, cancer biomarkers can be used for their 
diagnosis. Such a vision conceived the idea of training dogs to discriminate peo-
ple affected by cancer from those healthy by sniffing urine odor (Willis et al. 
2004). This was a starting point for research groups to investigate chromatography 
and mass spectrometry VOCs in urine samples to identify biomarkers of different 
types of cancer (Ligor et al. 2022). Several studies have found urinary VOC mark-
ers showing a sensitivity between 70–77.5% and specificity from 89 to 93.25% 
(Pinto et al 2021; Zhu et al. 2019). Furthermore, 76 specific metabolites in urine 
have been identified, the presence of which allows to differentiate bladder cancer 
from healthy controls (Zhou et al. 2017). 

The first study training dogs for the detection of bladder cancer was conducted 
by Willis et al. (2004) (Table 7). Six dogs were trained to discriminate between 
urine from patients with bladder transitional cell carcinoma from other urolog-
ical diseases and healthy volunteers. The authors used two methods of sample 
presentation to the dogs: urine liquid, and “dry urine,” which consisted of urine 
pipetted onto filter paper and placed into Petri dishes. After seven months of train-
ing, dogs were tested to detect one positive bladder cancer (n = 9) among controls 
(n = 54). Sensitivity of 50% was determined when urine samples were presented 
to the dog in liquid form, whereas it was 22% when “dry urine” was presented. 
This result was statistically better than the 14% that would have been expected 
by chance alone in a lineup of seven samples (1 positive cancer alongside 5 con-
trols). Authors reported that the multivariate analysis did not show confounding 
factors related to measurable characteristics present in urine (e.g., blood, leuco-
cytes, protein, ketones, etc.) and the selection of the urine samples by the dogs. 
In their follow-up research (2010), four dogs were used in a series of 30 double-
blind test runs, like the previous study one positive sample was placed alongside 
6 controls. The overall sensitivity was 64%, while the specificity of the dogs indi-
vidually ranged from 56 to 92%. The lower specificity was obtained when controls 
used were urine samples from old patients with non-cancerous urological diseases, 
whereas the higher specificity was observed when they were urine from healthy 
young volunteers.
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2.7 Malignant Skin Melanoma 

Melanoma skin cancer is less common than some other types of skin cancers, but 
it is more likely to metastasize. It was estimated to be 324,635 new cases and 
57,043 cause of deaths in 2020 (Sung et al. 2021). 

The first two reports of the ability of dogs to detect human cancer were in 
skin melanoma. Williams and Pembroke (1989) and Church and Williams (2001) 
reported anecdotal cases of untrained pet dogs spontaneously sniffing a skin lesion 
on their owners that after resection were histologically diagnosed as skin malig-
nant melanoma and carcinoma, respectively. Campbell et al. (2013) also reported 
a pet dog that licked persistently at an asymptomatic lesion behind the owner’s 
ear, which histology confirmed to be a malignant melanoma. These reports have 
inspired considerable research interest regarding dogs’ olfactory capability as a 
potential non-invasive method for diagnosing malignant melanomas in humans 
(Table 8). To prove that dogs can be trained to detect melanoma under an exper-
imental method, Picket et al. (2004) trained a Golden Retriever and a Standard 
Schnauzer, previously explosive detection dogs, to detect melanoma from tissue 
samples hidden in a lineup of boxes. As a following step in their training, the 
dogs reliably located melanoma tissue samples planted on the skin of healthy vol-
unteers as preparation for the test phase. Dogs were tested sniffing at the skin of 7 
patient volunteers with some clinical suspicion of skin melanoma in situ, showing 
an accuracy between 75 and 85.7%. The dogs detected melanoma in a patient that 
was considered negative in an initial pathological examination, being confirmed in 
a second examination. Walczak et al. (2009) trained three dogs to detect breath, 
lung, and melanoma cancers using breath samples. The detection sensitivity for 
melanoma ranged from 32.2 to 66.3%, being lower in comparison to the other 
cancers.

2.8 Other Human Cancers Detected by Dogs 

A proof of concept for the potential use of trained dogs to detect osteosarcoma was 
reported by Ortal et al. (2022). Two dogs previously trained for search and rescue 
were trained for 16 months to detect a cultured cell of patients with osteosarcoma; 
diluted osteosarcoma culture cells and saliva were used as the positive samples. 
For testing, four stations were used in a row containing either one cancer sample 
(from cell lines or saliva) and three controls or four control samples. Blind tests 
using the same sarcoma culture cell employed during training among two different 
controls showed a sensitivity of 97.65% (Dog 1) and 98.57% (Dog 2), and a speci-
ficity of 90.90% in dog 1, whereas dog 2 was less efficient in discriminating with 
a specificity of 84.78%. Authors removed dog 2 from the following trials. The 
estimation of the limit of detection of osteosarcoma samples using dilutions of 
1:5, 1:10, and 1:50 in the non-blinded tests showed a decrease in sensitivity from 
95.29 to 50%; similarly, specificity declined from 98.76 to 92.86%. The decrease 
in accuracy was greater when a dilution of 1:50 was tested.
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In a second test investigating six different osteosarcoma cell lines not previously 
exposed to the dog, sensitivity between 95 and 100% and specificity between 97.73 
and 100% was found. These results suggested that osteosarcoma cell lines share a 
common odor signature. Then, the author investigated whether this odor signature 
can be detected in saliva samples from patients with osteosarcoma. The dog was 
able to discriminate osteosarcoma from healthy controls with a sensitivity between 
98.46 and 100% and specificity from 99.22 to 100%. Altogether, this proof of 
concept showed that a dog can generalize osteosarcoma odor signature in cell lines, 
and this can be transferred to saliva samples, which may facilitate the development 
of rapid and cost-effective screening methods for early detection. 

3 Detection of Human Infectious Diseases by Dogs 

3.1 Bacteriuria 

Urinary tract infections are the most common hospital-acquired infections for 
all patients and early diagnosis is difficult to achieve. Thus, a research group 
investigated the use of dogs to improve strategies for detecting early stages of 
bacteriuria (i.e., the presence of bacteria in urine) before the infection becomes a 
serious illness in hospitalized patients. It was expected that dogs identify VOCs 
which can be bacteria-specific fingerprints. Maurer et al. (2016) trained five dogs 
for eight weeks to detect patients with bacteriuria (bacterial-culture positive > 
100,000 colony-forming units) among controls (bacterial-culture negative) in 1 ml 
of urine. Dogs were tested using new positive and control samples in double-
blind experimental conditions. The dogs accurately identified samples containing 
bacteria Escherichia coli (sensitivity 99.6%, specificity 91.5%), Klebsiella (sensi-
tivity 100%, specificity of 95.1%), Enterococcus (sensitivity 100%, specificity of 
93.9%), and Staphylococcus aureus (sensitivity 100%, specificity of 96.3%). This 
study showed evidence of using dogs for the detection of early stages of bacte-
rial infection that cause urinary tract infections. The authors anecdotally reported 
that one month after the study was done, one of the trained dogs spontaneously 
alerted to a person visiting the training center, the person visited the doctor, and a 
urine culture was performed on the next day and the presence of bacteriuria was 
confirmed. 

3.2 Clostridium 

Another nosocomial infection (hospital-acquired infection) is the Clostridium dif-
ficile, a Gram-positive bacterium, which causes symptoms such as formation of 
gas in the digestive system, diarrhea, and abdominal pain. Clostridium difficile is 
widely distributed in the intestinal tract of animals and humans and in the environ-
ment. Bomers et al. (2012) trained a Beagle to identify the presence of Clostridium 
difficile in stool samples absorbed in different materials and placed them in hidden
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places, and then tested in infected patients in a hospital setting. Sensitivity and 
Specificity were both 100% in identifying positive stool samples and 8% and 98% 
in hospital-infected patients. In the healthcare facility, the dog searched for posi-
tive patients by sniffing around them, there was no physical contact with patients. 
The dog correctly identified 25 out of 30 positive cases and 265 of 270 controls. 
The dog was able to detect Clostridium difficile in the air surrounding patients and 
the whole screening lasted less than 10 min. Thus, proof of concept showed the 
potential use of detection dogs in healthcare facilities to contribute to control and 
prevention of outbreaks. In a follow-up study (van Bomers et al. 2014) carried 
out during a Clostridium difficile outbreak in a hospital, the dog performed 651 
screenings involving 371 patients during 9 hospital visits. The dog identified 12 
out of 14 positive cases with 86% sensitivity and 97% specificity. 

Environmental reservoirs of Clostridium difficile have been implicated in out-
breaks, including the risk of a new patient acquiring this bacterium if a previous 
occupant of the room was infected with it (Bryce et al. 2017). Like the previous 
study, a dog was trained to detect odors released from pure culture and fecal sam-
ples of Clostridium difficile. Three container lineups (75 samples) and three clinical 
runs or room searches (53 samples) were conducted to test the dog. Sensitivity and 
specificity obtained from the container tests were 100 and 97%, respectively. When 
the dog was tested in clinical runs sensitivity was 67% and specificity was 91.5%. 
Dogs can be used for infection control and for assessing disinfectant and cleaning 
measurements in healthy facilities (Taylor et al. 2018). 

3.3 Pseudomonas 

Cystic fibrosis is a genetic disorder that causes abnormal thick secretion, which 
is not adequately cleared by the mucociliary system. This creates an environment 
for microbial colonization. The most prevalent bacterial infection is Pseudomonas 
aeruginosa. Davies et al. (2019a, b) investigated whether dogs can be trained 
to detect Pseudomonas aeruginosa in broth supernatant of bacterial culture. 
Three dogs were trained to discriminate Pseudomonas aeruginosa-positive sam-
ples among other bacterial and sterile broth. In this series of four tests, dogs 
were able to detect Pseudomonas aeruginosa with high levels of sensitivity, dis-
tinguishing them from other bacteria commonly encountered in the cystic fibrosis 
lung. The dogs’ performance was generally maintained when the dogs encoun-
tered other organisms for the first time, or when Pseudomonas aeruginosa was 
present in mixed cultures. Sensitivity declined at dilutions of 1:10 000, equat-
ing to ∼105 CFU · mL−1. The results of the four tests were (1) Pseudomonas 
aeruginosa was tested alongside Staphylococcus aureus, Moraxella catarrhalis, 
and sterile broth; mean sensitivity was 94.2% and specificity was 98.5%; (2) In 
the second test, Pseudomonas aeruginosa presented alongside other bacteria pre-
viously unencountered by the dogs; Two of the three dogs maintained sensitivity 
above 90%, but the third dog was 62.5%; (3) In the third test, two dogs were
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tested on diluted broths; at dilutions of 1:1000 sensitivity was 93.8% and speci-
ficity 94.9%, whereas at dilution of 1:10,000, sensitivity decreased to 56.3% and 
specificity to 89.1%; (4) In the fourth test, a mixed multi-organism cultures were 
used. Dogs were still able to identify Pseudomonas aeruginosa with a sensitivity 
of 86% and specificity of 84.1%. 

3.4 Malaria 

For centuries, malaria has been a threat to global health with an estimated num-
ber of cases of 214 million, and several deaths of 627,000 in 2020 (World Health 
Organization, WHO). Malaria is an infection caused by Plasmodium, a protozoa 
parasite that is transmitted by Anopheles mosquito to humans. The diagnosis of 
Malaria commonly done by Rapid Diagnostic Testing (RDTs) is highly efficient for 
diagnosing febrile malaria patients, while the Loop-mediated isothermal amplifica-
tion (LAMP) has a high negative predictive value (i.e., the likelihood that a person 
who has a negative test result indeed does not have the disease) (Picot et al. 2020). 
Nevertheless, efficacy in testing asymptomatic patients is still being investigated 
and the main challenge of diagnosing malaria is detecting asymptomatic carriers. 

Recent studies on human malaria have identified changes in the VOCs emit-
ted from the skin and breath of infected individuals (de Boer et al. 2017; 
Pulido et al. 2021). Malaria odor is detected by mosquitoes, consequently malaria 
mosquito feed on asymptomatic, malaria-infected individuals (Robinson et al. 
2018). This change in the malaria-infected human odor could be used to train 
dogs as a non-invasive screening of infected asymptomatic individuals. Guest et al. 
(2019) performed the first study using trained dogs to distinguish between the 
odor of asymptomatic malaria-infected and uninfected individuals. Odor samples 
were obtained from foot odor from Gambian school children by wearing socks 
overnight. The study included 30 malaria-positive individuals and 145 uninfected 
children. Even in asymptomatic children, the dogs had a sensitivity of 70. 0 and 
73.3% in dog 1 and 2, respectively, with a specificity of 91.0% in dog 1 and 90.3% 
in dog 2. The results of sensitivity and specificity using detection dogs were above 
the threshold required by the World Health Organization for malaria diagnostic 
based on the parasite density in the samples. This study was one of the pioneers 
in showing that dogs can detect infectious diseases even in asymptomatic people. 
Therefore, malaria detection dogs could be used to detect asymptomatic infected 
individuals at a port of entry in countries with Anopheles to control the spread of 
the disease (Kasstan et al. 2019). 

3.5 Parkinson’s 

Parkinson’s disease is a chronic, progressive neurodegenerative disease that affects 
mobility and muscle control causing difficulties to move, speak, swallow, and even 
breathe. There is currently no definitive test for Parkinson’s diagnosis or cure.
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However, developing a method for early detection would lead to treatments starting 
sooner. Mischley and Farahnik (2020) presented a pilot study where two Lagotto 
Romagnolo were trained to detect Parkinson’s in samples collected from ear canal 
cerumen, sebum, and dermal microbiome. The dogs were exposed to a total of 
46 samples, 28 individuals with Parkinson’s and 18 healthy controls, identifying 
27 out of the 28 positive samples (96.43% sensitivity), and 13 of the 18 controls 
identified as negative (72.22% specificity). 

4 Methodological Challenges 

Scientific studies investigating the use of dogs for the detection of human diseases 
have shown high accuracy in terms of sensitivity and specificity, and promising 
assistance for both non-invasive screening and the development of biomarkers for 
diagnostics. However, the lack of standardization of methodology in training and 
testing biomedical detection dogs makes it hard to compare these studies. Methods 
differ with reference to experimental setting, type of odor sample source (e.g., 
breath, urine, blood serum, tissue, etc.), sample collection and storage, source of 
dogs, and decision-making criterion to move from training to testing (see Moser 
and McCulloch 2010; Elliker et al. 2014; Jezierski et al. 2015; Edwards et al. 2017; 
Johnen et al. 2017; Lazarowski et al. 2020, Crawford et al. 2022 for review). 

In general, biomedical detection dogs are trained to recognize a disease odor 
signature using positively reinforced operant conditioning with a clicker and food 
or toy as reward following training protocols similar to other types of detection 
tasks (Edwards et al. 2017). Horvath et al. (2008, 2010, 2013) reported the use of 
a different type of reward, the dog’s natural hunting behavior, thus when the dog 
showed interest in the target odor, the trainer quickly snatched it away, strength-
ening the dog’s motivation to select the target. The olfactory sensorial stimulation 
could be interpreted as a primary reinforcer, but also the attention/praise received 
by being pulled away could be the primary reinforcer depending on the dog’s 
biological perception of it. 

In a medical detection scenario, a dog is trained and tested in a controlled set-
up with a fixed number of positions to be explored by the dog, for example, a 
line-up of four positions or a carousel with 8 positions (e.g. Walczak et al. 2012a, 
b; Schoon et al. 2020). The dog explores each position one at a time, in a “Go/ 
no Go” task in which an independent decision of responding or withholding the 
response is required for each stimulus explored (Lazarowski et al. 2020). This 
presence/absence response is communicated to the trainer by performing a trained 
alert response, which is often a sitting or lying down behavior in front of the posi-
tion with the target sample, or withholding the trained response. Traditionally, the 
behavior to be shaped into a trained alert response is often chosen by the trainer 
rather than spontaneously offered by the dog until becomes a default behavior. The 
study of Essler et al. (2020) suggested that the type of operant behavior response 
that a biomedical detection dog has been trained to perform to alert a positive sam-
ple, sit versus stand-stare, may influence the amount of time checking a sample
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and the duration of a dog’s false positive indication. Thus, the effect associated 
with the decision to express an operant alert response can affect the reliability of 
the detection performance. In this way, sniffing behavior as an approach to deter-
mine olfactory alert performance beyond the trained alert response has been shown 
to be particularly valuable in differentiating true from false negative (i.e., where 
the target is present, but the dog fails to detect/indicate it) responses. Furthermore, 
dogs sniff twice the amount of time when the target odor is present or when it 
is indicated as present on a negative sample (i.e., false indication) (Concha et al. 
2014). Similarly, Mancini et al. (2015) developed a pressure-sensitive odor sample 
holder that can be used to automatically detect dogs’ responses to the samples 
placed in the holder. By recording the intensity and duration of pressure applied 
by the dogs, they found differences in pressure between true negatives and false 
negatives responses, but also found that dogs apply greater pressure on this sensor 
when they are certain the disease is present and therefore, pressure may indi-
cate the level of certainty that the dog has. Although further research is needed to 
investigate sniffing behavior in complex odor samples, it can be used alongside the 
trained alert response to effectively assess detection performance that will support 
the development of biomarkers or even train artificial neural networks (ANN). 

Several different dog breeds and crossbreds have been trained for the detec-
tion of human diseases including Labrador Retrievers, Schnauzers, Border Collies, 
Dachshunds, Beagles, Belgian, and German Shepherds, among other breeds (e.g., 
Jezierski et al. 2015). It is difficult to discuss if there is any particular breed more 
suitable for this type of detection task, since there are differences in other method-
ological aspects associated with the task, and therefore, it would be unrealistic 
to attribute the whole success or failure of detection performance reported in the 
literature to the dogs. As mentioned by Pirrone and Albertine (2017) the dogs’ 
acuity sense of smell, combined with the ability to learn by operant condition-
ing, makes dogs excellent biodetectors for different kinds of purposes. However, 
individual differences play an important role in the dogs’ trainability and detec-
tion performance. It is well known that differences in the genetic polymorphism 
of olfactory receptors influence detection acuity (Lesniak et al. 2008; Konno et al. 
2018; Yang et el. 2022). Olfactory acuity measured in terms of threshold detec-
tion is a fundamental factor since biomedical dogs are trained to detect volatile 
organic compounds (VOCs), which are released in concentration ranges of parts 
per billion (ppb) to parts per trillion (ppt) in human blood and urine (Buszewski 
et al. 2012; Schmidt and Podmore 2015). These odor threshold concentrations are 
within the limit of olfactory detection described in dogs (Angle et al. 2016; Concha 
et al. 2019), but there is a significant inter-dog difference in detection thresholds. 
A study investigating dogs’ olfactory detection threshold in ten dogs trained under 
the same conditions and worked without the assistance of the handler suggested 
that this inter-dog variability is likely influenced by other factors affecting the 
sense of smell such as age, diseases, medication, diet, and hydration (see Jenkins 
et al. 2018 for review), but also temperament and learning (Concha et al. 2019). 

Dogs have to possess a temperament suitable for the high demands of detection 
training (Foyer et al. 2016; Maejima et al. 2007; Johnen et al. 2017), for instance
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in the study by Elliker et al. (2014) only three out of ten dogs that began training 
passed the initial phase, which involved indicating one single positive prostate can-
cer urine sample among empty containers. The author reported that dogs failed in 
progressing through training because of their temperament. Several reviews have 
been written about temperaments in detection dogs (e.g., La Toya et al. 2017; 
Brady et at. 2018; Bray et al. 2021), however, there are no published studies 
investigating temperament or behavior traits predicting performance specifically 
in biodetection dogs. The major difference with other types of detection tasks is 
the fact that biomedical dogs are tasked with comparing multiple odor sources, 
many with a similar odor profile, in close proximity to one another placed in a 
line-up or carousel. In addition, the search pattern is repeated several times within 
a session with unique slight variability in the odors presented to the dogs. Thus, 
the ability to focus on searching and motivation is another important factor to con-
sider in dog selection (Porritt et al. 2015; Gazit et al. 2005). Kure et al. (2021) 
described that under certain stressful conditions, the dog trained to detect prostate 
cancer could not maintain concentration on the detection task and therefore, the 
session had to be postponed. Distractibility and lack of motivation to search and 
learn the detection task could negatively affect the performance results. 

Olfactory perceptual learning may play a role in lower levels of detection 
thresholds observed in dogs after a period of training (Concha et al. 2019) and may 
be crucial for basic olfactory function because it sets the degree of discrimination 
between stimuli facilitated by separating the odorant from background odors (Wil-
son and Stevenson 2003). There is abundant evidence for the perceptual learning of 
meaningful odor representations, from their generalization properties (Waggoner 
et al. 2022; Moser et al. 2019; Cleland et al. 2009) to the mechanisms of odor 
learning and memory (Tong et al. 2014). Studies in animals have demonstrated 
that to develop complex discriminations and concepts, for example, “cancer odor,” 
it is fundamental to train the animal with a wide range of example target samples 
(positive samples) and non-target stimuli (negative stimuli) (Wright et al. 2017; 
Bowman and Zeithamova 2020; Hall et al. 2021). Edwards et al. (2017) suggested 
an effective approach to training the targeted disease concept when the number 
of samples source is limited, as follows: (1) Train with a subset of the available 
sample sources until the animal reaches pre-established performance criteria or 
until performance is no longer improving; (2) Introduce samples from novel posi-
tive and control sources and evaluate performance with these samples prior to any 
reinforced indications of the positive samples; (3) Include these samples in the 
training set if performance with the novel samples is low and repeat these steps 
until performance with samples from novel sources is reliably high. 

Biomedical detection dogs are able to make very subtle and complex discrimi-
nations of VOCs in human odor samples. If disease-positive samples and controls 
have systematic differences other than disease status, the dog learns to rely on 
additional olfactory cues, more than the disease itself. Therefore, it is fundamental 
to match controls to the characteristics of the target odor including age, gender, 
habits, symptoms, location of collection, etc. (Jezierski et al. 2015; Guest et al. 
2020). This helps to minimize differences in background odors not associated
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with the disease state. Controls should be collected from the same clinical envi-
ronment as the positive target samples (Edwards et al. 2017). If it is not possible 
to apply this standardization to avoid confounders, then variability needs to be 
included by using multiple collection methods, location, and processing proce-
dures for both positive targets and controls, thus dogs learn to categorize based 
only on the disease state (Jezierski et al. 2015). 

Besides discrimination of a specific disease from controls, biomedical dogs have 
to respond to positive targets that they have never been trained on before. Stimulus 
generalization is the tendency to respond not just to the stimulus trained but also 
to a new stimulus similar to the trained one (Waggoner et al. 2022; Moser et al. 
2019). To enhance generalization, dogs should be trained with many exemplars 
of a target that vary by irrelevant dimensions (Hall and Wynne 2016). However, 
the size of the example set and how much variation in stimuli is required for 
the dog to optimize performance has not been investigated in biomedical dogs so 
far. Several studies have demonstrated that dogs could generalize and indicate a 
common disease odor when trained with a wide range of samples from different 
patient donors (Edwards et al. 2017), but also, evidence has shown that dogs can 
fail in generalizing the disease target odor from training to testing phase (Elliker 
et al. 2014). This could be a consequence of extensive training with the same 
sample set which tends to narrow generalization to other similar samples, despite 
increasing discrimination of the trained odors which can overstate sensitivity and 
specificity during training (Moser et al. 2019). 

Unfortunately, there is usually a limited number of samples available to train 
and test biomedical detection dogs which may lead to memorization of the indi-
vidual odors (Marchal et al. 2016) rather than promoting generalization (Jeziersky 
et al. 2015; Elliker et al. 2014). As mentioned by Guest et al. (2020) organi-
zations using biomedical dogs are often forced to choose between using fewer 
samples and risking dog memorizing individuals or using differently sourced sam-
ples which can cause the dog to learn to discriminate target from control based on 
subtle cues given by the different source. It is important to consider every aspect 
of sample processing, collection, storage, and handling to avoid confounding fac-
tors associated with what might affect the dog’s performance. Thus, when training 
a complex signature in a complex background, we need to ensure dogs learn to 
accurately discriminate and generalize disease odor signatures only. 

5 Conclusion and Future Directions 

The purpose of using trained dogs to detect human diseases is to assist as a non-
invasive tool in the identification of early stages of diseases for diagnosis and 
control, as well as to identify the presence of biomarkers for the development of 
clinical diagnostic tests. Medical or biomedical detection dogs have been shown to 
have a high sensitivity and specificity in the detection of human diseases, mobility 
in both indoor and outdoor environments, and are time and cost-effective reporting 
screening results in real-time and rapid diagnostic. However, further research is
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necessary to standardize and validate training and testing methodology for the 
deployment of biomedical detection dogs in operational settings as an approved 
clinically valid health screening method. Moreover, studies investigating individual 
characteristics and selection of biomedical detection dogs are needed to predict 
suitability for this type of detection work and lifelong success. 
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Detecting Physiological Changes 
in Humans: Medical Alert 
and Assistance Dogs 

Catherine Reeve and Clara Wilson 

Abstract 

In this chapter, Reeve and Wilson provide a thorough review and discussion of 
medical alert dogs: dogs that alert people to physiological changes. The authors 
first orient the reader with a discussion of the terminology surrounding, and 
the regulation of, medical alert dogs. Next, they discuss how odours emanating 
from the body signal physiological change, and how the canine olfactory sys-
tem is well suited to perceive these odours. The chapter then includes a review 
of empirical studies examining dogs’ ability to detect odours associated with 
physiological change and how medical alert dogs impact their owners’ health 
and well-being. The authors explore the current training and selection of med-
ical alert dogs and, finally, present a discussion of medical technology and the 
future of medical alert dogs. 

Keywords 
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1 Introduction 

Dogs’ evolutionary history alongside humans has resulted in a profound inter-
species relationship. Research has elucidated dogs’ sensitivity to human social 
and emotional cues and, more recently, their sensitivity to human physiologi-
cal and psychological changes. Anecdotal reports of dogs’ behaviour changing 
in response to their owners’ experiencing a health event (e.g. Chen et al. 2000)
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have spurred a burgeoning field of research examining dogs’ ability to detect and 
alert to human physiological change. In a recent survey, dog owners reported that 
their dogs alerted to a host of physiological changes (Reeve et al. 2021), including 
hypo- and hyperglycemia, epileptic seizures, postural orthostatic tachycardia syn-
drome (PoTS), allergic reactions, asthma, chronic obstructive pulmonary disorder 
(COPD), migraines, and complications associated with Addison’s disease. Empir-
ical, lab-based research has further supported aspects of this phenomenon (see 
Sect. 3). Alongside such reports, charities now train and place dogs that detect and 
alert people to a wide range of medical conditions. These dogs assist an individual 
with a specific health condition and have come to be known as Medical Alert Dogs 
(hereafter referred to as MADs). MADs are a specific type of assistance dog, as 
they primarily use their sense of smell to alert people to changes in physiological 
status and impending medical crises. 

In the following chapter, the authors will present a discussion on the current 
state of research on MADs. To begin, we will briefly examine the terminology 
and regulation surrounding assistance dogs and MADs. This will be followed by a 
discussion of the role of volatile organic compounds (VOCs) and dog olfaction in 
MADs’ detection of human physiological changes. Next is a discussion of the main 
conditions to which dogs are reported to alert and the empirical research on MADs 
for these conditions, as well as their impact on the well-being of their owners. The 
penultimate section will present a brief discussion of the characteristics of dogs 
that alert to medical conditions. Lastly, the authors present a view of the future of 
MADs and their place in humans’ lives. 

2 Terminology and Regulation 

Dogs are used globally for an increasing number of assistance roles. The term 
“assistance dog” encompasses dogs trained for a wide range of practical tasks 
that allow people to live more independently and with more confidence than they 
might otherwise. For example, assistance dogs are trained to help people with sight 
loss, hearing loss, physical mobility problems and psychiatric conditions, among 
others. This chapter will focus on MADs, who are trained to respond to owners 
with medical conditions such as epilepsy, diabetes, and more. 

The term, “Medical Alert Dog” is used to describe dogs that alert people to 
impending physiological changes, for example, an impending seizure. They are 
sometimes differentiated from “Medical Response Dogs”, which are dogs trained 
to respond in certain ways after a medical crisis has occurred. For example, a MAD 
trained for seizure alert would signal to a person an impending seizure, whereas 
a Medical Response Dog would lie with or on a person during a seizure in such 
a way as to keep them physically safe. MADs can be further differentiated from 
“Medical Detection Dogs”, or “Biological Detection Dogs”, which are the terms 
commonly used to label dogs that are trained to detect disease in a lab setting (e.g. 
Edwards et al. 2017).
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The training and certification of MADs are not widely regulated. In fact, there 
is no national-level regulation for the training of MADs in America, Canada, or 
the United Kingdom. 

Within the United Kingdom, the Equality and Human Rights Commission 
(2017) that oversees human rights in England, Scotland, and Wales states that 
assistance dogs should be highly trained, but by whom, and with what accredita-
tion(s) is not specified. MADs are included under the wider umbrella of Assistance 
Dogs, and are required to be under control in public. It is suggested that these dogs 
are instantly recognisable by the harness or identifying dog jacket (Assistance 
Dogs 2022). Likewise, the Americans with Disabilities Act states that assistance 
dogs (including MADs for seizure and hypoglycemia alert) are not required to be 
certified through a professional program and are not required to wear a vest or 
ID identifying them as a service dog (Americans with Disabilities Act 2022). This 
lack of regulation has, unfortunately, led to some reports of poor business practices 
and insufficiently trained dogs (AP News 2021). 

Despite the lack of government regulation, Assistance Dogs International (ADI) 
is a charity that seeks to bring some level of standardisation to assistance dog pro-
grams. ADI is a global community of not-for-profit groups that train and place 
assistance dogs and is considered to be the foremost authority on assistance dogs. 
Their mission is to apply rigorous standards to the training and treatment of assis-
tance dogs and the clients they aim to help. As such, ADI offers accreditation to 
charities that train MADs to their standards. To be accredited, an individual charity 
is evaluated in a number of areas including, but not limited to, the humane training 
of the dogs, and the ethical treatment of clients. Charities seeking accreditation 
must also provide ongoing documentation to demonstrate the dogs’ continued 
performance. Currently, there are seven charities within the United Kingdom doc-
umented by ADI as accredited providers of Assistance Dogs, two of which train 
MADs, and 78 accredited providers within the United States, seven of which train 
MADs (Assistance Dogs International 2022). While accreditation is not required 
for public access under law, it does mean that the dog is recognised as meet-
ing the criteria for the Equality and Human Rights Commission’s definition of an 
assistance dog more readily. 

The demand for assistance dogs has been shown to increase substantially in the 
last decade (Walther et al. 2017). It is therefore important to document the field 
at this stage, and specify what has, and has not, been established in the scientific 
literature. As the premise underlying MADs is dogs detecting changes within the 
human body, it is first necessary to understand this process. 

3 Volatile Organic Compounds and Canine Olfaction 

As touched on in the introduction, dogs are reported to detect and alert to a wide 
range of physiological changes in humans. Before we discuss in detail the con-
ditions they are reported to alert to, we will first present and discuss the most 
accepted hypothesis regarding what it is that medical alert dogs are detecting.
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The current theory is that dogs are detecting changes in volatile organic com-
pounds (VOCs) associated with physiological change. VOCs are compounds with 
high vapour pressure that are gaseous at room temperature (Dewulf et al. 2002) 
and are emitted from the human body. Humans emit a wide variety of different 
VOCs. In fact, a recent review documented over 4,000 different VOCs emitted in 
the breath, and found in the headspace of blood, faeces, milk, saliva, semen, skin, 
and urine of healthy humans (Drabińska et al. 2021). This high number of VOCs 
is due to the fact that each individual has a VOC profile consisting of the presence 
or absence of different VOCs and VOCs in different concentrations depending on 
their age, diet, metabolism, medications, microbiota, and more (Shirasu & Touhara 
2011). In addition to inter-person variability in VOC profiles, the VOC profile of a 
single individual will also change throughout the day (Phillips et al. 2014) due to 
metabolic processes (endogenous, or internally created VOCs), and external fac-
tors such as ambient VOCs in the air, and/or the food they have recently eaten 
(exogenous, or externally created VOCs) (Pleil et al. 2013). Another factor that 
will contribute to changes in endogenous VOCs is physiological changes in the 
form of metabolic change or disease (Shirasu & Touhara 2011). 

When the cells of the body change, new VOCs may be generated, and/or the 
concentrations of VOCs already present may change. The changes in VOCs can 
therefore, theoretically, serve as biomarkers, or “signatures”, for specific condi-
tions (Shirasu & Touhara 2011). Despite the wide variety of VOCs emitted by 
people and their fluctuating nature, modern analytical techniques (see Jalal et al. 
2018 for a review) have allowed researchers to document VOC profiles associated 
with specific conditions, and report differences in VOC profiles between people in 
a state of physiological change or pathology (e.g. hypoglycemia) versus healthy 
controls. For example, in people with Type 1 Diabetes, an increase in isoprene con-
centration has been documented during hypoglycemia (Los et al. 2017; Neupane 
et al. 2016) and during hyperglycemia, strong correlations between blood glucose 
levels and acetone concentration (Saasa et al. 2018) and blood glucose and methyl 
nitrate concentration (Novak et al. 2007) have been found. To account for inter-
and intra-individual variability, other researchers have examined clusters of differ-
ent VOCs rather than individual VOCs and found that a combination of specific 
breath VOCs may predict hypoglycemia before changes in blood glucose (Siegel 
et al. 2019) and other clusters that correlate with blood glucose levels (Dixit et al. 
2021; Minh et al. 2011). 

The analysis of VOCs has been shown to have diagnostic and predictive utility 
for epilepsy as well. Van Dartel et al. (2020) found that analysis of breath VOCs 
differentiated epileptic patients from controls and Catala et al. (2020a) found that 
analysis of VOCs in breath and sweat could be used to develop a model to accu-
rately predict seizures. While Van Dartel et al. (2020) and Catala et al. (2020a) 
used overall VOC profiles, Davis (2017) found the compound menthone to be 
specifically related to seizure activity. 

Evidence suggests that pulmonary diseases and exacerbations of these condi-
tions can also be characterised by VOCs. In a review of the literature, Cavaleiro 
Rufo et al. (2016) revealed a long list of discriminant compounds for the diagnosis
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of asthma from controls, and van Bragt et al. (2021) found that a pattern of VOCs 
could indicate recent exacerbations in those with asthma. Bessa et al. (2011) found 
VOCs differed between people with COPD and healthy controls and Van Berkel 
et al. (2010) found a cluster of 13 different VOCs that classified participants as 
having COPD. 

Further research suggests that physiological changes associated with psycholog-
ical states are also identifiable by VOCs (see Zamkah et al. 2020 for a discussion of 
biomarkers for stress and emotion). Martin et al. (2016) and Tsukuda et al. (2019) 
analysed skin VOCs in people before and after an experimentally induced stressful 
experience (a paced auditory serial addition task and the Trier Social Stress Task, 
respectively) and found that the two psychological states were distinguishable. 
Martin et al. (2016) found that benzoic acid and n-decanoic acid were upregulated 
and a xylene isomer and 3-carene were down-regulated whereas Tsukuda et al. 
(2019) found that increases in a cluster of six different compounds (1,2-ethanediol, 
acetophenone, heptadecane, hexanedioic acid dimethyl ester, benzyl alcohol, and 
benzothiazole) served as a marker of psychological stress. 

Considering MADs, evidence suggests that dogs can perceive changes in VOCs 
through their sense of smell. A canine’s sense of smell is their primary mode of 
perception. Dogs gather critical information, essential for being aware of potential 
predators, locating food, identifying conspecifics (and their reproductive status), 
and enabling recognition of familial members (Horowitz 2020; McClanahan & 
Rosell 2020; Samuel et al. 2020) through odours. Their olfactory acuity is the 
result of their nose, olfactory cavity, and epithelium (Craven et al. 2010), and 
millions of olfactory receptors (Lawson et al. 2012; Lesniak et al. 2008), that 
are incredibly well adapted to take in different kinds of olfactory information. 
Research has shown that dogs can detect target odours in mixtures and in the 
presence of extraneous odours in concentrations as low as parts per trillion (Concha 
et al. 2019; Waggoner et al. 1998; Walker et al. 2006), making them comparable in 
sensitivity to the analytical techniques used in the studies above (Lippi & Heaney 
2020). When applied to human physiological changes, this incredible acuity allows 
them to detect the odour signatures associated with changes in the human body. 

As will be discussed below, anecdotal evidence and empirical data support the 
hypothesis that dogs detect odours associated with human physiological changes. 
A dog’s superior sense of smell, coupled with an ability to train dogs to carry out 
specific tasks, opens opportunities to shape a process whereby a dog is able to 
detect VOCs (odour cues) associated with a physiological change and then “alert” 
their owner to this change. 

4 Conditions for Which Dogs Are Trained to Assist 

MADs have been utilised to provide non-invasive alert and assistance for various 
health conditions, including the detection of hypo- and hyperglycemic episodes 
for people living with Type 1 Diabetes (Gonder-Frederick et al. 2017; Wilson
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et al. 2019), oncoming epileptic seizures (Strong et al. 2002), migraines (Mar-
cus & Bhowmick 2013), episodes associated with Postural Orthostatic Tachycardia 
Syndrome (POTS) and Addison’s Disease (Medical Detection Dogs 2022a). Fur-
thermore, service dog training organisations supply dogs that either respond to 
those having an asthma attack (US Service Animals 2022a), or claim to alert prior 
to the onset of an asthma attack (Maltese Assistance Dogs Center 2022), Chronic 
Obstructive Pulmonary Disease (COPD) (SIT Service Dogs 2022), and narcolepsy 
(US Service Animals 2022b). For most of these roles, it is assumed that dogs are 
detecting VOCs associated with the conditions that signal a change in the owner’s 
physiological state. A distinct type of MAD is an allergen detection dog, which 
is trained to detect airborne allergens for owners with severe allergies (Medical 
Detection Dogs 2022b). In this case, the dog is trained to detect the odours of 
the food items themselves, rather than the owner’s VOC profiles. For some of the 
health conditions listed, empirical studies support the claim that dogs can detect 
an odour associated with the physiological changes that accompany the conditions 
(i.e. diabetes, seizures), whereas for others, controlled studies testing the efficacy 
of these dogs have yet to be carried out (e.g. PoTS, Addison’s disease, narcolepsy, 
asthma attacks). The subsections below provide more details on each condition. 

4.1 Diabetic Alert Dogs 

There are an estimated 415 million people worldwide living with diabetes (Interna-
tional Diabetes Federation 2022). Of those, approximately 9 million are currently 
living with Type 1 diabetes, the incidence of which is increasing by around 4% 
each year (Green et al. 2021). Without extraneous insulin intervention, blood 
glucose levels are susceptible to becoming too low (hypoglycemia) or too high 
(hyperglycemia). Hypoglycemia is a serious and prevalent complication of both 
Type 1 and Type 2 diabetes. Mild episodes can interfere with everyday function-
ing, while a severe episode requires intervention from another person and, if left 
untreated, can be fatal (Brands et al. 2005; Emerging Risk Factors Collabora-
tion 2011). People with Type 1 diabetes can become unaware of the symptoms 
of hypoglycemia over time, which is associated with an increased risk of mortal-
ity (Seaquist et al. 2012). Fear of hypoglycemia causes some people to restrict 
their lifestyle in efforts to reduce the likelihood of an episode, which negatively 
impacts both their psychological well-being and quality of life (Tenzer-Iglesias & 
Shannon 2012). Individuals may intentionally maintain hyperglycemia because of 
fear of a severe hypoglycemic episode (Fidler et al. 2011). This practice con-
fers various associated health risks over time, such as nerve and kidney damage, 
and cardiovascular disease (Amiel et al. 2019; Zoungas et al. 2010). While an 
array of developing technologies is available to people with Type 1 diabetes, 
many are invasive, requiring either finger-pricks or sensor insertion, and can carry 
considerable physical equipment or financial burdens (e.g. sensor replacement) 
(Gonder-Frederick et al. 2017). Diabetic Alert Dogs (DADs) potentially offer a 
non-invasive method of assisting in the recognition of an oncoming hypo- or
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hyperglycemic episode by alerting their owner when they can still take action 
(Pesterfield & Guest 2015). As such, DADs have become increasingly popular 
over the last decade as a method to facilitate tightened glycaemic control (Walther 
et al., 2017). 

Chen et al. (2000), O’Connor et al. (2008), and Tauveron et al. (2006) were 
among the first to document cases of dogs alerting people to hypo- and hyper-
glycemic episodes in the literature. These authors reported case studies of dogs 
whose behaviour repeatedly changed during their owners’ hypoglycemic episodes, 
often before the owners themselves were aware of their low blood glucose levels. 
The dogs were reported to nudge owners awake, hide from their owners (Chen 
et al. 2000), stare, or bark at their owners during hypoglycemia (Tauveron et al. 
2006). Although these were case studies of a handful of dogs, a subsequent survey 
of 225 dog owners with diabetes revealed that a substantial proportion of owners 
(65.1%) reported that their dogs’ behaviour changed in response to at least one 
hypoglycemic episode, and 31.9% of owners reported that their dogs’ behaviour 
changed in response to 11 or more episodes (Wells et al. 2008). Following these 
reports, researchers began empirically examining DADs. Given the wealth of evi-
dence for dogs’ olfactory acuity, combined with the literature on VOCs and hypo-
and hyperglycemia, researchers began exploring the role of olfaction in dogs’ abil-
ity to detect fluctuations in blood sugar levels. At the same time, dog training 
organisations began training DADs and placing them in the homes of people with 
Type 1 Diabetes. 

In one of the first laboratory-based studies of DADs, Dehlinger et al. (2013) 
sought to examine whether odour as an isolated variable (e.g. independent of 
potential behavioural cues) allowed dogs to identify hypoglycemia. Dehlinger et al. 
(2013) evaluated three dogs that were already trained and placed with people 
with Type 1 Diabetes using samples taken from individuals unknown to the dogs. 
Researchers gathered sweat samples, on cotton swabs, from these three people 
during hypoglycemic and euglycemic (normal blood sugar level) episodes. The 
samples were presented to the dogs and researchers observed whether the dogs 
performed their trained alert behaviour (ringing a bell beside the sample). The 
dogs’ combined sensitivity and specificity were 55.5% and 52.8%, respectively. 
While these initial results would suggest that dogs were not very able to discrimi-
nate between low and normal blood sugar levels, the study methodology and dog 
training needs to be examined further. Firstly, the training history of the dogs was 
not provided. These dogs were paired with people with Type 1 Diabetes; however, 
the samples were collected from unknown individuals. Considering the variabil-
ity in VOCs across people, hypoglycemia may smell different from one person to 
another, and it is possible that the dogs had not suitably been trained to generalise 
hypoglycemic odour as they were not presented enough different people’s samples 
to be able to generalise. Indeed, in Reeve et al.’s (2020) study, dogs were directly 
tested to see whether they could generalise across samples taken from the same 
individual’s hypo-, hyper-, and euglycemic samples. It was found that dogs varied 
in their ability to do so, with one dog able to generalise across samples (sensitivity 
62%, specificity 86%) while the other did not. In Hardin et al.’s (2015) laboratory
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study, six dogs were trained to discriminate between hypo- and euglycemic sam-
ples. Here, dogs were shown to be able to identify the hypoglycemic sample with 
a sensitivity of 77.6% and a specificity of 95.8%. It should be noted that the same 
samples were used during training and testing which may mean that dogs were 
memorising odours for which they had previously been rewarded. Their ability to 
do so, even if this were the case, does, however, suggest that the odours were able 
to be discriminated between. 

Diabetic Alert Dogs have received the most empirical examination as compared 
to other Medical Assistance roles. The previous studies consist of owner-informed 
case reports, in vitro laboratory testing, and records of the dogs once placed with 
an owner. The majority of the studies assessing placed DAD performance include 
owner-reported information in at least one element of data collection, which may 
be influenced by bias (excluding Wilson et al. 2019; 2020 which used owner-
objective measures). Small sample sizes and inconsistent sampling methods make 
drawing confident conclusions from these studies’ problematic. Further, reports on 
DADs’ accuracy once placed with an owner are mixed. Los et al. (2017) found 
that a cohort of eight DADs from multiple training backgrounds performed vari-
ably, with an average sensitivity of 36% to hypoglycemic events and a Positive 
Predictive Value of only 12%. However, seven of the eight dogs tested had been 
trained to alert to hyperglycemia (and were rewarded for this), yet this study only 
considered alerts to hypoglycemia correct. Therefore, of the reported 88% ‘incor-
rect’ alerts, it is unknown what proportion were actual events where the dog was 
alerting to hyperglycaemia. Gonder-Frederick et al. (2017) collected continuous 
blood glucose data, finger-prick blood test readings, and owner reports of DAD 
alerts from 14 participants over 6 weeks, and found substantial variation in perfor-
mance between dogs, with only three out of 14 dogs performing statistically above 
chance level. Wilson et al. (2019) conducted the first entirely objective assessment 
of DAD performance once placed with an owner by comparing flash glucose mon-
itor readings, finger-prick blood test results, and CCTV footage of the owners in 
their homes or places of work. Results similarly found variation between dogs, 
with sensitivity to hypoglycemic episodes ranging between 33.3% and 91.7%. 
The cause of this variability is as yet undefined but is likely influenced by the 
continuation of good training practices, and is discussed in more detail in Sect. 6 
Characteristics of MADs. 

As a whole, there is evidence that fluctuating blood glucose levels produce a 
change in a person’s VOCs which dogs are able to detect. Reports show varying 
levels of detection/alerting accuracy, both in the laboratory and once placed with 
an owner. Nevertheless, DADs are the most widely distributed type of MADs, and 
owners often report substantial increases in their quality of life because of their 
DAD (Lippi & Plebani 2019). These potential discrepancies are discussed further 
in Sect. 5 Impact of MADs on Owner Well-Being.
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4.2 Seizures 

Epilepsy is one of the most common neurological diseases globally, with approx-
imately 50 million people worldwide experiencing epileptic symptoms (World 
Health Organisation 2022). Characteristics of seizures will depend on the brain 
region that the disturbance first starts and what brain areas it spreads to affect. 
Temporary symptoms include disturbance in movement, sensation (including taste, 
hearing, and vision), mood, cognitive functions, and loss of awareness (World 
Health Organisation 2022). Seizures are caused by abnormal electrical activity 
in the brain, and can be either focal, generalised, combination focal and gener-
alised, or unknown (Pack 2019). These terms refer to whether the seizure site is 
localised to one area (focal) or rapidly becomes distributed across multiple neu-
ral networks (generalised). The stages of a seizure can be defined as prodrome or 
pre-ictal (prior to seizure symptom onset), ictal (the time from the first symptom 
until the end of seizure activity) and post-ictal (the recovery stage where physical 
after-effects of the seizure are felt) (Epilepsy Foundation 2022). A major con-
cern surrounding an epileptic seizure is the associated injuries that may occur as a 
result of experiencing a seizure, such as head injuries from falling (Willems et al. 
2018). A system whereby epileptic seizures are pre-empted, so that the person 
can move to a safe environment, would be hugely valuable to minimise the risk 
of secondary injuries. First reports of dogs potentially detecting epilepsy emerged 
two decades ago, where it was documented that untrained dogs were respond-
ing to owners who had epilepsy prior to the onset of a seizure, in some cases 
with behaviours indicating fear or aggression (Brown & Strong 2001). Since these 
anecdotal reports, the premise that dogs can detect epileptic seizures has been 
investigated more thoroughly. A recent study by Powell et al. (2021) found that 
untrained dogs responded with more attention to their owner (i.e. staring) when 
in the presence of a seizure odour as compared to a non-seizure odour, suggest-
ing, much like Brown and Strong (2001), that found untrained companion dogs 
may be able to detect a scent associated with seizures. Laboratory-based olfaction 
studies have also been carried out, the findings of which support that there is a 
“seizure-odour”, and that dogs can detect it from the scent alone (Catala et al. 
2019; Maa et al. 2021). In Catala et al.’s (2019) study, dogs were able to detect an 
odour, taken during a seizure, with 86.8% sensitivity and 98% specificity. Further, 
Maa et al. (2021) found that dogs could detect a seizure odour prior to the ictal 
phase, at a probability of 82.2% positive detection predicting a seizure. The aver-
age warning phase of this pre-ictal odour was 68 min. This finding is important 
as it confirms the presence of a prodrome or pre-ictal odour, which is the most 
relevant odour if the applied aim is that the dog can pre-alert their owner of an 
upcoming seizure so that they can get to a safe place. Currently, Epilepsy Alert 
Dogs are being trained and placed with owners who experience epileptic seizures, 
with reports from suppliers of “100% accuracy up to 50 min prior to an oncom-
ing seizure” (Support Dogs 2022). Although dogs have been demonstrated to be 
able to detect oncoming seizure odours, what is currently missing from the scien-
tific literature is a formal assessment of the claims, such as the above, specific to
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the performance of these dogs once placed with their owner. Future studies may 
wish to investigate the accuracy of seizure detection once placed in the home, as 
we know from studies pertaining to other MADs (e.g. Diabetic Alert Dogs) that 
continued training likely impacts dogs’ alerting behaviours once in situ. 

4.3 Migraines 

Migraine is considered a leading cause of disability worldwide (Peters 2019; 
Steiner et al. 2018). Migraines affect an estimated 1 billion people globally, can 
be episodic or chronic, and are reported to be approximately 3 times more com-
mon in women than men (Walter 2022). Migraine Alert Dogs are said to be able 
to detect and respond to the earliest signs of a migraine, in the prodrome phase 
(National Headache Institute 2020). This period may begin as early as 48 h before 
the full migraine symptoms are experienced. Generally, individuals suffering from 
migraine become aware of their symptoms in the aura phase, by which time symp-
toms begin to become severe. It has been shown that medication taken in the 
earlier prodrome phase is more effective and can act as a preventative of a full 
migraine (Luciani et al. 2000). Therefore, a dog that could reliably detect the 
onset of the prodrome phase would be hugely valuable. Marcus and Bhowmick 
(2013) found that 53.7% of people who suffer from migraines reported that their 
untrained companion dog’s behaviour changed prior to the onset of a migraine, 
usually around two hours before onset. Further, a recent survey of MAD owners 
found that migraine was one of the conditions that owners reported their dogs to 
alert to most frequently, even if this was not the condition that they had been pri-
marily trained to respond to (Reeve et al. 2021). While Migraine Alert Dogs are 
being formally trained and distributed (National Headache Institute 2020; Neher 
2020), the exact mechanisms behind this role have yet to be established fully. 
Future studies may wish to investigate the presence of a migraine odour using 
in vitro laboratory studies. However, as these dogs are reported to alert their owner 
prior to the onset of any symptoms, the independent collection of samples (e.g. 
without the aid of a dog) could be complex. As it stands, it appears that dogs may 
be able to detect early onset of migraine and could be of substantial operational 
value, however further research and training protocols are required in this area. 

4.4 Addison’s Disease and Postural Orthostatic Tachycardia 
Syndrome (PoTS) 

Addison’s disease is a rare condition characterised by insufficient production of 
the hormones cortisol and aldosterone by the 2 outer layers of cells of the adrenal 
glands (Nieman & Turner 2006). Symptoms can be non-specific, but include 
weakness, fatigue, dizziness, abdominal pain, vomiting, tachycardia (heart rate 
of over 100 bpm), and postural hypotension (low blood pressure after standing 
up). Individuals with Addison’s disease can experience an acute adrenal crisis,
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where they may experience low blood pressure, low blood sodium level, and 
low blood glucose level (hypoglycemia) (Munir et al. 2022). Postural Ortho-
static Tachycardia Syndrome (PoTS) is a syndrome that is estimated to affect 
approximately 170 out of every 100,000 people (Low et al. 2009). Symptoms 
of PoTS include light-headedness, blurred vision, tremor, palpitations, weakness, 
and exercise intolerance and also non-postural symptoms including abdominal 
pain, bloating, nausea, diarrhoea, sleep issues, fatigue, migraines and “brain fog” 
(Olshansky et al. 2020). MADs are being placed to assist and detect oncoming 
episodes of symptoms for owners who have Addison’s disease and PoTS (e.g. 
Medical Detection Dogs 2022a; Service Dogs of Virginia 2022). While these con-
ditions are distinct, they are considered together in this case because little to no 
research has been done on the potential mechanisms that dogs may be used to 
detect the onset of an episode. It is suggested that dogs are able to detect (and 
pre-empt) episodes of acute low cortisol in a person with Addison’s disease due 
to a change in their odour associated with their cortisol levels, and episodes of 
increased heart rate, light-headedness and collapse in a person with PoTS due to 
changes in their heart rate and associated odour (Medical Detection Dogs 2022a). 
Further research is required to determine whether there is an odour profile asso-
ciated with these physiological changes (e.g. Rooney 2019), whether these odour 
profiles are distinct (e.g. are associated with the health condition) or overlap (e.g. 
are associated with the symptoms), and to establish what impact these dogs have 
once placed with an owner. A recent study conducted by the authors (CW, CR, 
see Wilson et al. 2022) showed that dogs can discriminate between the odours 
of a healthy individual before and after a stress-inducing task, with each person’s 
stress validated by an increase in their heart rate and blood pressure. This study 
supports the premise that changes in metabolic processes associated with heart rate 
and blood pressure can be discriminated between by dogs through odour alone, 
however, samples would need to be obtained from those individuals with these 
specific health conditions to confirm that there is a discriminable odour associated 
with Addison’s disease and PoTS episodes. Once again, the issue of dogs pre-
alerting, or sensing a condition prior to its onset, warrants further investigation to 
assess what metabolic processes may be occurring at these early stages. 

4.5 Asthma and Chronic Obstructive Pulmonary Disease 
(COPD) 

Both Asthma and COPD are health conditions associated with the respiratory sys-
tem. To date, no peer-reviewed studies have assessed MADs’ accuracy at detecting 
either asthma attacks or complications due to COPD, nor have there been stud-
ies documenting the impact that these dogs have on their owner’s quality of life. 
Currently, the available information on these dogs is primarily supplied by the 
organisations that train them, which has the potential to be biased. It should be 
noted that some organisations describe MADs for those with Asthma and COPD 
as service animals tasked with responding to an owner already in medical distress,
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carrying out daily tasks such as reminding them to take medication, and providing 
comfort and confidence in public spaces (SIT Service Dogs 2022; US Service Ani-
mals 2022a). This definition does not presuppose that dogs can detect an oncoming 
health complication (e.g. asthma attack) and alert their owner prior to onset. How-
ever, other organisations do state that their dogs can alert to asthma attacks at, 
or immediately prior to, their onset (Maltese Assistance Dogs Center 2022). This 
is based on the assumption that changes in breathing rate affect the VOC profile 
of an individual, which dogs can detect and respond to (Maltese Assistance Dogs 
Center 2022—note that two studies are mentioned, however, no references are 
supplied, and they do not appear to be published or accessible). While there are, 
to our knowledge, no peer-reviewed studies directly assessing dogs’ abilities to 
recognise and respond to odours such as asthma attacks and COPD in an applied 
setting, a laboratory in-vitro study carried out by Ehmann et al. (2012) did find 
that dogs trained to detect lung cancer could differentiate samples taken from indi-
viduals who either had been diagnosed with COPD, lung cancer, or were a healthy 
control. This finding shows that COPD has a distinct odour profile from lung can-
cer, however does not directly inform us as to whether COPD has a distinct odour 
profile from healthy controls. It is clear that further research is needed in this area, 
however, given dogs’ proficiency at detecting VOC changes associated with other 
processes in the human body, it is feasible that changes associated with these con-
ditions are detectable by dogs. The application of this proposed ability to a MAD 
setting is a distinct area of interest, and it is imperative that this is additionally 
evaluated under controlled conditions. 

4.6 Narcolepsy 

Narcolepsy is a condition marked by excessive sleep during the daytime, or one or 
more of the following symptoms: hallucinations, vivid dream imagery, cataplexy 
(sudden muscle weakness in response to intense emotions), and sleep paralysis 
(episodes without being able to move, often within a dream) (National Health 
Service 2022). Narcolepsy is often caused by a lack of a brain chemical that reg-
ulates wakefulness; however, this is not the cause of all narcolepsy and the exact 
cause of the condition can remain unclear. Narcolepsy Alert Dogs have not yet 
been studied sufficiently. At present, there is a single study which shows that dogs 
were able to pick out the odour taken from someone with narcolepsy in 11/12 
cases (Dominguez-Ortega et al. 2013), however testing of the timeline of when 
this odour may become detectable has not yet been carried out. As with other 
types of MADs, the majority of information is currently provided by the chari-
ties and suppliers who train and place these dogs. For example, it is reported that 
Narcolepsy Alert Dogs can warn their handler of an upcoming sleep episode up to 
five minutes beforehand, in addition to other service dog tasks such as summoning 
help during a sleep episode, bringing medications and other items, and providing
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“pressure” therapy (leaning against the handler to provide them with physical sup-
port) (US Service Animals 2022b). In sum, narcolepsy is a currently understudied 
emerging area for MADs, which warrants further scientific investigation. 

4.7 Psychiatric Conditions 

Psychiatric service dogs are a type of assistance dog that are specially trained to 
perform tasks directly related to a person’s psychiatric disability (Rodriguez et al. 
2020). Psychiatric service dogs are currently predominantly trained to respond to 
visual cues (Kloep et al. 2017), and provide services such as interrupting physi-
cal signs of anxiety and providing positional support when in public (Rodriguez 
et al. 2020). In addition to responding to changes in psychological condition, dogs 
have been shown to be able to actually pre-empt aggressive outbursts, although 
it remains unclear exactly how they were able to do this (Bakeman et al. 2019). 
While these dogs are considered predominantly as service dogs rather than MADs 
(as they are reported to use primarily physical or auditory cues), reports of dogs 
“sensing” their owner’s anxiety and tension (Taylor et al. 2013) suggest there could 
be another sense at play. 

A recent study by Wilson et al. (2022) demonstrated that the onset of acute 
psychological stress induced an odour change in participants’ breath and sweat, 
which dogs were then able to discriminate from baseline samples with 93% accu-
racy. Knowing that there is a detectable odour component to psychological stress, 
a discussion of olfactory-based training for the onset of anxiety or panic attacks 
becomes valuable. For example, trainers could follow current MAD training proto-
cols by taking samples from a person when relaxed and when experiencing acute 
stress and then positively reinforce a dog for attending to, or performing attention-
seeking behaviours in response to, this odour (similarly to how Diabetic Alert Dogs 
are trained). Although this study provides strong support for an odour, detectable 
by dogs, and associated with psychological stress, the question of real-life appli-
cability remains. For example, the timeline that these odours become present and 
at what point dogs can detect the odour in relation to when the person starts expe-
riencing stress is still unknown. Moreover, as discussed in Reeve et al. (2021), 
how a physiological stress response relates to other conditions (e.g. stress prior 
to a seizure, Kimiskidis et al. 2012, and see Strong et al. 2002 discussed below) 
merits further investigation. This line of research raises the possibility that other 
emotional states could have detectable odours to which dogs could be trained to 
respond. In line with the previously discussed health conditions, more scientific 
research is needed. 

As has been the case with anecdotal reports later being confirmed with scientific 
studies, it is likely that there are many more human health conditions that confer 
VOC profiles that dogs can detect and be trained to assist humans within a working 
capacity.
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5 Impact of Medical Alert Dogs on Owner Well-Being 

Studies directly assessing the impact of MADs on medical outcomes are limited 
and focus mostly on Diabetic Alert Dog (DAD) partnerships. In a United States-
based sample, Gonder-Frederick et al. (2013) found that the majority of DAD 
owners surveyed reported a decreased worry about hypoglycemia, improved abil-
ity to participate in physical activities, and improved quality of life since receiving 
their dog. Similarly, in a United Kingdom-based sample, Rooney et al. (2013) 
found that DAD owners reported positive effects including decreased unconscious 
episodes, reduced paramedic callouts, and improved independence. Both of these 
studies use retrospective designs assessing owners’ viewpoints post-allocation, 
and are based on subjective owner responses rather than objective measures of 
accuracy. 

Medical and psychosocial benefits have been documented for people with 
seizure-alert dogs as well. In a study of ten people–seizure alert dog teams, Strong 
et al. (2002) found that, compared to the baseline frequency of seizures, those with 
a seizure alert dog reported significantly fewer seizures during a 4-week training 
phase and this decrease in seizure frequency was maintained at 24 weeks fol-
low up. Participants in the study reported feeling less fear associated with their 
seizures and that they were able to confidently engage in activities more than 
they had before. Strong et al. (2002) speculated that this increased confidence and 
engagement in activities as a result of having an alert dog could have resulted in 
decreased frequency of seizures. 

It must be noted that, although many benefits of MADs have been reported, 
downsides have been documented as well. In a qualitative study, Nieforth et al. 
(2021) asked owners of, and family members of someone with a mobility and med-
ical alert service dogs, what were the drawbacks of having a service dog (amongst 
other questions). In the most common responses, respondents described the extra 
work that goes into caring for and maintaining a service/alert dog and how much 
effort is required to leave the house and travel with a service/alert dog. 

The studies discussed above highlight a key question in MAD research: what 
measures best capture whether these dogs are “successful”? While some may argue 
that high levels of accuracy and clinical outcomes are the most important measures 
of a successful MAD, the psychosocial benefits of owning an assistance dog out-
side of alerting accuracy should additionally be considered. For example, Bibbo 
et al. (2019) conducted a cross-sectional survey including 97 individuals partnered 
with a mobility or medical service dog and 57 individuals on the waitlist to receive 
one. These dogs are not classified as MADs as they are not trained to alert to a 
condition on the basis of odour. Therefore, the aspect of “accuracy” is less able 
to be objectively quantified as compared to a MAD, whose performance can be 
directly compared to technology (e.g. Continuous Glucose Monitoring Systems: 
Los et al. 2017; Wilson et al. 2019). It was found that, compared to those on 
the waitlist, individuals with a service dog exhibited significantly better psychoso-
cial health including higher social, emotional, and work/school functioning. When 
considering MADs, impact on owner well-being likely extends to beyond their
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alerting accuracy alone. For example, in a study of 223 young people (aged 9–19) 
with Type 1 Diabetes, Maranda and Gupta (2016) found that children who were 
active in caring for a pet in their home were 2.5 times more likely to have control 
over their glycemic levels compared to those that did not. As such, approach-
ing owner-perceived benefits not only in terms of alert-specific benefits, but the 
broader benefits of service dog ownership, and dog ownership in general, may be 
of interest to understand these relationships more clearly. Gonder-Frederick et al. 
(2017) documents a “significant gap” between the positive experiences that own-
ers report, and research findings on DAD accuracy. Understanding this relationship 
with greater nuance than alerting accuracy alone may be necessary to truly define 
the benefits to owner well-being. 

6 Selection and Training of Medical Alert Dogs 

Much research time has gone into examining dogs’ characteristics and evaluating 
testing strategies to assess potential dogs for military and detection roles (e.g. 
Lazarowski et al. 2020). Conversely, there is a dearth of research examining the 
selection and training of MADs. 

While there is no universal training method across MAD training establish-
ments, dogs are most commonly first exposed to their “target odour” in the form 
of a sample (e.g. a sweat and/or breath sample taken from an individual experi-
encing hypoglycemia, or during a seizure). Through classical conditioning, the dog 
learns that the sample odour is associated with a food reward. Then, using operant 
conditioning, the dog is rewarded for paying attention to and sniffing the sample, 
often with the aid of a clicker as a secondary reinforcer, and food as a primary 
reinforcer. Once an interest in these samples has been established, they may be 
hidden in someone’s person, and attention-gaining behaviours such as nudging or 
pawing are shaped with operant conditioning and positive reinforcement. Train-
ing will then begin with individuals who have the health condition for which the 
target odour sample is an exemplar of the condition’s associated VOCs. Here, the 
dog moves from alerting to samples to alerting to the person themselves. Positive 
reinforcement training is imperative to strengthen not only the dog’s behavioural 
alert response, but also to condition the dog to associate the target odour with pos-
itive outcomes. Untrained dogs have been documented responding negatively to 
their owners’ medical events (e.g. hypoglycemia), possibly because they perceive 
the owner behaving in such a way that is unsettling or even aversive (Chen et al. 
2000; Dalziel et al. 2003). Ensuring that a suitable basis of positive reinforcement 
training is in place is necessary to ensure that the dog does not associate their tar-
get odours with an aversive event, and that the behavioural response is appropriate 
(Brown & Strong 2001). 

Maintaining training protocols has additionally been found to impact perfor-
mance once allocated with an owner, as it was found that owners who adhered 
most to training guidelines had dogs with higher alert sensitivity and positive pre-
dictive value than those who were not following training guidelines as closely (e.g.
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rewarding the dog for an alert before checking their blood glucose level to confirm 
that it was either too low or too high) (Wilson et al. 2019). As with other scent-
based working dog roles, the maintenance of quality training throughout the dog’s 
lifespan is likely imperative to maintain performance outcomes. 

But, as discussed above, the scientific study of MADs was spurred by anec-
dotal reports of untrained dogs spontaneously alerting their owners to impending 
physiological changes (e.g. Chen et al. 2000; discussed by Strong et al. 1999). 
And research appears to support the idea that dog-specific characteristics or tar-
geted training programs are not necessarily relevant to whether or not a dog alerts 
their owner to a medical condition. For example, Wells et al. (2008) found that, 
out of 212 dog owners (with dogs untrained for medical alert) that participated in 
their study, 138 (65.1%) reported that their dog had shown a behavioural reaction 
to at least one of their hypoglycemic events. And in a study with 72 dog owners 
(untrained for medical alert) Catala et al. (2020b) found that 22 dogs (30.6%) were 
reported to demonstrate seizure alert behaviours. Analyses by Catala et al. (2020b) 
revealed that there were no significant differences in pet dogs’ and alerting dogs’ 
general demographics (e.g. breed, sex, reproductive state, age, origin), but that the 
alerting dogs were rated significantly higher by their owners on measures of moti-
vation and training focus and significantly lower on neuroticism, consistent with 
other evaluations of working dogs (Lazarowski et al. 2019). Owners of alerting 
dogs also reported spending significantly more hours with their dog per day, com-
pared to non-alerting dogs and, on a scale of the dog-owner relationship (MDORS, 
see Dwyer et al. 2006) reported significantly lower perceived costs associated with 
their dog and a trend towards a higher rating of emotional closeness to their dog. 

As discussed by Reeve et al. (2021), there are a number of other characteristics 
that could influence whether a dog alerts to a medical condition that has yet to 
be explored scientifically. Research suggests that the biological “hardware” a dog 
is born with influences their potential as an olfactory detection dog. For exam-
ple, Lesniak et al. (2008) found that polymorphisms in the alleles that code for 
olfactory receptors result in varying success of professional trained police sniffer 
dogs. It is also possible that affective and temperamental states, combined with 
training strategies, could influence a dog’s decision-making (e.g. whether or not 
to alert, Cimarelli et al. 2021). As MADs become more commonplace, these vari-
ables may be worth exploring as the results could provide promising avenues for 
MAD selection and training. 

7 Future of Alert and Assistance Dogs 

In a world where healthcare technology is continuously improving the detection 
and maintenance of medical conditions, one may question the value of MADs. In 
fact, alongside the growing use of MADs, electronic noses, or “e-noses”, are being 
developed to make use of VOCs for the detection of medical conditions (Das et al. 
2016). Considering those conditions to which MADs also alert, the monitoring of 
blood sugar levels for people with diabetes has been shown considerable attention.
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Considering current maintenance technologies for diabetes, modern tech-
nologies like continuous glucose monitors and subcutaneous continuous insulin 
infusion pumps have been found to better control blood sugar levels and improve 
quality of life (Benioudakis et al. 2022). But continuous glucose monitors are 
prone to false alarms (Anhalt 2016) and their accuracy relies on technological 
issues such as battery power and regular calibration that is not always optimised. 
Moreover, they are considered invasive by some, and can cause irritation and 
infection at insertion sites. These downsides may result in frustration with the 
technology which can then further increase social impairments and feelings of 
social stigma (Patton & Clements 2012; Schabert et al. 2013). 

Maintenance technologies that analyse breath VOCs associated with blood 
sugar fluctuations have been tested by Faiola et al. (2019) and Shrestha et al. 
(2019). Faiola et al. (2019) reported on a prototype for VOC detection of hypo-
glycemia using a sensor system incorporated into a smart device. Surveys of 
usability suggest that people with diabetes were moderately satisfied with the sys-
tem and felt that in the future, it could positively impact the management of their 
diabetes. Shrestha et al. (2019) found the sensor system to be highly accurate at 
classifying low and high blood sugar, indicating the real potential for non-invasive 
detection of blood sugar fluctuations for people with diabetes. Similar technologies 
have been suggested for the detection of volatiles associated with stress, but, as 
far as we know, have not to-date been developed or tested (Zamkah et al. 2020). 

However, the authors of this chapter do not feel that technology is opposed to or 
in competition with MADs. As discussed above, the sensitivity of dogs’ olfactory 
system is comparable to analytical technologies used to identify VOCs associated 
with human physiological change (Lippi & Heaney 2020). With this knowledge, 
Lippi and Heaney (2020) proposed a combination of and collaboration between 
canine detection studies and analytical chemistry. Such collaborations could pro-
vide a valuable synergy whereby each field informs the other with regards to the 
potential for VOCs to aid in the detection of human physiological change. Such 
a pairing was demonstrated by Catala et al. (2019) after first showing that dogs 
could detect an odour associated with epileptic seizures (Catala et al. 2019) that 
was then followed by an analysis of VOCs that provided potential predictive utility 
(Catala et al. 2020a). In a similar vein, others propose adding technology to the 
life of an MAD such that they are trained to utilise touch screens to help with 
emergency response (Byrne et al. 2018; Robinson et al. 2014). 

Lastly, and most importantly, regardless of modern healthcare technologies, 
MADs are reported to have a positive impact on owners’ medical outcomes as 
well as their quality of life and well-being. It is unlikely that dogs will ever be the 
primary source of detection for physiological changes and serious medical events, 
but, combined with healthcare technology, MADs have shown to be a valuable 
addition to the lives of people with a number of different health conditions.



350 C. Reeve and C. Wilson

References 

Americans with Disabilities Act (2022) Service Animals. Retrieved August 12 from https://beta. 
ada.gov/topics/service-animals/ 

Amiel SA, Aschner P, Childs B, Cryer PE, de Galan BE, Frier BM, Gonder-Frederick L, Heller SR, 
Jones T, Khunti K (2019) Hypoglycaemia, cardiovascular disease, and mortality in diabetes: 
Epidemiology, pathogenesis, and management. Lancet Diabetes Endocrinol 7(5):385–396 

Anhalt H (2016) Limitations of continuous glucose monitor usage. Diabetes Technol Ther 
18(3):115–117 

AP News (2021) Agreement: Va. service-dog company ordered to pay $3 million. Retrieved 
August 12 from https://apnews.com/article/business-dogs-a4153c9fb1dba02e3ae694d3c62 
f3c37 

Assistance Dogs International (2022) Member Program Statistics. https://assistancedogsinternatio 
nal.org/members/member-program-statistics/ 

Assistance Dogs UK (2022) Information for Service Providers. Retrieved August 12 from https:// 
www.assistancedogs.org.uk/the-law/ 

Bakeman U, Eilam H, Schild CM, Grinstein D, Eshed Y, Laster M, Fride E, Anavi-Goffer S (2019) 
Detection of impending aggressive outbursts in patients with psychiatric disorders: Violence 
clues from dogs. Sci Rep 9(1):1–11 

Benioudakis E, Karlafti E, Kalaitzaki A, Kaiafa G, Savopoulos C, Didangelos T (2022) Tech-
nological developments and quality of life in Type 1 Diabetes Mellitus Patients: A review of 
the modern insulin analogues, continuous glucose monitoring and insulin pump therapy. Curr 
Diabetes Rev 18(7): 40–48. https://doi.org/10.2174/1573399818666211103163208 

Bessa V, Darwiche K, Teschler H, Sommerwerck U, Rabis T, Baumbach JI, Freitag L (2011) 
Detection of volatile organic compounds (VOCs) in exhaled breath of patients with chronic 
obstructive pulmonary disease (COPD) by ion mobility spectrometry. Int J Ion Mobil Spectrom 
14(1): 7–13. https://doi.org/10.1007/s12127-011-0060-2 

Bibbo J, Rodriguez KE, O’Haire ME (2019). Impact of service dogs on family members’ 
psychosocial functioning. Am J Occup Ther 73(3): 7303205120p7303205121– 
7303205120p7303205111 

Brands AM, Biessels GJ, De Haan EH, Kappelle LJ, Kessels RP (2005) The effects of type 1 
diabetes on cognitive performance: A meta-analysis. Diabetes Care 28(3):726–735 

Brown SW, Strong V (2001) The use of seizure-alert dogs. Seizure 10(1):39–41. https://doi.org/ 
10.1053/seiz.2000.0481 

Byrne C, Zeagler C, Freil L, Rapoport A, Jackson MM (2018) Dogs using touchscreens in the 
home: a case study for assistance dogs operating emergency notification systems. In: Proceed-
ings of the fifth international conference on animal-computer interaction 

Catala A, Grandgeorge M, Schaff JL, Cousillas H, Hausberger M, Cattet J (2019) Dogs demon-
strate the existence of an epileptic seizure odour in humans. Sci Rep 9(1):4103. https://doi.org/ 
10.1038/s41598-019-40721-4 

Catala A, Latour P, Martinez-Caja AM, Cousillas H, Hausberger M, Grandgeorge M (2020a) Is 
there a profile of spontaneous Seizure-alert pet dogs? A survey of French people with epilepsy. 
Animals 10(2):254 

Catala A, Levasseur-Garcia C, Schaff J-L, Till U, Vitola Pasetto L, Hausberger M, Cousillas H, 
Violleau F, Grandgeorge M (2020b) Prediction and detection of human epileptic seizures based 
on SIFT-MS chemometric data. Sci Rep 10(1):1–6 

Cavaleiro Rufo J, Madureira J, Oliveira Fernandes E, Moreira A (2016) Volatile organic com-
pounds in asthma diagnosis: A systematic review and meta-analysis. Allergy 71(2):175–188 

Chen M, Daly M, Williams N, Williams S, Williams C, Williams G (2000) Non-invasive detection 
of hypoglycaemia using a novel, fully biocompatible and patient friendly alarm system. BMJ 
321(7276):1565–1566

https://beta.ada.gov/topics/service-animals/
https://beta.ada.gov/topics/service-animals/
https://apnews.com/article/business-dogs-a4153c9fb1dba02e3ae694d3c62f3c37
https://apnews.com/article/business-dogs-a4153c9fb1dba02e3ae694d3c62f3c37
https://assistancedogsinternational.org/members/member-program-statistics/
https://assistancedogsinternational.org/members/member-program-statistics/
https://www.assistancedogs.org.uk/the-law/
https://www.assistancedogs.org.uk/the-law/
https://doi.org/10.2174/1573399818666211103163208
https://doi.org/10.1007/s12127-011-0060-2
https://doi.org/10.1053/seiz.2000.0481
https://doi.org/10.1053/seiz.2000.0481
https://doi.org/10.1038/s41598-019-40721-4
https://doi.org/10.1038/s41598-019-40721-4


Detecting Physiological Changes in Humans: Medical Alert and Assistance … 351

Cimarelli G, Schoesswender J, Vitiello R, Huber L, Viranyi Z (2021) Partial rewarding during 
clicker training does not improve naive dogs’ learning speed and induces a pessimistic-like 
affective state. Anim Cogn 24(1):107–119. https://doi.org/10.1007/s10071-020-01425-9 

Collaboration ERF (2011) Diabetes mellitus, fasting glucose, and risk of cause-specific death. N 
Engl J Med 364(9):829–841. https://doi.org/10.1056/NEJMoa1008862 

Concha AR, Guest CM, Harris R, Pike TW, Feugier A, Zulch H, Mills DS (2019) Canine olfactory 
thresholds to amyl acetate in a biomedical detection scenario. Front VetY Sci 5: 345. https://doi. 
org/10.3389/fvets.2018.00345 

Craven BA, Paterson EG, Settles GS (2010) The fluid dynamics of canine olfaction: unique nasal 
airflow patterns as an explanation of macrosmia. J R Soc Interface 7(47): 933–943. https://doi. 
org/10.1098/rsif.2009.0490 

Dalziel DJ, Uthman BM, Mcgorray SP, Reep RL (2003) Seizure-alert dogs: A review and prelim-
inary study. Seizure 12(2):115–120 

Das S, Pal S, Mitra M (2016) Significance of exhaled breath test in clinical diagnosis: a special 
focus on the detection of diabetes mellitus. J Med Biol Eng 36(5):605–624 

Davis P (2017) The investigation of human scent from epileptic patients for the identification of a 
biomarker for epileptic seizures 

Dehlinger K, Tarnowski K, House JL, Los E, Hanavan K, Bustamante B, Ahmann AJ, Ward WK 
(2013) Can trained dogs detect a hypoglycemic scent in patients with type 1 diabetes? Diabetes 
Care 36(7): e98–e99. https://doi.org/10.2337/dc12-2342 

Dewulf J, Van Langenhove H, Wittmann G (2002) Analysis of volatile organic compounds using 
gas chromatography. TrAC, Trends Anal Chem 21(9–10):637–646 

Dixit K, Fardindoost S, Ravishankara A, Tasnim N, Hoorfar M (2021) Exhaled breath analy-
sis for diabetes diagnosis and monitoring: Relevance, challenges and possibilities. Biosensors 
11(12):476 

Dominguez-Ortega L, Díaz-Gállego E, Pozo F, García-Armenter SC, Comino MS, Dominguez-
Sanchez E (2013) Narcolepsy and odor: Preliminary report. SEMERGEN-Med Fam 39(7): 
e41–e46. https://doi.org/10.1016/j.semerg.2013.06.002 
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Abstract 

Due to the SARS-CoV-2 pandemic, there is increased interest in the use of dogs 
for infectious disease surveillance. While dogs have often been used to detect 
explosives, narcotics, and other contraband, live-find and human remains, and 
non-infectious medical detection, dogs’ use for infectious disease surveillance 
is a much newer field. While there is evidence that dogs can be trained to detect 
different types of infectious disease, most of these studies have been done in 
laboratory settings rather than in operational settings, except for deployed C. 
difficile detection dogs in hospital settings and deployed laurel wilt and citrus 
disease detection dogs in groves. This chapter discusses recommendations for 
training a successful, deployable handler-detection-dog team, and how to apply 
these recommendations to potential infectious disease detection teams. 
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1 Introduction 

For many years, society has heavily used and relied on the detection capabilities of 
dogs. Working detection dogs have been used in a variety of different environments 
for complex tasks such as narcotics and contraband detection (Jezierski et al. 2014; 
Rice and Velasco 2021), explosives detection (Adamkiewicz et al. 2013; Gazit and 
Terkel 2003; Lazarowski and Dorman 2014), live-find or human-remains detection 
in building collapses or in wilderness areas (Bulanda 2012), medical detection as 
a part of service work (e.g., hypo- or hyperglycemia (Hardin et al. 2015)), and 
endangered species surveillance (Jamieson et al. 2021; Smith et al. 2005). Despite 
the increasing use of chemical analysis and technology for detection work, dogs 
currently remain one of the least expensive and most accurate odor detectors for 
these particular deployment scenarios. 

More recently, researchers have been exploring other potential avenues to uti-
lize dogs’ incredibly sensitive sense of smell; one such avenue is disease detection. 
Most studies in disease detection have explored non-infectious human diseases, 
such as different types of cancer (Buszewski et al. 2012; Cornu et al. 2011; 
Crawford et al. 2022; Elliker et al. 2014; Essler et al. 2020; Kane et al. 2022; 
Mathieu et al. 2018; Moser and McCulloch 2010; Willis et al. 2004), diabetic alert 
(Gonder-Frederick et al. 2017; Hardin et al. 2015; Hart et al. 2019), or sleep apnea 
(Koskinen et al. 2019). For some of these diseases, like diabetes and sleep apnea, 
one of the potential goals is to train a service dog to alert on the medical state of a 
specific person. For cancer studies, the goal is first to demonstrate that the cancer 
odor is differentiable from the odor of a healthy person. There is ample evidence 
that within the research laboratory, dogs can differentiate samples from patients 
with cancer from those with benign tumors or healthy individuals with high accu-
racy (Moser and McCulloch 2010). Next, the data from the dogs’ detection work 
can be examined alongside chemical analyses to help identify potential biomark-
ers for the disease (Kane et al. 2022). For most programs, these cancer-detection 
dogs are not intended to deploy to hospitals or other public places; rather, they 
contribute to our understanding of the disease and its diagnosis. 

Due to the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
pandemic in 2019, interest has grown in the use of dogs for infectious disease 
surveillance. The ability of detection dogs to identify a variety of infectious dis-
eases in lab settings has spurred interest in the use of dogs in operational settings 
(e.g., screening people at airports and stadiums). However, an operational setting 
introduces many variables that are not present in a lab setting, which could impact 
detection dogs’ performance. In this chapter, we first discuss current studies and 
uses of dogs for infectious agent surveillance. We then discuss recommendations 
for selecting, training, and deploying infectious disease detection dog-and-handler 
teams to increase their likelihood of success in the field. 

Current Uses for Dogs for Infectious Agent Surveillance 
The use of dogs to detect infectious diseases is a relatively new endeavor as com-
pared to their use in search and rescue, police work, and even non-infectious
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medical detection. Given dogs’ ability to detect volatile organic compound (VOC) 
changes in breath (Koskinen et al. 2019), sweat (Gonder-Frederick et al. 2017; 
Hardin et al. 2015), and blood (Horvath et al. 2013; Murarka et al. 2019; Rooney 
et al. 2019) samples associated with non-infectious disease, it was postulated that 
dogs could detect changes due to infectious disease as well. Thus far, dogs have 
successfully detected infectious viral, bacterial, fungal, and prion-related diseases 
in multiple different mediums, including sweat, blood samples, fecal samples, and 
breath samples (see Table 1 for detailed information about these infectious disease 
detection studies). Dogs have been shown to detect infectious diseases in humans, 
as well as in plants (Gottwald et al. 2020; Mendel et al. 2018), bovine species 
(Angle et al. 2016), and cervid species (Mallikarjun et al. n.d.).

Given dogs’ success in laboratory settings, during the pandemic, many organi-
zations began to train and deploy COVID-19 detection dogs in several different 
scenarios. While dogs have not been frequently used in real-world infectious dis-
ease detection cases, dogs’ lab performance is often used to justify dogs’ potential 
deployment and use in real-life settings. However, performance in the lab or in 
training settings can greatly differ from performance in the deployed setting (Rut-
ter et al. 2021). In a sample of current infectious disease detection studies, 8 tested 
dogs in a lab setting, 2 tested dogs in a pseudo-operational setting, and 2 tested 
dogs in a true operational setting. A pseudo-operational setting is a controlled 
environment that is meant to mimic the actual operational setting but allows for 
a more precise examination of the dogs’ detection behavior. Prior to the SARS-
CoV-2 pandemic, published reports of the use of operational infectious disease 
detection dogs focused mostly on non-human infectious diseases (e.g., citrus dis-
ease and laurel wilt) (Gottwald et al. 2020; Mendel et al. 2018) with the exception 
of trained C. difficile detection dogs in Canada (Bomers et al. 2012; Taylor et al. 
2018), who are not widely deployed at this point, despite their high accuracy rate. 

To promote the success of future deployed detection dog–hander teams for 
infectious disease, we present recommendations for training a deployable detec-
tion dog–handler team and apply this information to potential infectious disease 
detection dog–handler teams. 

Considerations and Recommendations for Detection Dog Training 
Many factors can affect a detection dog’s ability to find its target odor accurately 
and consistently in a deployment setting. We have broken these factors into seven 
sections: the choice to use detection dogs for detection rather than other methods, 
dog selection considerations, handler selection considerations, dog training con-
siderations prior to deployment (e.g., training sample selection, training locations, 
and training frequency), handler training considerations, operational maintenance 
post-deployment (e.g., regular training in the operational setting), and other oper-
ational considerations (e.g., length of time dogs can work in a session, creating 
redundancy in the system to identify the target odor). Each of these factors can 
impact the future success of an infectious disease dog–handler team.
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2 The Choice of Detection Dog Teams 

While detection dogs are widely used to locate many different target substances, 
it is necessary in novel use cases, such as infectious disease detection, to assess 
whether adding a detection dog team would significantly improve surveillance and 
control. If a detection dog team could be a useful potential tool, interested orga-
nizations must evaluate whether the detection work would be safe for the dog, 
handler, and search subjects (e.g., potentially infected humans, animals, or plants), 
and whether the practice would be cost-effective. If these benchmarks are not met, 
a solution other than a detection dog team would be required. 

Safety of Dog and Handler 
Prior to the use of a detection dog team, it is necessary to assess all aspects of the 
operational scenario to ensure the safety of the dog and handler. First, it must be 
determined if the pathogen can infect dogs or humans, and if it can, the degree to 
which the pathogen would impact the health of the detection team. Many animal 
and plant pathogens cannot infect dogs or humans, and as such would pose little 
to no risk to the team’s health. 

If the disease does pose a risk to humans, the transmission mechanism, conta-
giousness of the disease, and the potential for safety precautions must be evaluated. 
Infectious disease can be transmitted in several different ways, including airborne 
(e.g., COVID-19), fomites, direct contact, or ingestion. Depending on the transmis-
sion mechanism, personal protective equipment may be required for the handler. 
Additionally, if dogs can contract or transmit the disease, the transmission mecha-
nism may affect the way dogs are trained to alert on the target odor (e.g., a sit or 
down alert away from the target odor if the transmission is via ingestion or direct 
contact) or the particular source of the target odor on which they work (e.g., detect-
ing COVID-19 in sweat rather than breath or saliva, since sweat does not contain 
viral particles). If dogs can contract the target disease, that may also suggest that 
dogs are not an ideal choice to manage the disease. 

Another important factor is the rapidity of the disease spread. This is mea-
sured via an R0 score, which indicates how contagious the disease is; for example, 
the original SARS-CoV-2 ancestral strain had an R0 of 2.4–2.6 (Mukherjee and 
Satardekar 2021) (meaning, someone who gets the disease will infect between 2.4 
and 2.5 people), while the SARS-CoV-2 Omicron BA.2 strain had an R0 between 
10 and 12 (Szanyi et al. 2022). Diseases with high R0 will be riskier for the dogs 
and handlers if they are at risk to contract the disease. 

Lastly, if diseases do pose a risk to dogs or humans, vaccination could miti-
gate this risk; for example, the canine distemper virus and the rabies virus can be 
deadly for dogs, but dogs vaccinated against these diseases would be unlikely to 
contract them. Similarly, the COVID-19 vaccination provides a measure of protec-
tion for humans against the COVID infection. However, vaccines do not always 
provide full immunity or protection against diseases, so the degree to which the 
vaccine mitigates the disease symptoms and severity must be assessed prior to 
team deployment.
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Cost 
The deployment of a detection dog team can be quite costly in both time and 
capital. Comparison of costs has been more prevalent in the wildlife detection 
literature, which is closer to the operational scenario of animal or plant infec-
tious disease detection; however, the considerations are important for all types of 
detection work. While a dog–handler team can be more efficient than other meth-
ods of surveillance because they can rapidly screen targets, they require a great 
deal of initial training, which can be expensive and requires more time prior to 
deployment than some other methods (Duggan et al. 2011). The calculated cost 
of dog–handler teams should include procurement of the dog, travel, initial and 
ongoing training, and cost per day for the salary of the dog handler and mainte-
nance of the dog (including food and healthcare) (Bennett et al. 2020), but this 
cost can vary depending on the particular detection need. For example, a wildlife 
survey study, which is a relatively similar target environment as plant or animal 
pathogen detection, found that while dog–handler teams finished the survey much 
faster, they were no more accurate than standard human survey, and were more 
expensive (Duggan et al. 2011). 

In certain cases the cost of a detection dog team can be less expensive than 
other testing methods; for example, if tests for the disease are in development, 
scarce, and/or time-consuming (e.g., early PCR tests for SARS-CoV-2 (Hag-Ali 
et al. 2021)), traditional testing can be more expensive in both time and money to 
administer to large groups of people than to screen the group with a detection dog 
team. 

Canine and Handler Selection 
Once it has been determined that detection dog teams would be useful for a surveil-
lance need, it is necessary to develop and formalize the process of handler and 
canine selection for the detection teams. 

2.1 Dog Selection 

Not all dogs have the aptitude to become detection dogs (Maejima et al. 2007), 
and within that set of successful dogs, certain dogs are better suited to specific 
types of detection work than others. It is crucial to select dogs that would perform 
well in the particular deployment scenario in which they are needed. For example, 
search and rescue dogs must be comfortable working at a distance from their 
handler (Hare et al. 2018), but this characteristic would not be necessary for most 
explosives or drug detection dogs, who tend to work closer to their handler. 

While it is beyond the scope of this article to discuss the individual charac-
teristics that can identify the best detection dogs for certain deployment settings, 
general selection guidelines should be followed, as well as more specific require-
ments as dictated by the operational setting (Standard for Detection Canine 
Selection, Kenneling, and Healthcare 2021). Abundant research has been done
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on the characteristics of successful working dogs, including explosives detection 
(Lazarowski et al. 2020; MacLean and Hare 2018), narcotics detection (Jezierski 
et al. 2014; Maejima et al. 2007), search and rescue (Hare et al. 2018), wildlife 
detection (Beebe et al. 2016; DeMatteo et al. 2019) and service (Bray et al. 2017; 
Weiss 2002; Weiss and Greenberg 1997; Wilsson and Sundgren 1997) (see Bray 
et al. for a review (Bray et al. 2021)), all of which require very different skills. 
The more unsuccessful dogs are selected for a particular program, the more time 
and money the program wastes, and there would be a higher potential for error in 
infectious disease surveillance. 

2.2 Handler Selection 

While much research has focused on traits of the ideal dog for particular detec-
tion tasks, much less research has examined ideal handler traits. Some studies 
have examined the Big Five personality traits in relationship to dog handling with 
mostly pet dogs and therapy dogs, and have found some evidence that dog owners 
and dog handlers with higher Neuroticism (characterized by sadness, moodiness, 
and instability) are less effective at training (Hoummady et al. 2016; Stevens et al. 
2021). However, owners with higher Neuroticism scores spend more time with 
their dogs and view their dogs more as a partner (Kotrschal et al. 2009), which 
studies have suggested could support the dogs’ well-being and comfort in the dog– 
handler team (Payne et al. 2015b; Zubedat et al. 2014). In contrast, one study of 
professional handlers found that while, in general, the handlers surveyed scored 
high on Agreeableness and low on Neuroticism, their individual personality traits 
did not significantly affect their eventual handler success (Jamieson et al. 2018b). 
These studies all agree, however, on the idea that dedication of the handler to 
the dog–handler relationship leads to success (Jamieson et al. 2018b; Payne et al. 
2015a, b; Zubedat et al. 2014). Relationship-building behaviors like taking the 
dog home after work as well as doing dog sports outside of work were found 
to improve canine performance with military dogs, for example (Lefebvre et al. 
2007). Additionally, matching handlers to the specific task in addition to the dog 
is crucial. For example, police K9 handlers may not be successful conservation 
detection dog handlers, and vice versa, due to different situation-dependent han-
dling strategies (DeMatteo et al. 2019). A carefully selected handler can improve 
the quality and performance of the dog–handler detection team. 

2.3 Canine Training Considerations Prior to Deployment 

Detection dog training prior to deployment is vital to produce a dog who alerts on 
the target odor and ignores negative and distractor odors in the operational envi-
ronment. Sample selection and maintenance, development of a training plan that 
prepares the dog–handler team for the operational setting, training the handler to
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work well with their dog, and development of a standardized certification program 
help ensure the quality of the detection team. 

3 Training Sample Selection and Maintenance 

Careful sample selection is crucial to detection dogs’ success in their eventual 
deployment scenario. The characteristics of training samples, like sample quantity, 
source, proportion of odorant compounds, and age, can have a significant effect 
on dogs’ later ability to identify target substances. Ensuring that the characteristics 
of the training samples match the eventual target population is crucial for optimal 
detection accuracy. Additionally, the handling and storage of samples must be done 
with precision and care. Given dogs’ superior olfactory capabilities, miniscule dif-
ferences in the way the odors were collected, and handled can lead to detection 
errors from the dog–handler team (Elliker et al. 2014). Once these errors occur, 
it can be difficult to trace these errors back to sample characteristics; rather, it is 
often attributed to the detection dog. 

Sample Selection 
Selecting samples to create a large, diverse training set is important to ensure that 
dogs successfully learn a category of odor and do not merely memorize training 
samples. Dogs have been shown to learn large numbers of individual odors (Krich-
baum et al. 2020). To ensure that dogs successfully learn a category of odor and 
do not merely memorize samples, as many training odors should be used as pos-
sible. However, sample acquisition can be difficult, and researchers and trainers 
do not often have access to endless amounts of new samples. It is inadvisable to 
mix samples together to create “novel” target odors, as dogs can detect the indi-
vidual components of these mixtures and after overtraining on these samples will 
fail to generalize to novel samples (Essler et al. 2021). Previous studies have had 
varied success with small sample numbers; while dogs have successfully learned 
target odor and generalized it to novel samples with as few as 20 target odors 
and 20 negative odors (Wright et al. 2017), they have also failed to generalize 
to novel samples after training on larger numbers of samples (Elliker et al. 2014; 
Essler et al. 2021). As such, further research is needed to determine the appropriate 
formula to calculate the ideal sample number for particular odors. 

The proportion of the total number of positive samples and the total number 
of negative samples presented to the dogs should, at the final stages of training, 
reflect the prevalence of the disease. There is currently no hard evidence for this 
recommendation in the canine training literature; however, at the onset of most 
training procedures, dogs are exposed to many more positive samples than they 
might expect to encounter in a real-world scenario so that the dog can successfully 
learn the target odor (Grandjean et al. 2020; Jezierski et al. 2010; Kure et al. 2021). 
This approach makes sense early on, as many target odors have such low incidence 
rates that initially training at that rate would not allow the dog to learn the odor. 
However, if the dogs continued training at this higher ratio, they may have a higher
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false alert rate when they experience the lower real-world proportion. For example, 
one study trained pet dogs to search for myrrh odor on cotton buds in outdoor 
settings to assess the possibility of using pet dogs for conservation detection work 
(Rutter et al. 2021). The initial training included no “blank” trials, meaning there 
were no trials without odor present. Once a blank trial was included at the test, 
the dogs had a high false positive rate, as they had not expected the absence of 
target odor. As such, when the target odor prevalence rate is low, the dog will 
occasionally or often perform searches where the odor is not present. The dogs 
must be exposed to more negative samples and trials in which there are no positive 
samples present, or they may falsely alert. 

The sample weight and volume must as closely reflect the range of target sample 
weights and volumes as possible. Dogs are sensitive to odor quantity (Aviles-Rosa 
et al. 2021b; Horowitz et al. 2013), and training on items that differ greatly in 
odor quantity from the target item can lower their eventual accuracy (Aviles-Rosa 
et al. 2021b). If the access to the correct sample weights and volumes is restricted 
or limited in some way, there are alternative methods to generating increased or 
decreased odor from the available sample. For example, some labs use olfac-
tometers (Aviles-Rosa et al. 2021a), which blow air over samples and can control 
concentration and odor strength via airflow. Additionally, alternative odor-capture 
devices like cotton or polymers may be incubated with samples to generate differ-
ent concentrations of odor (Simon et al. 2020). It is more difficult to control the 
concentration or dissipation rate of the odor with these alternative aids, however, 
as very few studies have been done to explore the rate of absorption/desorption 
and how these aids react with different types of odorants. 

Sample Collection 
Samples from both groups of test subjects, confirmed to be positive or negative for 
the disease of interest, must be processed and handled in similar ways to ensure 
that dogs are detecting the target odor and not an extraneous co-occurring odor. 
This is a crucial step in the training process, as researchers cannot easily deter-
mine what molecules dogs are using to identify substances. Judicious selection of 
samples (and distractor items, as discussed) can reduce the possibility that dogs 
are detecting something other than the target odor. Dogs can detect differences 
in processing between the odors from negative and positive samples that are not 
always readily apparent. For example, one study that examined dogs’ detection of 
prostate cancer found high rates of sensitivity (93.5%) and specificity (87.9%) dur-
ing training, but the dogs failed to generalize to novel samples during a test phase. 
The researchers found that the positive training samples were tested by dipping a 
urinalysis stick in the sample, while the negative training samples were tested by 
pouring the sample on the stick. The testing samples, however, were processed in 
the same manner—by pouring the sample on the stick. As such, the researchers 
concluded that the dogs likely learned urinalysis-stick odor rather than the prostate 
cancer odor signature (Guest et al. 2020). 

Additionally, to ensure that the dogs are detecting the actual odor signature 
of positive samples and not an unrelated but co-occurring odor, distractor, and
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control items must be selected carefully. Ideally, these distractors should include 
every non-target item that has come into contact with the samples. For example, 
in Kane et al.’s ovarian cancer detection study (Kane et al. 2022), distractor items 
included nitrile gloves and vinyl gloves (both worn while handling samples), 80% 
isopropyl alcohol and paper towels (both used to clean the ports that held samples), 
and Sharpies (used to label sample jars and ports). Generating a list of these odors 
prior to training onset will allow for these odors to be included at the beginning of 
the dogs’ learning process and will help the dog hone in on the actual target odor 
as opposed to using one of the distractor odors for differentiation. 

Training Environment 
Training successful detection dogs requires careful consideration of the eventual 
training environment and building dogs up to eventual success in that environment. 
There are a wide variety of different operational scenarios in which infectious 
disease detection dogs could work; for example, there are deployed COVID-
19 detection dogs that currently work in airports (Coronavirus-Sniffing Dogs 
Unleashed at Miami International Airport to Detect Virus in Employees 2021)and 
stadiums (Miami Heat to Welcome Back Fans with Help of Covid-Sniffing Dogs, 
2021), C. difficile detection dogs work in a hospital (Bomers et al. 2012), while 
laurel wilt detection dogs work outdoors in groves (Mendel et al. 2018). These 
spaces are vastly different in size, population density, and noise level. Prior to 
the start of training, the operational location and context must be clearly identi-
fied; this includes the search area size as well as procedural-based aspects such 
as the amount of time dogs are expected to search. Dogs are very sensitive to 
context effects and accuracy can decrease if the operational setting differs substan-
tially from the training scenario (e.g., searching a much larger area than trained 
previously (Rutter et al. 2021)). 

Training Procedures 
It is crucial for regular double-blind training and testing to be included in the 
dog–handler training procedures prior to deployment. To train or test double-blind 
means that the handler does not know if there is a target odor present or where the 
odor is located, and any additional people in the search area are also unaware of its 
presence or location. This type of training mimics the operational setting, where 
target odors are also unknown by the handler and other surrounding people. One 
well-known study, Lit, Schweitzer, and Oberbauer (Lit et al. 2011), demonstrated 
that handlers can unknowingly influence their detection dogs if they believe a target 
odor to be present at a certain location. As such, double-blind training where the 
handler practices their handling behavior while not knowing the location of the 
target item is crucial for accurate detection. 

Handler Training Considerations 
A strong dog–handler relationship is an important factor for peak team per-
formance. When dogs are familiar and comfortable with their handler, canine 
detection accuracy is higher (Jamieson et al. 2018a). Handlers should spend time
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with their dogs both in and out of the detection context to build a strong bond. 
Spending time with the dog also allows the handler to better understand the way 
the dog searches in different scenarios. If the handler understands the dog’s behav-
ior, the handler’s stress will be lower in the actual operational scenario, as they are 
adequately prepared to handle the dog in that situation; as a result, the dog will be 
more accurate in their detection work (Gillespie 2022). 

Handlers must also be well-educated in the biology of the disease being 
detected. They must be familiar with appropriate use of personal protective equip-
ment and methods of decontamination associated with the disease. For example, 
the C. difficile detection team consulted with the hospital and the doctors prior 
to development of an operational detection plan; they implemented careful hand 
hygiene as well as no contact between the patients and the dog for both the dog 
and patient safety (Bomers et al. 2012). Handlers must also accurately document 
any responses of the dogs, report results according to local jurisdictions, and be 
familiar with privacy restrictions on health care information. 

Certification 
It is necessary to develop a certification process (e.g., Standard for Training and 
Certification of Canine Detection of Humans: Patrol Canine Team 2021) for infec-
tious disease handler-dog teams based on the operational scenario and goals of the 
deploying organization. This is to ensure that the teams operate in a similar way 
and that all deployed teams meet high detection standards. Without a standard-
ized certification process, it is unclear whether any given dog–handler team meets 
an appropriate benchmark of performance for their specific task. The certification 
process should be conducted in a double-blind fashion (as discussed above in the 
Training procedures section) and the administrator of the test should be someone 
who did not participate in the training of the dog, to eliminate any potential bias. 

Other handler-dog detection teams go through rigorous certification processes 
prior to official deployment. Search and rescue teams in the United States must 
pass a national certification exam from the Federal Emergency Management 
Agency (FEMA) under the Department of Homeland Security. Moreover, indi-
vidual search-and-rescue task forces across the United States often have additional 
required certifications per team to ensure peak performance for each task force. 
Government drug and explosives detection canines must pass certification devel-
oped by their umbrella organization, such as the Bureau of Alcohol, Tobacco, and 
Explosives, Border Patrol, or the Transportation Security Administration (TSA). 
State and county law enforcement K9s have internal certifications as well as 
organizations like the United States Police Canine Association (USPCA) and the 
National Narcotic Detector Dog Association (NNDDA) that provide guidelines 
for certification of detection K9s. The National Institutes of Standards and Tech-
nology (NIST) (https://www.nist.gov/osac/dogs-sensors-subcommittee) has helped 
develop the original Scientific Working Group for Dog and Orthogonal Detector 
Guidelines (SWGDOG) into published standards that have been through a formal 
development process with public comment (see https://www.aafs.org/academy-sta 
ndards-board under Dogs and Sensors for documents open to public comment as

https://www.nist.gov/osac/dogs-sensors-subcommittee
https://www.aafs.org/academy-standards-board
https://www.aafs.org/academy-standards-board
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well as published standards). 
It is especially worthwhile to examine the TSA guidelines (Explosives Detection 

Canine Recommended Standards 2020) for any human infectious disease detection 
work, as the deployment scenario will likely include screening large numbers of 
people or large crowds (e.g., COVID detection dogs at stadiums), and may even 
occur in the same types of areas as TSA canines (e.g., airports, train stations). 

To develop a certification for animal and plant infectious disease detection 
work, examining the certification guidelines for wilderness search and rescue as 
well as the current protocols for various conservation detection dogs can also help 
to develop an appropriate deployment plan and certification. 

Operational Maintenance Post-Deployment 
Once initial training is completed and the dog–handler team is certified for deploy-
ment, continued training and assessment is needed to ensure that high levels of 
detection accuracy are maintained (Explosives Detection Canine Recommended 
Standards 2020; Standard for Training and Certification of Canine Detection of 
Humans: Patrol Canine Team 2021). 

Maintenance Training 
Dogs generally maintain memory for trained odor for long periods of time with 
minimal training; however, their operational performance declines without consis-
tent practice (Lazarowski et al. 2021). As such, regular training sessions must be 
conducted with the dog and handler team. As with the original training, the train-
ing sessions should be conducted in a manner as close to the operational scenario 
as possible. In this way, both the dog and the handler practice accurate search 
mechanics and any deficits in performance can be identified. 

Assessment 
In addition to continued training, it is important to implement a regular re-
certification program such that the handlers and dogs have to search in a 
standardized, double-blind scenario (Standard for Training and Certification of 
Canine Detection of Humans: Patrol Canine Team 2021). The samples used in this 
scenario should be novel, as dogs have incredibly strong odor memory (Krichbaum 
et al. 2020) and can remember prior training samples (Essler et al. 2021). A regu-
lar assessment program can provide data on the teams’ performances and feedback 
on areas of improvement. If regular assessments are not included in an infectious 
disease detection program, decrements in canine and handler performance cannot 
be properly assessed, and teams could potentially fail to detect cases of their target 
infectious disease or provide a false alert on a negative case. 

Data Collection 
While the hope and intention of training infectious disease detection dogs is for 
these dogs to detect their target odor at a high level of sensitivity and specificity for 
a long period of time, situations can occur where dogs’ performance can worsen 
for reasons that are not immediately apparent to the handler or the team. As such,
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it is important to regularly collect data on the dogs’ performance and health. It is 
also extremely important to store this data in such a manner that problems can be 
quickly and efficiently identified and steps can be taken to help the dog–handler 
team to return to best operational performance. 

Other Operational Considerations 
In addition to the previous considerations, there are some other additional oper-
ational facets that must be considered prior to deployment of a detection dog 
team. 

3.1 Practical Detection Considerations 

Building redundancy and backups into the operational infectious disease detection 
system is necessary, as dog–handler teams do not maintain the same level of accu-
racy on a day-to-day basis. This can be due to illness or stress on the part of the 
handler or the dog; however, even when both handler and dog are at peak health, 
errors in detection work can happen. As such, it is important to use redundant 
detection systems, like utilizing multiple dog–handler teams and/or using disease 
testing as a back-up to double-check potential targets identified by the team, to 
ensure that cases are not missed. 

3.2 Perception Considerations 

One under-examined aspect of detection dog deployment is the need to inform the 
public and survey public opinion about detection dogs prior to the use of detection 
dog teams. There are many countries in which many members of the population 
fear dogs; in these locations, the use of dogs for human infectious disease surveil-
lance would likely be viewed negatively, and there may be low compliance with 
the surveillance program. It is important to determine the public opinion about 
dogs and detection dogs such that people will be receptive to their use and par-
ticipate in the surveillance. Conversely, some individuals may be biased toward 
the dogs and be unwilling to believe the results of other testing, emphasizing the 
importance of accuracy if dogs are used operationally. 

4 Conclusion 

Prior to the deployment and use of infectious disease detection dog–handler teams, 
several steps must be taken to assess the need for the team, to select ideal dogs and 
handlers, to create an operational deployment plan and training plan that supports 
the operational deployment scenario, and to continue to maintain the performance 
of the dogs and handlers in the operational setting. While dogs can be an extremely
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effective tool for the surveillance of disease, optimal performance requires careful 
forethought, consideration, and a well-developed plan. 
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Abstract 

Dogs as research assistants in wildlife conservation have been used since the 
twentieth century. The experimental and quasi-experimental research on their 
efficiency, accuracy, and reliability is more recent and does not exceed a few 
decades. We start by discussing the potential and overlooked conceptual and 
methodological contributions of psychophysics to the training and assessment of 
wildlife conservation canines. We then briefly discuss issues around transects in 
search and question the validity and relevance of this anthropocentric approach. 
The remainder of this chapter is a comprehensive and critical review of the 
literature. An important part of this review is a summary table (appendix) of 
the main research we collated identifying the specific goals, species, methods, 
and the overall results and conclusions of each peer-reviewed publication. 
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1 Introduction 

This chapter is about dogs as research assistants in wildlife conservation and 
related areas (e.g. invasive species). We will first review some broad and rarely 
discussed methodological and conceptual issues, mostly from the perspectives of 
animal olfactory psychophysics, zoosemiotics, and ethology, and the opportunities 
they may offer. Then we present a comprehensive (although still incomplete) lit-
erature review of peer-reviewed studies in the field. We are aware that many more 
non-published reports exist (including many from the lead author’s laboratory at 
Dalhousie University1 ) that emerged from contracts or diverse agreements with 
government agencies or private companies. They are not cited or covered here, 
but they are no less important in defining the field. Many of these reports should 
likely be published or systematically reviewed as they report negative outcomes 
and would prevent duplication and multiplication of efforts. Many of us in the 
field are aware of “some” of these disappointments. 

Scent-processing dogs2 have been employed to improve search and detection 
efforts in many fields of research and professions. For example, dogs have pro-
vided aid in explosives and narcotics detection, medical diagnostics such as cancer 
detection (Oh et al. 2014), search and rescue (Jones et al. 2004), weapons detec-
tion (Holland 2018), inspection of parasitic and fungal levels in beehives, and even 
more diverse fields such as bed bug detection and telephone pole rot assessments 
(Gadbois and Reeve 2014). Scent-processing dogs have also been widely used as 
tools for wildlife research, which is the focus of this review. Dogs are extremely 
well-tailored to these search efforts, based on their natural olfactory abilities. While 
humans possess a mere six million olfactory receptors, dogs have hundreds of 
millions, with greater differentiation in the types of olfactory cells enabling them 
to detect the presence of odours with extreme specificity (Grimm-Seyfarth et al. 
2021). Other common dog characteristics further enhance their success in search 
and detection tasks, such as their physical conformation, energy level, sensitivity 
to reward, and strong “play drive”, all of which increase their ability to work on 
a wide variety of target species, in a wide variety of environmental conditions 
(DeMatteo et al. 2019). 

The use of dogs to aid in wildlife research is not new. Zwickel (1980) authored 
a chapter on the subject and noted that as early as 1930 scientists were using 
dogs to aid in wildlife research; employing dogs was considered an effective way 
to reduce human-induced bias and increase the sample size of the study. Early 
work involving dogs was generally aimed towards driving and trapping animals for

1 For example, our (Wildlife Ethology and Conservation Canine Lab) many attempts with no or 
mediocre success at training dogs to find nests and eggs of wood turtles and Blanding’s turtles. 
2 There are many ways to refer to conservation canines: scent-detection dogs, detection dogs, scent 
dogs, tracking dogs, scent-processing dogs, etc.… We choose to use the term “scent-processing 
dogs” as it makes no assumptions about the sensory and cognitive processes at work. In other 
words, the work of a tracking and trailing conservation canine goes beyond mere detection. We 
are explaining these nuances in the section on canine olfactory psychophysics. 
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tagging, or for specimen collections. Dogs were used to assist wildlife research in 
other ways, with most of their applications being for intrusive purposes: flushing 
dogs, pointers, and retrievers aided with bird censuses (e.g. adult waterfowl or 
brood counts), big game censuses, assessing relative abundances (e.g. of raccoons, 
squirrels, and chipmunks), locating nests, tracking “scentless” young cervids (e.g. 
fawns), locating dens (e.g. of seals and polar bears), and tracking wounded or 
drugged animals (e.g. deer and moose). Dogs were also used periodically to study 
other aspects of wildlife ecology such as “running” rabbits to quickly determine 
their home range. 

While earlier use of dogs in wildlife research was quite invasive, a growing 
interest in the use of scent-processing dogs to aid conservation efforts demon-
strated evolved methodologies with dogs in a non-invasive role, allowing for 
the investigation of species at risk. This evolution of their deployment made it 
clear that well-trained dogs with the appropriate temperament could minimize the 
impact on habitat, and the animals themselves, during search efforts. From there 
emerged a strong case documenting how numerous challenges associated with 
studying rare or endangered wildlife species could be overcome by using scent-
processing dogs. As an unobtrusive survey tool, dogs may locate live target animals 
while maintaining an appropriate distance so as not to put the dog or target animal 
at risk. There are also other signs a scent-processing dog may rely upon to signify 
species presence such as nests or scats. 

As discussed by Gadbois and Reeve (2014) a zoosemiotic and post-cognitivist 
approach to scent processing takes into consideration the interactional processes 
between subject and environment, in a perception–action perspective. It is not only 
“sensation and perception”, but “sensing and perceiving”. Zoosemiotics offers a 
theory of the signs (or the stimulus). Interestingly, along with some modern post-
cognitivist schools, zoosemitotics avoids the “poverty of the stimulus” problem. In 
other words, not limiting the study of olfaction (in our case) to a representationalist 
approach, but rather a direct perception approach, considering the importance of 
the natural motor or olfactomotor patterns of the dogs, and their interaction with 
the space they work with. Here, ethology and zoosemiotics merge in offering a 
more naturalistic perspective to scent processing in dogs. 

A zoosemiotic approach would consider how communication, representation, 
and signification are all processes in which animals may exchange information 
with one another. While communication involves a signal for the exchange of 
information between a sender and a receiver, representation, and signification rely 
on signs to provide or receive information when a specific receiver or sender is not 
present (Gadbois and Reeve 2014). For example, signs and tracks left by a target 
animal are cases of signification: There is no assumption of an intended recipient, 
but a tracker (animal or human) can learn the relevance of such signs and tracks to 
find the target. These signs include things such as scent-marking with urine, scats, 
sheddings of fur or skin, or glandular secretions. Any of these signs can provide 
information to conservationists trying to determine presence–absence or to better 
understand population dynamics. For example, through the application of diverse 
techniques with scats collected in the field, which can be efficiently located by
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scent-processing dogs, information on species, sex, individual identity (via DNA), 
health factors (e.g. parasite load), hormones, and diet can be gained (Browne et al. 
2006). 

Dogs were documented as demonstrating high efficiency and reliability for 
locating individual species or signs of species with low-density populations, high 
sensitivity, and elusive behaviours, as well as species living in habitats with dense 
vegetation, challenging landscapes, or large territorial ranges (Long et al. 2007b; 
Smith et al. 2003, 2006). With such an acute sense of smell, dogs made detections 
that their human counterparts would overlook. For example, dogs can find much 
smaller individual animals (Cablk and Heaton 2006) and locate signs from much 
farther afield (Rolland et al. 2006; Wasser et al. 2004) compared to human sur-
veyors. Additionally, dogs locate significantly more scat, of varying ages, relative 
to humans (Smith et al. 2003). Overall, using dogs has rapidly proven to be a 
promising method for increasing the efficiency and accuracy of wildlife conserva-
tion research across a wide range of species, including those that were elusive or 
endangered. 

In performing a deep dive, even into the earliest literature, the increased effi-
ciency of using dogs as a non-invasive method for wildlife research is undebatable. 
For example, Long et al. (2007b) performed a study where dogs were successfully 
trained to simultaneously identify black bear, fisher, and bobcat while discrim-
inating among other sympatric forest carnivores such as coyote, striped skunk, 
and badger. Reindl-Thompson et al. (2006) were able to report high accuracy and 
efficiency rates of scent-processing dogs used to locate endangered black-footed 
ferrets, suggesting dogs produced more promising results than the traditional 
choice of spotlight surveys. 

With the interest in dogs as a tool for wildlife research growing, the application 
of methodology involving scent-processing dogs to wildlife conservation research 
became increasingly varied across species and habitat types. Most of these appli-
cations began as pilot studies, to examine the feasibility, efficiency, accuracy, and 
reliability of using dogs to study wildlife in different settings. These applications 
suggested great promise for a variety of deployments of dogs in wildlife research. 
Pilot studies demonstrated dogs being significantly more accurate and effective 
than humans at locating bat fatalities at wind energy facilities regardless of veg-
etation (Arnett 2006; Mathews et al. 2013), and as being reliably more effective 
than humans at locating threatened desert tortoises, regardless of tortoises being 
juvenile, neonate, or adult (Cablk and Heaton 2006). Pilot studies highlighted the 
ability of dogs to identify individual wild Amur (Siberian) tigers by matching two 
scat samples from the same individual (Kerley and Salkina 2007), as well as cor-
rectly matching 25 maned wolf scat samples to the respective individuals (Wasser 
et al. 2009). These are examples of matching-to-sample tasks, which demonstrate 
a more exact understanding of the stimulus, whereby the dog is identifying the 
sample as the same as the target (Gadbois and Reeve 2014). This specific process 
will be explained below.
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2 Olfactory Psychophysics: A Methodological Comment 
and Emerging Opportunities for Training 
and Assessment 

It is interesting that a well-established field of study of olfaction (in animals and 
humans) is rarely (if at all) evoked in the modern literature on scent processing in 
dogs (including in the literature on Wildlife Conservation Canines). We will cover 
some of the points made by Gadbois and Reeve (2014) about the relevance of such 
concepts in our understanding of olfaction in dogs, and especially in training for 
accuracy and reliability. 

Psychophysics (a field of experimental psychology and now sensory neuro-
science) has a long methodological and conceptual tradition in discussing olfactory 
processing. First, we will discuss how the classical view of sensory processing 
brings some important nuances to the details surrounding methodology and train-
ing. As Gadbois and Reeve (2014) point out, there are four main processes that 
psychophysics identifies (in principle, in all the sensory modalities): Detection, 
discrimination, identification, and scaling. 

2.1 Detection: Yes/No, Go/No-Go 

The term “detection” in the industry of scent processing is used for almost any 
task requiring a dog to use its nose. But in psychophysics, the term is much more 
specific. It refers to the simple task of judging the presence or absence of a stim-
ulus. The typical tasks used here are simply presenting one stimulus at a time to 
which the animal responds to the presence of the target odour, i.e. “odour present” 
or “odour absent”. We can compare this method to a “true/false” exam in humans. 
There are two main methods to do this with animals. 

2.1.1 Yes/No Tasks 
Yes/no tasks require two possible responses to the two possible options of pres-
ence or absence. If the target odour is present (“yes”), the dog can, for example, 
execute a nose-hold for 5 s over the scent (or press a lever, lay down, etc.). If 
the target odour is absent (“no”), the dog can sit. These tests, if not performed 
in olfactometers, can be done in training rooms with one stimulus station being 
present in the room. 

2.1.2 Go/No-Go Tasks 
Go/no-go tasks are very similar with one important difference in the absence situ-
ation. As with the yes/no tasks, the dog responds yes (or “go”) with a nose hold 
or any other trained response. But if the odour is absent, the dog simply does not 
respond (for example, they can walk away). The problem with this approach is 
that it may add some ambiguity when the dog is uncertain about the response to 
produce.
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2.1.3 Considerations on Using Detection Procedures 
It comes down to what overall analytical tools are used. For example, if Signal 
Detection Theory is used, it is preferable to have a clear “yes” and a clear “no”. 
The “no” response commits the dogs to the judgement of absence of the target 
odour. There is equal effort in saying “yes” as in saying “no”. It also facilitates 
the identification of the errors: false alarms (or type I errors) and misses (or type 
II errors). Not to mention the other useful Signal Detection Theory parameters 
such as the d’ (as a measure of sensitivity) and the criterion (c, or beta) providing 
information about how liberal or conservative a dog is in its decision-making. 

2.2 Discrimination: mAFC 

Discrimination tasks require the comparison of two or more instances of scent, 
either a target with blanks (usually in initial training stages) or target and dis-
tractors. A human analog would be a multiple-choice exam. The target is always 
referred to as the S+ or SD (discriminative stimulus), and the blanks or distrac-
tors (non-targets) are always referred to as the S− or S/ (S delta). The literature 
calls this procedure “alternative forced choice” or mAFC (the m indicating any 
number of instances or stimuli used in the task). For example, a commonly used 
line-up could be labelled a 6AFC. Note that for the discussion below, we will not 
distinguish between line-ups and wheels or carousels, as all those methods use a 
sequential procedure and set-up. We will simply refer to them by the number of 
stations visited by the dog, i.e. mAFC for a generic case, or 2AFC, 3AFC, etc., 
for specific sizes. 

2.3 Identification: Matching-To-Sample 

An identification task in humans would be a naming task. In other words, as a 
stimulus is presented, the human has to “name” the stimulus, e.g. “lavender” or 
“floral”, in describing odours. In animals, we must resort to matching-to-sample 
procedures. Typically, there is a pre-set number of odours presented one-by-one to 
a dog (see Gadbois and Reeve 2014 for description of a task with 8 odours). The 
procedure requires the dogs to investigate one of the smells (the sample) and then 
proceed to a sequential presentation (line-up, carousel, etc.) to pick the matching 
odour. 

2.3.1 Considerations on Using Discrimination and Identification 
Procedures 

The dog literature is filled with 6AFC discrimination tasks. We can trace this 
tradition to Schoon and Haak (2002), or at least its popularization through their 
thorough historical review of the methods used with canines in forensic science. It 
is a sound method to initiate a dog to search (see the section below on search) a 
target among a large number of distractors. We use this technique a lot to initiate
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our dogs to the presence of S−s, including some that could be very similar (or sus-
pected of being similar) to the target odour (see Gadbois and Reeve 2014, 2016). 
It is also a great way to start a naïve dog on simple sequential search, moving 
later to non-linear odour stations, or room searches. Otherwise, as a procedure to 
understand the performance of one’s dog, mAFCs need to be used with care. For 
instance, Gadbois and Reeve (2014) argue that if the task requires a mnemonic 
component (and it would for larger or longer line-ups), then a smaller (shorter) 
mAFC such as a 2AFC or 3AFC would be preferable. 

Put simply, there are at least three levels of interference, two of which are levels 
of mnemonic interference that could be problematic when facing a long line-up. 

Pure Sensory Interference 
It is quite likely that while sampling each station of a line-up or wheel (carousel), 
molecules of the preceding station are still lingering in the nasal cavity of the 
dog’s nose. This “cocktail” of odours may make the identification of the target 
odour difficult, especially if mixed with the odour of an S- that is very similar 
to the target (S+). Interestingly, the size of the nasal cavity of the dogs can be 
a factor. As Gadbois and Reeve (2014) point out, there are two dimensions to 
the phenotypic advantage of a dog for scent processing: The “hardware” (basic 
olfactory anatomy and neuroanatomy) and the “software” (neurochemistry). It is 
often believed that dogs with larger nasal cavities may have an advantage (e.g. 
bloodhounds). Although this is speculative, it is possible that dogs with signifi-
cantly smaller nasal cavities may have an advantage. A smaller nasal cavity may, 
in some cases, facilitate a faster turn-around and flush-out of volatiles, especially 
if the sampling or sniffing time between samples or stations is short. This may 
explain the unexpected accuracy found by Hall et al. (2015) in pugs. 

Sensory Memory 
Not unlike iconic (visual) or echoic (auditory) memory, olfactory sensory memory 
can be of very short duration. With echoic (auditory) and iconic (visual) sen-
sory memory, the stimulation of the sensory system keeps a brief “after-effect” of 
the stimulus after its removal. The same happens with olfactory sensory memory, 
and arguably for longer because of the chemical nature of the stimulus. Resid-
ual molecules linger in the nasal cavity until a natural or forced clearance (nasal 
exhale) occurs, then a delay in signal termination at the receptor level should 
be expected. Dalton (2000), Dalton and Sherer (1999) described the clearance 
mechanisms that may be at play: nasal submucosal blood flow, nasal mucocil-
iary clearance, and expiratory desorption. Dalton and Sherer (1999) are clear that 
species differences should be significant, and it seems reasonable to believe that 
breed differences in dogs could be impactful (as mentioned in the section above) 
considering the nasal cavity’s own fluid dynamics: A Bloodhound should not be 
expected to produce the same rate of odourant clearance as a pug. We should also 
note that Dalton’s group, although working with human olfaction, focusses on 
adaptation. This interesting psychophysical point does not seem to be discussed



382 S. Gadbois et al.

in the canine literature, but may suggest that quick sequential sampling, as often 
done in line-ups, wheels, and carousels could be problematic. 

Working Memory 
The concept of working memory in animals was developed in the 70s by Werner 
Honig and David Olton (see Honig 1978; Dudchenko 2004 for historical accounts). 
Gadbois and Reeve (2014) have also pointed out that in some tasks, working 
memory could be affecting performance. This problem would apply only to iden-
tification tasks. The idea is that when the sample is processed, the dog must retain 
in memory the characteristics of that specific smell. As the dog progresses through 
the sequential set-up, memory interference can impair the performance of the dog. 
As the dog progresses towards the end of the sequence (e.g. line-up) the memory 
of the sample experiences some interference from the early stations of the line-up. 
This deleterious impact is more salient if the target odour is later in the sequence. 
The lead author’s lab did a short experiment to assess this effect. Two expert dogs 
were trained on 8 odours until reaching a criterion of 80% correct responses. The 
position of the target odours was randomly determined by the throw of a die (the 
“n” at the bottom of the bars in Fig. 1). When we looked at the data by sequen-
tial position, we were surprised to see that the performance changed dramatically. 
Indeed, both dogs were at 97.7% performance when the sample was in first posi-
tion. At positions 2 and 3, the performance hovered around 92%. In position 4, 
both dogs were close to 80%. The most consequential drop occurred at positions 5 
and 6 with accuracy below 30% (and as low as 10%). It is important to note that, 
at the time, we used very small quantities of essential oils: Very salient, and highly 
discriminable odours. This example highlights the importance of a pure mnemonic 
effect on performance when using matching-to-sample procedures. This has led us 
to use mostly 2AFC or 3AFC set-ups even in our simple discrimination tasks.

2.4 Scaling: Threshold 

Scaling methods are an important part of sensory processing tasks in laboratory 
settings and may apply to a small number of situations in the field. Scaling mostly 
requires an animal to detect a certain quantity of a stimulus. It is a discrimination 
task within a specific stimulus category (e.g. the question may be, as mentioned 
by Gadbois and Reeve 2014, not if Nosema or Varroa are present in bee hives—as 
most North American hives are infected—but rather if the hive is infected above a 
certain threshold). The dogs would then be trained to alert to a high infection rate, 
but not a low infection rate. These problems are more likely to be encountered 
in biomedical detection (see Reeve in this volume), e.g. identifying samples on 
a continuum such as hypoglycaemia, normoglycaemia, and hyperglycaemia, or 
“high stress” versus “low stress”. It is clear that more familiarity (i.e. training) is 
necessary to attain high performance in these tasks.
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Fig. 1 Accuracy (in % correct) of two expert dogs in a matching-to-sample task in function of the 
position of the target in a 6AFC line-up

2.5 Classical Olfactory Psychophysics and Signal Detection 
Theory 

The four classical psychophysical paradigms mentioned above (detection, discrim-
ination, identification, and scaling) are not typically discussed in the literature on 
canine scent processing. Interestingly, the field often refers to “detection” as if 
that was the only process and type of task involved. We argue that knowing the 
literature in (olfactory) psychophysics is important. We have made the point else-
where (Gadbois and Reeve 2016) that Signal Detection Theory (SDT) is a useful 
tool when using true detection tasks (yes/no preferably, as the dog is committed 
to a clear “no”, but also go/no-go procedures). For instance, SDT provides both 
parametric and non-parametric quantitative analytical tools to define “sensitivity” 
(d’ or A’) as well as the very useful criterion or bias (c or Beta) informing us 
of the type of errors (false alarms or misses) produced by the dogs. Knowing the 
bias (liberal or conservative) of a dog can inform handlers and trainers on train-
ing remediation and fine-tuning, including adjusting the criterion of a dog for a 
specific task. For example, it is clear that a mine detection dog should be more 
liberal (saying “yes” when uncertain) than conservative (saying “no” when uncer-
tain). Yet, in some other tasks, a conservative dog may be ideal: In a contract 
with the lumber industry and federal forestry stakeholders we were told that the 
methods used at the time to assess larval infestations were too “liberal”, i.e. too 
many trees were destroyed and shown to be healthy when examined. In this case, 
a more conservative tool, with higher specificity was a welcomed detection tool.
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One caveat of SDT is that it works better (and makes better predictions) if used 
in a strict decision task (as discussed above, either yes/no or go/no-go). It can in 
principle be used in 2AFC tasks (or other mAFCs) but adjustments to the param-
eters require a high number of trials and the interpretation of a “no” (or worse, 
a “no-go” or no response) is problematic. Indeed, in olfactory tasks, we are in a 
situation that differs from most visual or auditory tasks where there is a reason-
able assumption that the two stimuli in a 2AFC are processed simultaneously (or 
in an extremely quick sequence, i.e. the time of an eye saccade). The problem in 
2AFC with olfaction is that the subjects may go to the first of the two stations and 
decide it is the right answer. The problem comes from the fact that the data used 
to calculate a d’ (just to mention the parametric version of the tool) is based on 
a simple matrix of responses to either a “target present” (yes) or “target absent” 
(no): Hits (true positives), correct rejections (true negatives), false alarms (false 
positives), or misses (false negatives). The required parameters to calculate d’ are 
the hits and false alarms. The dilemma in a 2AFC is that a response to the target 
(S+) that is not preceded or followed by an investigation of the S− can hardly be 
interpreted as a (correct) rejection. Only a true detection task (where each trial is 
either the S+ or the S−) can identify unequivocal false alarms, correct rejections, 
or misses. 

2.6 Why Consider Detection, Discrimination, Identification, 
and Scaling? 

For the training of wildlife conservation canines, we can argue that most train-
ing and assessment tasks will benefit from both detection and discrimination 
training. Identification and scaling have more specialized applications. For iden-
tification, Sam Wasser’s work on matching maned wolf (Chrysocyon brachyurus) 
or bear scats to specific individuals is a great example of an identification protocol 
(Wasser et al. 2004, 2009). Kerley and Salkina (2007) used a similar matching-
to-sample procedure for the same purpose. Otherwise, we want to argue that both 
detection training and discrimination training (mAFC, and maybe preferably 2AFC 
or 3AFC) are useful in providing different information about the target scents. For 
one, “real life” in the field (and this applies to medical alerts as well) is more 
akin to a detection task. In other words, the dogs are searching for the presence 
of the target odour (S+ ), but are not “comparing” (at least not in real time; maybe 
from memory) the S+ and S−. That being said, dogs in the field are not signalling 
“no” constantly either (unless required in a directed search spot check). For that 
reason, one must be aware of the pros and cons of each technique and select a 
methodology appropriate to the context and goals. 

We are recommending a few general classic references in psychophysics, often 
focussing on SDT: Kingdom and Prins (2016), Macmillan and Creelman (2005), 
and McNicol (1972/2005) are great resources. For animal psychophysics specifi-
cally, the classics by Blough (1966), Blough and Blough (1977) are worth a read. 
Note that more formal methods exist, in particular, olfactometry and the pioneering
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work of Slotnick and Schellinck with rodents (e.g. Schellinck et al. 1991, 1997; 
Slotnick and Schellinck 2002); and Nathaniel Hall’s group (e.g. Hall and Wynne 
2018; Aviles-Rosa et al. 2021) with dogs. 

In summary: 

1. Detection as yes/no offers the best data to assess sensitivity (d’ or A’) and 
all the parameters that can be extracted from the matrix of hits, false alarms, 
correct rejections, and misses (such as sensitivity and specificity, precision, and 
general accuracy—the average of sensitivity and specificity; see Gadbois and 
Reeve 2016 for an example of the summary information obtained with SDT and 
associated parameters; Helton (2009), gives details on the extraction of other 
parameters). Yes/no offers a clear “no” to a S− which is experimentally more 
desirable as it reduces the uncertainty and interpretation around a dog ignoring 
or simply walking away from a scent (as in go/no-go). 

2. Detection as go/no-go is more realistic in a transition to fieldwork as typically 
a response to the target is all that needs to be shaped. For assessments of SDT 
parameters and response/error matrices and in cases of uncertainty we have 
seen dogs learning to ambiguously hover over a sample; So the option above 
brings more experimental rigour and balance in the response pattern, therefore, 
the response bias is easier to asses. 

3. Discrimination in mAFC (we have made an argument for shorter ones above, 
i.e. 2 or 3AFC) is very useful when a dog needs to learn to suppress responses 
to just “any good smell” in the field, and more importantly, when having to 
discriminate between very phenotypically similar species (e.g. in Nova Scotia, 
the rare Ribbon Snake (Thamnophis sauritus) versus the very common Garter 
Snakes (Thamnophis sirtalis), see Gadbois and Reeve (2014). Also note that we 
have used errorless discrimination training (EDT) as described in Gadbois and 
Reeve (2014) in an adaptation of Terrace’s fading-in procedure (Terrace 1963a, 
b, 1964, 1966). For some reasons that are not yet clear to us, the success of 
that technique is extremely dog-dependent. Some dogs train within half a day, 
others never seem to get the task until under an explicit 2AFC or 3AFC as 
described above. 

4. Discrimination in large mAFCs: We are not suggesting avoiding large mAFCs. 
In fact, since the field is about air and ground scenting for the detection of an S 
+ at any time, teaching the dog to investigate many different stations and odours 
in long sequences is part of the training. More formal search tasks indoors or 
outdoors can be carried out with explicitly defined stations (visually identifiable 
containers such as boxes) or relatively hidden scents (in holes, under objects, 
and in other random locations). 

This brings us to the final and ultimate goal in the field: Search.
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3 Search: Trailing and Tracking 

In the dog training and scent sports world, there seems to be some confusion on 
the terms to differentiate between tracking, trailing, air scenting, etc. Interestingly, 
some languages do not distinguish semantically between tracking and trailing. For 
example, the first author never thought of a conceptual or methodological distinc-
tion between the two until he learned English. Indeed the French word “pistage” 
seems to cover both trailing and tracking. For the purpose of this text, we will 
keep the definition used in Gadbois and Reeve (2014): trailing defines the search 
for a source, i.e. before the source of the target is acquired (so often air scent-
ing, “nose up” search), and tracking is specifically about following (“nose down” 
search) the source, until the target is found. Many excellent books cover the bases 
of tracking and trailing. We would like to recommend four that cover most of the 
information necessary to get started: (1) “Scent: Training to Track, Search and 
Rescue” by Pearsall and Verbruggen (1982), (2) “Secrets of the Snout” by Rosell 
(2014), (3) “Tracking Dogs: Scent and Skills” by Fält et al. (2015), and (4) “De-
tector Dogs and Scent Movement: How Weather, Terrain, and Vegetation Influence 
Search Strategies” by Osterkamp (2020). 

The only point of discussion we want to bring forward is a contentious one: 
Transects, or the use of search grids or paths to survey plots of land. The review 
below will discuss some common practices with transects, and we have had mul-
tiple discussions, especially in the context of contracts, with stakeholders that 
insisted on using transects with our dogs. As mentioned below, working with tran-
sects can be challenging in some topographies. Other constraints, such as having to 
have dogs leashed (often the case in National Parks) or needing distance between 
the dog and the handler impair the line of sight. In a sense, much of the issues 
are around handling within the constraints of the transect. Here we want to take 
an ethological perspective on this problem. It seems to us that free searches are 
more natural for the dogs, and it is not clear that performance in find rates are 
affected. It is not easy to assess the difference between transect and free searches, 
especially not in the conditions where the implementation of the transects are the 
most problematic (dense vegetation, difficult topography, etc.). As we are not sug-
gesting a solution or presenting data (other than the discussion below), we would 
like to present the problem from a different perspective. We argue that transects 
are an anthropocentric search strategy that would be most typical of very visual 
species. Much of the literature on olfactory behaviour and cognition in animals 
(e.g. Chap. 6 of Animal Communication by Bradbury and Verhencamp 2011) 
does not suggest scenting animals (reptiles or mammals) use systematic search 
patterns. In fact, a relatively recent literature suggests that search patterns in for-
aging animals follow Lévy walks or flights (in birds). Lévy walks or flights are a 
form of random walks based on a Markov process. Sims et al. (2019) go as far  
as framing this in a neuroethological perspective, suggesting that optimal search-
ing behaviours may be generated intrinsically by Central Pattern Generators. Data 
suggests that such foraging patterns exist in jackals (Atkinson et al. 2002). To be
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clear, the alternative “natural” foraging style would be the use of “classical” ran-
dom walks (see Benhamou 2007 for a discussion) or Brownian walks: In other 
words, “systematic” or deterministic or non-random search patterns, which are not 
discussed in the animal literature. This raises an interesting question: Why would 
we expect dogs to be comfortable and effective in a non-natural search pattern? 
What is the evidence suggesting transects yield a better outcome? We are merely 
proposing that more research needs to be done to understand optimal searching 
strategies for dogs in the field, and it is quite possible that systematic, non-random 
approaches are not it. One thing is sure, as many practitioners in the field could 
assert, free searches (leaving the dog to use a random search pattern) allow for 
much faster spatial coverage. If that is an important factor (maybe a trade-off), then 
free searches should be considered, at least until we have more data and continue 
to limit our dogs to the anthropocentric transects. With this frame of thought, we 
aim to further express the benefits and necessary considerations involved in using a 
scent-processing dog for wildlife conservation research, throughout the following 
review. 

4 Recent Studies Using Wildlife Conservation Dogs 

Before turning to the discussion of the recent literature on conservation canines, 
note that as an appendix, we include a summary table of some of the main studies 
mentioned in the text to give a quick overview of the scope of this paper. The 
table highlights the target species, type of study, study location, and applications 
to wildlife conservation. Note that, as for the main text, we are aware that this 
summary table is not exhaustive and that we most likely missed contributions. 

In the past two or three decades, the employment of scent-processing dogs for 
wildlife research has increased exponentially. Dogs have become a frequently used 
tool to detect, identify, and monitor threatened and elusive species that traditional 
survey methods struggle to capture accurately and efficiently. As scent-processing 
dogs have been used more regularly for the identification of vertebrate species’ 
presence (so far mostly mammals, birds, and reptiles), they have also been used 
for some extremely unique tasks with encouraging results. 

With respect to wildlife conservation, the ability of dogs to search for a species 
with a wide habitat range efficiently and accurately is extremely valuable. Javan 
rhinoceros is one of the most highly threatened large mammal species, previously 
known to survive in two separate populations, however, it was through the work of 
dogs paired with DNA analysis that researchers were able to confirm the extinction 
of this species from Vietnam (Brook et al. 2012). Cougars are another species that 
pose problems for conservation research due to their elusive and solitary behaviour, 
yet with the aid of scent-processing dogs, Davidson et al. (2014) were able to pro-
duce a reliable population estimate, concluding that dogs were an efficient method 
for determining accurate cougar population density estimates. Furthermore, both 
DeMatteo et al. (2014) and Wultsch et al. (2014) provided evidence that dogs 
are an efficient and non-invasive sampling tool for the study of multiple wild
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felids, due to their ability to search for the scat of multiple species at once. Scent-
processing dogs have provided detections of deer (de Oliveira et al. 2012), maned 
wolf (Vynne et al. 2012), fishers (Thompson et al. 2012), northern spotted and 
barred owls (Wasser et al. 2012), and black bears (Beckmann et al. 2015) all for 
population sampling in areas of high conservation interest. 

Proving versatility, there are several publications that describe the use of scent-
processing dogs to aid the conservation management of large aquatic mammals. 
Baleen whales communicate using low-frequency acoustic signals, which is over-
lapped by noise produced by large ships. In response to this acoustic disruption, 
baleen whales have been known to undergo habitat displacement which may be an 
indicator of increased physiological stress (Rolland et al. 2012). Scent-processing 
dogs were deployed on boats to locate scat samples floating on the surface of the 
water, allowing Rolland et al. (2012) to analyze chronic stress levels in this endan-
gered population. This is not the only instance in which scent-processing dogs 
were applied for the collection of marine life scat samples: Lundin et al. (2015; 
2016a, b) used dogs to locate killer whale scat for non-invasive collection of mate-
rial that would offer insight into the trace levels of persistent organic pollutants, 
to provide useful information for population management. Furthermore, Wasser 
et al. (2017) took advantage of scent-processing dogs as a non-invasive sampling 
method for Southern Resident killer whale scat, to better understand the stage and 
health of pregnant individuals in the endangered population. In all instances of 
their use for detection of these large aquatic mammals, dogs performed impres-
sively, guiding researchers to the scat, when it was upwards of one nautical mile 
away, by changing positioning on the bow of the boat, with the handler acting as 
an interpreter for the boat driver (Wasser et al. 2017). 

Another domain of wildlife conservation that has recently experienced a surge 
of scent-processing dog applications is the study of reptiles. Dogs were trained 
to locate the Eastern Indigo snake by Stevenson et al. (2010), demonstrating 
high detection rates for both live snakes and snake skins. Savidge et al. (2011) 
also deployed scent-processing dogs to locate brown tree snakes on the Island 
of Guam, concluding that dogs are a promising method for the location of these 
snakes in the wild. Browne et al. (2015) examined the ability of dogs to identify 
tuatara and gecko scents, finding the dogs had high success rates for identifying 
fresh and old reptile scats, and could discriminate between the two reptile species. 
Tuataras are nocturnal and reside in underground burrows, and geckos are no less 
cryptic as they remain consistently well-camouflaged. Therefore, for these reptile 
species to be located by scent-processing dogs provides a significantly more accu-
rate and efficient result, as compared to what is achieved from visual searches 
alone (Browne et al. 2015). Furthermore, dogs were applied in South Australia by 
Nielsen et al. (2016) for the location of pygmy bluetongue lizards, an endangered 
reptile that lives in burrows with very small entrance diameters making visual 
detection extremely challenging. The dogs were able to not only detect more than 
30 occupied burrows in the field but discriminate the pygmy bluetongue lizard 
scent from other similar lizard species present in the area (Nielsen et al. 2016). 
This application of scent-processing dogs in the search for endangered reptiles
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continues to gain traction in different areas globally. Dogs were used to locate 
Blanding’s turtles in Ontario (McIntosh Perry 2017), scat deposits from the blunt-
nosed leopard lizard in California (Statham et al. 2019), Hermann’s tortoises in 
Mediterranean scrublands (Ballouard et al. 2019), and, most recently, the giant 
bullfrog in South Africa (Matthew et al. 2021). In all instances, dogs proved to be 
an efficient and non-invasive survey tool to better understand the species’ presence 
in the region of study. 

While not the focus of this chapter, it is worth mentioning that beyond locating 
threatened and endangered species’ presence with the intent of their conserva-
tion, scent-processing dogs have also played a role in locating invasive species’ 
presence for the conservation of native resources. This is a role scent-processing 
dogs have maintained since their early use, such as detecting brown tree snakes in 
outgoing cargo from the Island of Guam (Engeman et al. 1998; Vice and Enge-
man 2000; Engeman et al. 2002), and now their target species and locations are 
broadening. The red palm weevil is the most detrimental pest to the date palms of 
Canary Island, with the adults being extremely elusive and challenging to detect. 
Scent-processing dogs successfully detected 78% of red palm weevil targets, pro-
viding promising support for dogs as a new method for identification of naturally 
infested trees (Suma et al. 2014). As well, the invasive brown marmorated stink 
bug, which causes significant losses in agricultural production in the United States, 
was investigated with scent-processing dog teams yielding greater than 84% accu-
racy in semi-field trials (Lee et al. 2014). The dogs also successfully located the 
overwintering sites of dormant populations, offering a great opportunity for early 
identification of future crop risk and management programs (Lee et al. 2014). 
Furthermore, dogs were able to detect spotted lanternfly egg masses, with high 
sensitivity and specificity, again providing evidence that scent-processing dogs 
could be a valuable tool for detecting egg masses while they lie dormant dur-
ing the winter preventing their damaging spread before they become active (Essler 
et al. 2021). Scent-processing dogs have been used to locate the invasive Spotted 
Knapweed, and were compared to human surveyors, with researchers concluding 
dogs are more accurate and show promise for invasive plant detection (Goodwin 
et al. 2010). Additionally, laurel wilt disease, responsible for producing signifi-
cant death in avocado trees in the United States, is yet another elusive disease that 
can be visually detected only when external symptoms become evident. However, 
at this point, the disease is too far advanced to stop its spread to adjacent trees. 
Scent-processing dogs were trained and evaluated for their ability to detect laurel-
wilt-affected wood from avocado trees, and the results indicated scent-processing 
dogs could not only detect laurel-wilt, but did so with speed, and an accuracy 
of over 90% (Mendel et al. 2018). Dogs were also used to detect the presence 
of quagga mussels at the veliger larval stage. Invasive quagga mussels exert a 
massive strain on the ecosystem of Lake Mead, as well as an economic burden 
associated with their removal. When the quagga mussels are at the larval stage, 
they are microscopic and too small for a human surveyor to identify through visual 
searching alone. The scent-processing dogs trained on the veliger odour were able
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to correctly identify water samples containing the veliger larvae after the train-
ing period was completed, suggesting the use of dogs could be an advantageous 
management strategy for this invasive species (DeShon et al. 2016). 

Scent-processing dogs have even more unique applications, with bodies of 
evidence growing to support their ability to detect endangered and threatened 
invertebrate species. A detection dog was trained on the nest material of a sin-
gular bumble bee species and was able to locate wild bumble bee nests from four 
different bumble bee species during field trials (O’Connor et al. 2012). This gen-
eralization is extremely beneficial, as it may be a challenge for researchers to 
gain access to training materials from rare bumble bee species. However, while 
dogs were able to generalize quite well, they did not perform any better than 
human searchers in this task. Mosconi et al. (2017) compared the ability of dogs 
to detect a threatened beetle species (Osmoderma eremita) to wood mould sam-
pling. The scent-processing dogs were not only much more efficient, but produced 
accurate population estimates, and posed no risk to the target insect; unlike wood 
mould sampling, which is extremely invasive (Mosconi et al. 2017). Liczner et al. 
(2021) recently continued investigating the power of scent-processing dogs as a 
tool for bumble bee nest surveys, providing valuable insight about the limitations 
involved in using scent-processing dogs for this work. One concern is the diffi-
culty in finding naturally occurring bumble bee nests for dog training. Furthering 
the use of scent-processing dogs in the search for endangered invertebrates, Rutter 
et al. (2021a) determined volunteer dog teams were able to identify 100% of the 
alpine stonefly targets when present for line-up searches following training. In the 
field, the dog teams alerted to the presence of the target species, even in instances 
the visual surveyors were entirely unaware of prior to dog detection (Rutter et al. 
2021a), further emphasizing the benefit of employing scent-processing dogs for 
the analysis of endangered invertebrate species presence. 

Recently, scent-processing dogs have recently stepped into a role for the detec-
tion of pathogens, toxicants, and endocrine disruptors in animal populations. This 
has a direct influence on wildlife conservation, as wildlife disease is a signifi-
cant contributor to the loss of biodiversity, one such example being the threat that 
Chlamydia disease poses to koalas. Scent-processing dogs were trained to locate 
chlamydia-infected koala scats, to determine if dogs could become an appropri-
ate non-invasive detection tool of disease. Dogs outperformed advanced laboratory 
sequencing techniques with 100% specificity and sensitivity (Cristescu et al. 2019). 
Another disease that has caused conservation concern is avian botulism, due to the 
speed at which it can spread through Hawaii’s endangered water birds; once a 
water bird is killed by the disease its carcass provides a dangerous opportunity for 
the amplification of outbreaks and to kill greater numbers of water-birds (Reynolds 
et al. 2021). Early removal of carcasses is necessary to reduce the impact of the 
disease. Through the training and application of scent-processing dogs, Reynolds 
et al. (2021) found dogs to be a highly efficient surveillance technique for car-
casses contaminated with avian botulism. Caron (2021) discusses the use of dogs 
by the Maryland Apiary inspection, through which dogs have been used to detect
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American foulbrood (AFB) disease in honeybees since 1982. The dogs are report-
edly incredibly efficient, and in a span of 3 weeks one dog was able to inspect over 
1600 bee colonies that were meant to be shipped out of state, and located 100% 
of infected hives in the colonies (Caron 2021). The use of scent-processing dogs 
for AFB detection in honeybees is more efficient than when humans perform the 
detections, and allows the colony to be quarantined to reduce the spread of dis-
ease (Caron 2021). Scent-processing dogs have also located toxicants, which was 
demonstrated in Hungary to have great conservation importance. Pesticide poison-
ing has become one of the largest threats for raptors in Hungary and has been 
an issue since the beginning of the 2000s. Scent-processing dogs were trained 
on odours of common pesticides and decomposing raptor and mammal carcasses 
(Deák et al. 2021): once dogs were deployed in the field, they were able to locate 
greater numbers of poisoned raptors, and of poisoned baits, than human surveyors 
had found previously. Due to the findings of the dogs, the first search warrants 
were successfully executed to better protect and conserve the endangered raptor 
species in Central Europe (Deák et al. 2021). 

As the use of scent-processing dogs continues to grow throughout a diverse 
range of conservation research, dogs continue to prove their ability to locate plants, 
reptiles, mammals, birds, and invertebrate species. Most recently, an important 
conclusion was drawn by Needs et al. (2021), where the researchers investigated 
whether scent-processing dogs could be effectively trained to detect live invasive 
weed targets when trained on dried and frozen samples. Dogs were successful in 
identifying both types of samples. As it is illegal to transport many invasive live 
weeds, due to the potential risk of their introduction, the successful training of 
dogs using dried and frozen targets provides a training methodology that signif-
icantly reduces ecological risk (Needs et al. 2021). Scent-processing dogs have 
also been used to scent-match individual Eurasian beavers with an accuracy of 
88.9% and a specificity of 93.3% (Rosell et al. 2020), to locate cryptic brown hare 
leverets in dense vegetation (Karp et al. 2020), to maximize detections and popu-
lation information during non-invasive surveying of koalas (Cristescu et al. 2020), 
to better understand the impact of wind farms on birds and bats (Dominguez Del 
Valle et al. 2020; Smallwood et al. 2020; Bernardino et al. 2022), and to establish 
more reliable group size estimates for populations of golden jackal (Hatlauf et al. 
2021). In recent years, scent-processing dogs have been successfully trained to 
detect a number of live insects, such as the red imported fire ant (Chi et al. 2021), 
Asian longhorn beetle (Eyre and Barbrook 2021), and the citrus longhorn beetle 
(Arnesen and Rosell 2021) for better invasive species management and ecological 
monitoring. As well, scent-processing dogs have been employed to draw conclu-
sions about species presence of the rare Morro Bay kangaroo rat (Villablanca et al. 
2021), and for locating and identifying isolated populations of threatened little 
penguins (Cargill et al. 2022).
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4.1 Comparison of Wildlife Conservation Dogs to Other 
Methods 

When the use of scent-processing dogs for wildlife research began to gain trac-
tion as an efficient method, it was to be compared to more traditional methods of 
wildlife surveying. Several early studies compared the use of scent-processing dogs 
to the use of human surveyors, with dogs outperforming humans significantly on 
most accounts. Dogs detected twice the number of dead house sparrows compared 
to humans (Homan et al. 2001), located four times the number of scat samples as 
human surveyors (Smith et al. 2003), and were found to increase sperm whale scat 
collection fourfold (Rolland et al. 2006). In more recent studies, dogs continue to 
outperform human surveyors by consistently finding greater numbers of the tar-
get, or target signs (Nussear et al. 2008; Hurt and Whitelaw 2010; Paula et al. 
2011; Mathews et al. 2013; Arandjelovic et al. 2015; Cristescu et al. 2015; Orkin 
et al. 2016). Dogs were also compared to commonly used technical survey meth-
ods, and still demonstrated better performance. Scent-processing dogs provided 
significantly higher detection rates than hair sampling stations and GPS radio col-
lar tracking of black bear and grizzly bears (Wasser et al. 2004), were 3.5 times 
more effective in detecting the presence of multiple forest species than cameras 
(Long et al. 2007a), and were 10 times more effective in detecting bobcat than 
all other methods combined (Harrison 2006). This comparison of scent-processing 
dogs to more traditional methods has only increased as the use of dogs for wildlife 
research has become more common. 

4.2 Human Search Teams 

Scent-processing dogs have been repeatedly compared to human search teams, in 
numerous habitat types, for numerous target species. Dogs demonstrated twice the 
searching efficiency of human searchers for detecting passerine carcasses (Homan 
et al. 2001), bat carcasses (Arnett 2006; Mathews et al. 2013), bird carcasses 
(Paula et al. 2011; Bernardino et al. 2022), and bird and bat carcasses simulta-
neously (Dominguez del Valle et al. 2020; Smallwood et al. 2020) at wind farms. 
Dogs maintained increased efficiency and target detection under varying seasonal 
conditions and vegetation structures, and at low carcass densities, in all instances. 
Furthermore, when searching for bat carcasses at wind turbine sites in the United 
Kingdom, dogs located more than 4 times the number of carcasses compared to 
humans (Mathews et al. 2013). The high carcass detection rate of scent-processing 
dogs, regardless of environmental factors and target size, has important implica-
tions for better understanding the impacts of wind farms on regional species. As 
human searchers have proven to have significantly decreased carcass detection, 
the application of scent-processing dogs ensures a more accurate analysis of the 
repercussions of wind farms to surrounding wildlife.
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Locating scat deposits of a target species, in a pre-selected environmental range, 
is a reliable non-invasive assessment for understanding species presence, range, 
and abundance. Furthermore, scat deposits can be collected for further analysis, 
such as determining the number of individual animals present in the selected range. 
However, through their comparison to scent-processing dogs, it has become evident 
that during human visual searches alone a large proportion of scats can be missed, 
resulting in unreliable population estimates. Scent-processing dogs have outper-
formed human surveyors in locating kit fox scats (Smith et al. 2003, 2006), scats 
from large mammals in Neotropical forests (de Oliveira et al. 2012), Cross River 
gorilla scat (Arandjelovic et al. 2015), koala scat (Cristescu et al. 2015), arboreal 
primate scat (Orkin et al. 2016), wide-ranging cheetah scat (Becker et al. 2017), 
otter scat (Grimm-Seyfarth et al. 2019), bilby scat (Thompson et al. 2020), and 
scat from northern and spotted-tailed quolls (Jamieson et al. 2021). Throughout 
these comparisons, scent-processing dogs recovered nearly four times the num-
ber of target scats compared to humans (Smith et al. 2006; Grimm-Seyfarth et al. 
2019; Dominguez del Valle et al. 2020), found scats of varying ages while humans 
only identified those that were fresh (Arandjelovic et al. 2015; Orkin et al. 2016), 
located target species signs where humans failed to produce any detections (Becker 
et al. 2017), and in one study were recorded as being 153% more accurate than 
human surveyors (Cristescu et al. 2015). When tasked with locating a different 
sign of species presence, dogs were once again compared to human surveyors. 
Petroelje et al. (2021) used scent-processing dogs to locate prey remains to bet-
ter understand carnivore movements, diet, and prey risk factors, concluding that 
dogs required 42% less survey time compared to human surveyors, and located 
prey remains at 2.3 times more study sites than humans. This provides valuable 
precedent to suggest that scent-processing dogs are not only useful for detecting 
scat signs, but their use can be broadened to locate other objects of conservation 
interest as well. 

Dogs have outperformed human searchers in locating live targets as well. Dogs 
were able to find and identify a greater proportion of desert tortoises than humans, 
regardless of vegetation, and finished surveys faster by several hours (Nussear 
et al. 2008; Ballouard et al. 2019). Further research was performed to consider 
the impact of the dogs directly searching for the live target on the tortoises and 
confirmed that the use of dogs, as with human searchers, did not increase the risk 
of predation or alter movement patterns of the target species (Heaton et al. 2008). 
Scent-processing dogs have outperformed humans in searching for spotted knap-
weed (Centaurea stoebe), with more than twice the accuracy of human searchers 
when the targets were smaller or at greater distances (Goodwin et al. 2010), in 
locating snails (Hurt and Whitelaw 2010), and have matched the ability of human 
search teams to locate active bumble bee nests (O’Connor et al. 2012).
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4.3 Traditional Survey Techniques 

Scent-processing dogs have also been compared to more commonly used technical 
survey methods such as automatic or remote camera traps. Upon comparing the 
efficacy of scent-processing dogs to different forms of camera surveys, Harrison 
(2006) reported that dogs generated more than 10 times the bobcat detections 
compared to an automatic camera. Long et al. (2007a) compared the effectiveness 
of scent-processing dogs with remote cameras, concluding dogs were 3.5 times 
more effective in detecting the scat of bobcat, black bear, and fishers, and were 
more cost-effective. Scent-processing dogs have been compared to camera surveys 
for more species such as bush dogs, martens, and black-tailed antechinus, and 
have produced higher detection rates, increased efficiency, and indicated species 
presence where camera trapping had failed to detect presence for the past decade 
(DeMatteo et al. 2009; Moriarty et al. 2018; Thomas et al. 2020). Furthermore, 
when scent-processing dogs were compared to camera trapping for the detection of 
northern and spotted-tailed quolls, dogs were able to make detections of northern 
quoll scat where camera trapping failed to indicate species presence (Jamieson 
et al. 2021). 

Other common technical survey methods are hair snares and scent stations. 
Dogs have been observed performing over 10 times better than hair snares and 
scent stations combined (Harrison 2006), and have outperformed hair snares for 
the detection of bobcat, black bear, and fishers (Long et al. 2007a). Along with 
the basic comparison of detection ability, scent-processing dogs are noted to have 
less bias than hair snares, as the snare and scent stations require attracting or 
baiting the target animals which can produce bias in the segment of the population 
attracted, which is avoided when using scent-processing dogs (Long et al. 2007a). 
Furthermore, hair snares require multiple study site visits to increase the likelihood 
of detection, whereas dogs only require one visit to the study site to properly 
survey the area: This is particularly beneficial when the study site is a remote 
location or challenging to get to. In only needing to visit a site once and being 
able to study a large survey area in a relatively short time, this can make scent-
processing dogs more cost-effective than other methods, exclusively considering 
the time required for survey labor (DeMatteo et al. 2009). 

Scent-processing dogs have also been compared to less common survey meth-
ods. When compared to live trapping, researchers recognized the dogs required 
only one hour per study site to yield the same detection rates achieved from two 
days of live trapping (Duggan et al. 2011). Vocalization surveys are used for the 
detection of owls, however, scent-processing dogs surveys were able to show a 
28% higher detection probability for barred owls than that of vocalization sur-
veys (Wasser et al. 2012). The presence of barred owl competitors or predators 
can significantly reduce the responsiveness of these owls to vocalization surveys, 
making scent-processing dogs a significantly improved survey protocol as they do 
not require a response from the owls to provide an accurate population estimate 
(Wasser et al. 2012). This demonstrates the use of dogs as a completely unob-
trusive method in contrast to the invasiveness of call-back studies. The benefits
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of working dogs have been measured alongside radiotelemetry methods (Cham-
bers et al. 2015), wood mould sampling with dogs taking a tenth of the time and 
providing nearly twice the detection probability (Mosconi et al. 2017), silt fences 
to which dogs were considered more cost-effective and reliable (MTO and McIn-
tosh Perry 2017), and spoor-based surveys which produced zero detections in the 
presence of nearly 30 sample detections by dogs (Becker et al. 2017). Finally, in 
one of the most impressive comparisons documented, scent-processing dogs were 
found to outperform high-quality DNA analyses in the detection of Chlamydia in 
koala scats (Cristescu et al. 2019). DArTseq and qPCR techniques both rely on 
high-quality DNA presence for amplification, however there is generally only low 
amounts of Chlamydia DNA found in scats, particularly if the bacterial infection 
has been present for an extended amount of time, which makes the ability of a 
scent-processing dog to rely on scent from the volatile compound to assess the 
presence or absence of infection invaluable (Cristescu et al. 2019). 

While scent-processing dogs have been gaining popularity for the investiga-
tion of threatened wildlife species, they have been compared to numerous survey 
techniques, in countless different environments. Across nearly every comparison 
performed, scent-processing dogs were either more efficient, more accurate, less 
biased, or all of the above. In instances where population estimates are being 
performed for the development of conservation protocols, accuracy of detection 
should be as high as possible. This is observed where bird and bat carcass sur-
veys at wind farms were not producing accurate fatality estimates when performed 
by human visual surveyors, but dogs were able to locate more target carcasses 
and provide more accurate results (Homan et al. 2001; Arnett 2006; Paula et al. 
2011; Dominguez del Valle et al. 2020; Smallwood et al. 2020; Bernardino et al. 
2022). Furthermore, in instances where species have a wide habitat range or are 
in low density, a more efficient survey is preferable. Dogs have outperformed the 
efficiency of traditional survey techniques in numerous environments (DeMatteo 
et al. 2009; Moriarty et al. 2018; Thomas et al. 2020) and have further increased 
their value by locating numerous target species’ scat at once (Long et al. 2007a). 
The accuracy and efficiency of scent-processing dogs for conservation-based sur-
veys have challenged that of human surveyors and traditional survey techniques, 
supporting their importance as a tool for conservation research. 

4.4 Existing Training Protocols 

Significant training of scent-processing dogs is necessary in order to ensure accu-
racy and reliability of results. While their use has grown in popularity among 
conservation scientists, studies have not used consistent methodology for the 
training of scent-processing dogs. The majority of studies use detailed training 
protocols, but they differ in trial design as well as criteria for determining that 
dogs are ready for field testing.
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Training for scent-processing dogs is well established in some fields (e.g. 
remote explosive scent training and search and rescue), but there are only a 
handful of organizations that offer dog training specifically for the purposes of 
wildlife conservation research. For example, PackLeader Dog Training (PDT) in 
Washington has been offering this type of training since 1997 and their training 
methods were the most commonly used in early research (e.g. Harrison 2006; 
Long et al. 2007a, b; Rolland et al. 2006; Smith et al. 2003; Wasser et al. 2004). 
PDT offers training for Comparable Species Detection—a method used follow-
ing scat collection to validate species identification (see details in Harrison 2006; 
Smith et al. 2003). Working Dogs for Conservation is another organization that 
offers specialized training for scent-processing dogs and also gained recognition 
in the early years of scent-processing dogs in conservation work (Boydston 2005; 
Hurt et al. 2000; Reindl-Thompson et al. 2006). Both organizations use training 
programs that borrow from techniques used to train dogs in narcotics and forensic 
work, as well as search and rescue. Other programs such as the Washington State 
Department of Corrections Canine Narcotics Training Program at McNeil Island 
Correctional Center have been involved in wildlife research by providing training 
for dog handlers (Wasser et al. 2004). 

When scent-processing dogs being used for conservation research are hired 
through a third-party company, that company is also responsible for training the 
dog on the specific targets relevant to the study. When this is the case, the authors 
generally do not comment on the training of the dogs in their methodology. For 
reference, Kretser et al. (2016), Becker et al. (2017), Wilbert et al. (2019), Statham 
et al. (2019), La Guardia et al. (2020), all hired Working Dogs for Conservation 
and do not mention the training protocol involved in preparing the dogs for the 
research. While this tends to be the norm, some researchers do include differ-
ing levels of detail; for example, Arandjelovic et al. (2015) stated the training 
protocol followed by Working Dogs for Conservation for their research is found 
in Wasser et al. (2004). This training method involves the use of a scent station 
which has a number of compartments that can each hold a different scent, and 
the dog is instructed to actively sniff each compartment and provide the trained 
response (usually sitting) at the compartment holding the target scent (Wasser et al. 
2004). The dogs are rewarded with approximately 90 s of play and significant 
verbal praise; Wasser et al. (2004) explain this is to help the dog associate sam-
ple detection with the reinforcement of the reward. The training protocol detailed 
is an example of a “line-up” training method, where the dog learns to discrimi-
nate which of the present scents is the target. Liczner et al. (2021) also employed 
Working Dogs for Conservation and provides a brief table on the training meth-
ods involved, where it is evident a line-up method of training was also used in 
preparation for this research. This method is not only used by Working Dogs for 
Conservation, but by other companies as well. Lundin et al. (2016a, b) hired Wash-
ington’s Center for Conservation Biology’s Conservation Canines, and references 
Wasser et al. (2004) for the training methods that were used in preparing the dog 
for research. As well, Harrison (2006) employed PackLeader, and discusses that a 
line-up training method was also used.
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As mentioned above, the line-up method is a discrimination task, as it requires 
the dog to identify the target stimulus as contrasted to other stimuli, making 
it a test of their ability to discriminate between samples. Gadbois and Reeve 
(2014) describe a detection task as being different from discrimination, as detection 
involves the identification of the stimulus among background noise and/or interfer-
ence. While it may seem intuitive that a detection task be used for training, as this 
is more likely the type of searching that is performed by scent-processing dogs 
in the field, the majority of studies using scent-processing dogs for conservation 
research appear to rely on line-up training. The line-up training method, specifi-
cally that which is outlined in Wasser et al. (2004), is referenced frequently when 
discussing training for the use of conservation dogs, and the line-up method more 
generally has been applied even more frequently. One recent example is Holmstad 
Arnesen et al. (2020) using dogs to discriminate between rock ptarmigan (Lagopus 
muta) and the willow grouse (Lagopus lagopus) in a yes/no task. 

There are many variations of the line-up training method that gained popularity 
through the work published by Wasser et al. (2004). For example, Lee et al. (2014), 
Oldenburg et al. (2016), DeShon et al. (2016), Mosconi et al. (2017), Rosell et al. 
(2020), Rutter et al. (2021a, b, c) provide detailed descriptions of the training that 
took place to prepare the dogs for their respective research applications, and while 
they differ in targets, as well as the types and numbers of trials, the researchers all 
describe the use of a line-up method for training. A common method (e.g. Essler 
et al. 2021, providing great detail about the training protocol) is a variation of the 
classical line-up training, where a stainless-steel scent wheel is used and the dog is 
trained to walk around the wheel checking each compartment for the target scent 
without a handler being present in the room. While this methodology uses a scent 
wheel instead of a scent box, it is still a sequential discrimination task requiring 
the dog to identify the target stimulus in contrast to other stimuli. Many different 
structures can be built to perform line-up training with scent-processing dogs. The 
structure may be a longboard with compartments that can hold individual scents, it 
may involve simply lining up scents in containers in a room, or as in Essler et al. 
(2021), a wheel may be built that is capable of holding the scents in compartments, 
allowing the dog to walk around the wheel and determine which arm holds the 
target odour. 

Unfortunately, fundamental peer-reviewed articles that discuss training method-
ologies differing from line-up training are extremely limited. Suma et al. (2014) 
described an interesting training protocol where the target odour (Red Palm Weevil 
infested palm tissue) was inserted into a tennis ball, to allow the dog to associate 
the target odour with their retrieved toy. In the second part of training described 
by Suma et al. (2014), the ball was buried underground, and the dog was urged 
to go find the ball. This type of information, about protocols that are different 
from line-up training, is necessary to provide context for other training options. 
When line-up training is not applied, training protocols differ significantly from 
one study to the next. Yet, even more detrimental to the standardization of train-
ing methods, oftentimes the training protocol is not discussed at all. For example, 
Ballouard et al. (2019) performed preliminary training of dogs for finding tortoises
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by placing tortoises in a small enclosure and encouraging the dogs to search for 
the target, however, this is the only detail provided on this training plan. Similarly, 
Thomas et al. (2020) trained scent-processing dogs to locate Antechinus arktos by 
training the dog to associate the target scent with a reward, however, no specific 
protocol is detailed as to how this association was evaluated as being solidified, 
and very limited information about the remaining training in the field is provided. 
It is for this reason that training protocols need to not only be standardized, but 
also investigated further for their efficacy. An examination of training protocols 
should be performed, and standards for graduation from training should be set, 
to provide better uniformity of both training and evaluation of the dog prior to 
beginning research. 

4.5 Cost of Employing Conservation Canines 

The cost of employing scent-processing dogs has become one of their most dis-
cussed drawbacks. In considering prior literature discussing the use of dogs to aid 
in wildlife research, there is no doubt they can increase accuracy and efficiency 
of the search; however, the cost of acquiring, or hiring, and training the dogs has 
been discussed as outweighing their benefits in certain instances. 

There are many factors that impact the total costs associated with a scent-
processing dog. One of the first costs being encountered is the way the researcher 
chooses to acquire the dog. There are professional companies, such as Working 
Dogs for Conservation, PackLeader, and Washington Center for Conservation Biol-
ogy, from which researchers can hire a scent-processing dog and their handler. 
By choosing the hired dog team method, members of the company will han-
dle the training of the dog (based on specifications of the study provided by the 
researchers), the transportation of the dog, and the deployment of the dog in the 
field. Therefore, in utilizing this method, the researcher pays a predetermined rate 
and does not need to have in-depth knowledge of acquiring, training, and deploy-
ing a dog for wildlife research. While this can be a very worthwhile option for 
some studies, this does appear to be the most expensive way to include a scent-
processing dog in a research study. For surveys that: are shorter; are concerned 
with target species that are more easily detected or are of higher abundance; or 
occur at locations that are smaller or without challenging terrain, the cost of hiring 
a detection dog team can be quite affordable. For example, Kretser et al. (2016) 
hired Working Dogs for Conservation to survey low-density moose in New York; 
due to the terrain and the size of the survey plots, the cost came to only $130.00 
USD per sample. However, if the survey involves a more challenging environment 
that may reduce the efficiency of the search, or a less abundant target species 
reducing the number of samples collected per day, the cost of hiring a scent-
processing dog team can increase rapidly. For example, considering the application 
of a scent-processing dog team in the search for Cross River gorillas, where dogs 
detected 1.37 samples per team per day, the cost per sample came to $1479.00 
USD (Arandjelovic et al. 2015). Furthermore, the major professional companies
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that have dog teams for hire are located in the United States, meaning that hir-
ing these companies for work in other countries quickly becomes more costly 
as travel costs for the dogs and accommodations for the handlers rise. Harrison 
(2006) hired dogs from PackLeader, with the cost of hiring the dog and handler 
team being $3000.00 USD for two 5-day work periods, one rest period, meals, and 
lodging. However, once costs required for training and travel were also included, 
the total cost for the dogs rose. The author notes in considering the situational 
factors, purchasing a dog would have been more cost-effective (Harrison 2006). 

In purchasing a scent-processing dog there are costs associated with the acqui-
sition, (maintenance) training, and care of the dog. However, if the researcher 
intends on completing multiple studies utilizing a scent-processing dog it may 
be worthwhile to make the investment. Dogs can be trained, and re-trained, on 
many different scents and therefore can be beneficial to many different projects. 
If a researcher performs considerable wildlife research that requires surveying for 
species presence, the ability to re-train a dog in-house for each project would be 
quite cost-effective, in comparison to other options. Long et al. (2007a) created a 
hypothetical scenario to compare the costs of hiring detection dogs, versus owning 
them, and suggested that if the dog were purchased at the beginning of the project 
the cost per search site would be a minimum of $59.00 (USD) less than if the dog 
were leased. The cost being even less for all following projects, as the purchasing 
of the dog is a one-time cost. 

To further reduce the cost associated with acquiring a scent-processing dog, 
some researchers suggest adopting dogs from animal rescue shelters. Historically, 
specific purebred dog breeds were associated with specific search tasks, however, 
for the purpose of scent detection a purebred dog may not always be the better 
option. It is frequently noted that a key characteristic of a good scent-processing 
dog is to be highly focussed and have a strong play drive, because this makes 
the dog focussed and motivated to complete the task to receive the reward of 
play (Wasser et al. 2009). Dogs possess three types of drive: prey, hunt, and 
play (Zwickel 1980), and it is a combination of the latter two that make a scent-
processing dog ideally suited for working with vulnerable wildlife populations 
(Cablk and Heaton 2006). Possessing a hunt drive means that a dog has a persistent 
desire to find something despite potential barriers such as difficult terrain or less-
than-ideal environmental conditions, and play drive manifests itself with humans 
as the desire to tug or retrieve (Cablk and Heaton 2006). Cablk and Heaton (2006) 
argue that dogs that have the energy requirement for conducting scent work do 
not always make the best family pet, thus potential scent-processing dogs can be 
found at most shelters. Therefore, with the goal of identifying a dog with both a 
high hunt and play drive, but reduced prey drive, it is quite possible to find such 
a dog in an animal shelter. Adopting a dog from an animal shelter significantly 
reduces the upfront cost, when compared to purchasing a purebred dog, which 
would further decrease the average cost of the dog per project.
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There are other, situation-specific, options for acquiring scent-processing dogs 
that have been discussed to reduce costs. Orkin et al. (2016) partnered with the 
Chinese Ministry of Public Security, where they trained the police scent-processing 
dogs for a specific project. The reported cost for the dog’s training was $2,351.00 
USD, with additional costs associated with the dog amounting to less than $500. 
The researchers suggest it is mutually advantageous for conservation research 
groups to partner with local police units, as it reduces the cost and there is no need 
for international transport of dogs or acclimation to the climate by the dogs, and 
it provides an organization that has already established protocols for travel, hous-
ing, and other logistical aspects of employing a dog (Orkin et al. 2016). A similar 
partnership was performed in Washington, where Wasser et al. (2004) partnered 
with the Washington State Department of Corrections Canine Narcotics Training 
Program, through which the dogs and associated costs of personnel and transport 
averaged to approximately $500.00 USD per found sample. Nussear et al. (2008) 
utilized a different method, where the researchers hired handlers that privately 
owned scent-processing dogs. This approach did not appear to have reduced the 
costs significantly compared to hiring dogs through a company. The reported cost 
to train the dogs and survey two passes through a 1×1 km plot cost $7,872.00 
USD, with most costs being associated with the handlers (costing $120.00 USD 
per day). 

Beyond the costs associated with acquisition of a scent-processing dog to be 
used for a research project, the planning of the study can significantly impact the 
costs directly associated with the dog as well. When DNA analysis of scats is 
included in the study plan, Wasser et al. (2004) suggest costs can be reduced for 
this expense by excluding the analysis of samples that will not amplify. Moreso 
related to the dogs, Reindl-Thompson et al. (2006) encountered factors in the habi-
tat of the search area that reduced the efficiency of the dogs. The researchers 
encountered prickly pear cactus which caused difficulty for the dogs, however, 
if the dogs had been fitted with protective boots they likely could have moved 
through this terrain, as well, the dogs had not been acclimated to the environment 
prior to searching and therefore were distracted by the frequent barking of prairie 
dogs (Reindl-Thompson et al. 2006). Arandjelovic et al. (2015) also experienced 
challenges with the terrain of their study area, as the steep terrain and dense vine 
vegetation impeded the movement of both dogs and handlers to such an extent 
that a remapping of the grids and transects had to be performed before the study 
could continue. A good understanding of the barriers to a dog search team present 
in an environment prior to beginning the study is advised in order to avoid unex-
pected costs. Dogs can be trained to ignore certain environmental factors before 
working in the search environment and survey plots can be structured to optimize 
searching around challenging or dangerous terrain, both of which will optimize 
the efficiency of the dog and reduce costs associated with time spent searching. 
An additional barrier to optimizing the scent-processing dog in the field is climate. 
Nussear et al. (2008) report that while in desert environments dogs were able to 
survey the same distance as human searchers in 60% of the time, this did not allow 
the dogs to cover more ground per day because they experienced increased fatigue.
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Performing surveys with dogs during specific times of day, or during specific sea-
sons, can allow for optimization of dog performance, as they can survey more area 
per day when the climatic conditions allow. Duggan et al. (2011) suggested that 
in looking for Franklin’s ground squirrels, performing the scent-processing dog 
survey earlier in the season may have allowed for more efficient surveys, as vege-
tation would be shorter allowing better airflow of scents and better visualization of 
burrow entrances. In another example of potential planning-related cost-savings, 
Mathews et al. (2013) used dogs to locate bat fatalities at wind energy facilities 
and made the point that if there is a particularly large survey area to be covered, 
or studies that are more long-term, the cost of a scent-processing dog tends to be 
much more rewarding, as these types of searches would take significant time if 
performed by the other commonly selected method; human surveyors. And finally, 
as scent-processing dogs can be trained to locate signs from more than one target 
species at a time, simultaneous verification of multiple species presence can be 
performed to optimize the costs associated with surveying a particular area with a 
dog (Smith et al. 2005; Arandjelovic et al. 2015). 

When dogs were used to locate bat roosts, Chambers et al. (2015) hired dogs 
from PackLeader and found that 15% of the cost of using dogs was associated 
with their travel. This is a problem that was also faced by Arandjelovic et al. 
(2015), as they hired dog teams and handlers from the USA (Working Dogs for 
Conservation) and found the dogs and handlers required significant time to accli-
matize to the environmental conditions. Finding dogs that are already within the 
region of study not only reduces their travel costs, but also reduces the amount 
of time required for the dogs to acclimate to the environmental conditions of the 
study region. Arandjelovic et al. (2015) discuss this issue in depth and emphasize 
the need for the establishment of regional detection dog programs where there is 
the demand for the use of scent-processing dogs for conservation research. Orkin 
et al. (2016) attempted, and succeeded, to surmount this challenge by partnering 
with local police canine teams to locate multiple primate species in China, while 
avoiding the usually high costs of performing research using scent-processing dogs 
internationally. 

While using dogs is not expected to be the most economical approach, depend-
ing on research goals and the extent to which scent-processing dogs will be used, 
this approach may be equally if not more cost-effective than mainstream methods. 
Both Long et al. (2007a) and Harrison (2006) provide detailed cost comparisons 
of scent-processing dogs and more traditional approaches to surveying wildlife 
species. The importance of standardization of their use is made evident when con-
sidering surveys where the lack of appropriate survey planning increased the cost 
of using scent-processing dogs, and decreased their efficiency as a survey tool. 
While there may be significant cost when hiring a dog and handler team, or costs 
associated with acquiring and training a dog, there are also many scenarios where a 
scent-processing dog may be the only appropriate choice. Examples of such being 
where camera trapping had failed to detect species presence for over a decade 
(Thomas et al. 2020), or when high-quality genetic sequencing failed to detect
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bacterial disease presence in koalas (Cristescu et al. 2019), but dogs were able to 
provide accurate population information in both instances. 

4.6 Factors Influencing Dog Performance 

There are several factors that may influence the performance of a dog-handler 
team and thus the accuracy and reliability of their work. These factors can be 
roughly grouped into three categories: external environment, internal environment, 
and training. The external environment refers to meteorological conditions or phys-
ical conditions of the environment; internal factors refer to the emotional and 
motivational state of the dog; and training, as discussed above, is performed by 
the handler prior to the beginning of field research. 

4.6.1 External Environment 
Few publications tackle environmental issues associated with the external environ-
ment at length except for Osterkamp (2020) and Pearsall and Verbruggen (1982). 
Bradbury and Verhencamp (2011) also discussed issues with a broader range of 
species depending on olfaction to find food and mates. The usual focus is on tem-
perature, humidity, barometric pressure, wind, and soil. The complex interaction 
of these factors makes the assessment of “good field days” particularly challeng-
ing, including extreme conditions such as cross-overs (when the relative humidity 
of the air is lower than the ambient temperature in degrees Celsius). Atmospheric 
ionization (the amount of negative or positive ions in the air) is, as far as we 
know, never discussed in the context of field conditions and olfaction: We simply 
do not know if atmospheric ionization is a factor, yet, anecdotally, humans will 
often comment on scents being enhanced in some conditions associated with high 
levels of negative ions (for example, just before a rainfall). It is known for example 
that negative ions are more prevalent at sea level, near moving water (e.g. falls, 
rivers, the ocean), high winds, or mountain environments. Clearly, locations, time 
of year, time of day, and weather conditions are all factors that must be taken in 
consideration when working with our canine research assistants. 

In considering what aspects of the external environment may influence the per-
formance of a scent-processing dog, it is necessary to look at the aspects that will 
impact the movement or physical properties of the dog, as well as that which will 
impact the movement of the scent itself. A major environmental factor that will 
influence the performance of the dog is temperature. Heightened panting rate is the 
main behaviour utilized by a dog to reduce their body temperature. However, dogs 
are unable to pant and sniff simultaneously, and this increase in panting decreases 
a dog’s ability to continuously follow a scent (Reed et al. 2011). In addition to 
increasing panting rate, heat can also result in nasal tissue dryness which may 
have implications on the olfactory abilities of the dog (Paula et al. 2011). Smith 
et al. (2003) found that a dog that panted excessively in hot conditions struggled 
to locate kit fox scat, however, the detection rate of the dog improved significantly 
in cooler temperatures. Beyond its ability to increase panting rate and reduce the
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sniffing ability of a dog, sustained heat can cause fatigue and poor performance 
(Harrison 2006; Homan et al. 2001), and some researchers have cautioned against 
using dogs in extreme climates (Long et al. 2007b). Nussear et al. (2008) discussed 
this point, when using scent-processing dogs in the Mojave Desert: they stated the 
dog could perform surveys in a shorter amount of time than human surveyors, but 
they often could not cover any more survey area per day due to fatigue of the 
dogs, brought on by working in sustained high temperatures. 

While it is not possible to avoid environmental factors, specific and cautious 
study design may have the potential to minimize the impact it has on search effi-
ciency. Dogs demonstrate shade-seeking behaviour, increased panting, and change 
in tongue colouration when they begin to overheat. Nussear et al. (2008) were 
able to avoid significant climatic effects on detection rate by closely monitoring 
for these observable changes and providing breaks for water, rest, and tempera-
ture regulation throughout the survey period. For certain locations, changing the 
season during which the survey is performed offers the most beneficial scenting 
conditions for dogs. Nussear et al. (2008) attempted to counteract the impacts of 
temperature by performing their study in the fall when desert air temperatures were 
slightly lower, rather than surveying in the spring when tortoises are most active. 
In the spring, the dogs would be under greater environmental stress, therefore lim-
iting their performance and search time per day. If changing the season of search 
time is not an option, Nussear et al. (2008) suggest altering the time of day the 
search period begins, such as earlier in the morning or late in the evening when 
temperatures are slightly cooler. 

There are clear challenges associated with high temperatures, however, cold 
temperatures do not provide much relief to this predicament. In colder tempera-
tures, odour production is inhibited, and in turn can reduce the detection of targets 
(Gutzwiller 1990). As scent-processing dogs are relying on the propagation of a 
target scent to guide them to the target, any factors influencing odour production 
will also influence scent-processing dog performance. Even if certain weather, veg-
etation, or terrain conditions do not change the efficiency of the dog’s movement, 
they may still impact the scent behaviour (Karp 2020). For example, Duggan et al. 
(2011) suggested their study was influenced by weak scent conditions, as they were 
locating ground squirrels with burrowing habits, preference for remaining in dense 
vegetation, and overall small body size. All of these factors reduce the strength of 
the scent, as well as the ability for the odour to propagate, making it more chal-
lenging for the dog to pick up on when searching. Decomposition of targets may 
also impact the odour properties (Gutzwiller 1990); however, this does not appear 
to affect successful target location by scent-processing dogs. Paula et al. (2011) 
performed an analysis on factors influencing dog performance and found target 
carcass decomposition did not produce a significant difference in the accuracy of 
the dog team. Furthermore, Orkin et al. (2016) used detection dogs to locate scat 
for arboreal primates, who defecate from elevations up to 30 m above ground caus-
ing much of the feces to be fragmented by leaves and branches, yet this challenge 
did not alter scat detection by dogs. As well, Dominguez del Valle et al. (2020) 
found carcass size and decomposition did not influence performance of detection
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dogs in locating bird and bat fatalities at a wind farm. While it does not appear to 
influence dog accuracy, the efficiency of dogs will decrease with increased carcass, 
or target, decomposition (Paula et al. 2011; Orkin et al. 2016). 

Environmental factors other than temperature, such as precipitation, also play a 
part in scat detection. There is a level of humidity in the air that can optimize scent-
ing conditions, by preventing nasal tissue dryness (Paula et al. 2011), but also by 
supporting the production of scent plumes from the target. However, strong precip-
itation events can degrade and remove scats from habitat ranges. Reed et al. (2011) 
noted detection rates for target scats made by the dogs increased with the number 
of days since the last precipitation event, suggesting the more time following a 
major precipitation event, the more time it allowed target scats to re-accumulate, 
increasing the accuracy of the data collected by a scent-processing dog survey. 

Wind speed and direction are another environmental factor that have been spec-
ulated to play a role in dogs’ detection functions. The direction of the wind may 
distort information about the location of the target, depending upon the location 
of the dog with respect to the wind. However, Reed et al. (2011) found that in 
all cases, wind speed and direction did not change the accuracy or efficiency of 
their scent-processing dog. The authors note it is likely this would not be the 
case had the dog been on-lead, as deploying the dog off-lead made it easier for 
the dog to search for scents in multiple directions and adjust its position in ref-
erence to wind directions (Reed et al. 2011). Leigh and Dominick (2015) also 
reported not encountering a relationship between wind speed and performance of 
the detection dog, when deploying the dog off-lead. Furthermore, in detecting the 
scat of Southern Resident Killer Whales, detection dogs locate scats up to one 
nautical mile away, regardless of high-speed wind currents (Wasser et al. 2017). 
Overall, previous evidence converges to suggest wind speed and direction may not 
have significant repercussions for a scent-processing dog, if the dog has adequate 
autonomy to manipulate the wind currents with their own movements. 

Beyond meteorological conditions, the environment type is another external fac-
tor impacting survey ability. Scent-processing dogs can detect species’ presence 
without relying on visual cues, which tends to be the most significant drawback 
to human-only search teams. Due to the remarkable ability of dogs to follow a 
scent, they have been reported to perform better than human searchers and thermal 
imaging in locating target species in dense vegetation (Nussear et al. 2008; Karp 
2020). Habitat, which may significantly impact human accuracy, generally does 
not change the accuracy of a dog (Paula et al. 2011; Dominguez del Valle et al. 
2020). This was supported when Leigh and Dominick (2015) tested the effects 
of habitat structure on scat detection dog performance, with dogs producing scat 
detection rates of 83% or higher in three habitats of differing complexity. How-
ever, in specific dense vegetation, such as that which contains thorny shrubbery, 
the efficiency of a dog can be decreased, not due to inability to locate the tar-
get producing a scent, but due to the impact shrubbery has on a dog’s movement 
(Paula et al. 2011). Habitat structure produced a more significant impediment to 
the ability of Brook et al. (2012) to deploy scent-processing dogs, as a large area 
of the survey site contained impenetrable bamboo thickets, requiring the dog to
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remain on trail systems rather than moving throughout the entirety of the survey 
site. When the search environment consists of dense vegetation, it is necessary 
to consider if this dense vegetation only makes it challenging for visual searches 
but can still be appropriately searched by a dog, because this can, occasionally, 
be rectified by selecting an appropriate dog breed. If the vegetation is dense, but 
passable, a longer legged and more agile dog may be better at moving through 
the area efficiently (DeMatteo et al. 2019). Similarly, if there are many mid-height 
obstacles, a shorter dog may be more capable of searching efficiently, by being 
able to go under such obstacles (DeMatteo et al. 2019). However, if the vegetation 
actively impedes the ability of a dog to cover the entire survey area, due to impass-
able or dangerous terrain, this may drastically impact survey accuracy, as the dog 
must be able to move through the whole survey area to appropriately locate all 
targets present. 

4.6.2 Internal Factors 
While analyzing what factors may influence the performance of a scent-processing 
dog in the field, it is important to consider the emotional and motivational state of 
the dog. Gadbois and Reeve (2014) discuss motivational factors affecting work-
ing dogs: Interestingly, in all their work in biomedical alert and detection and 
wildlife conservation, they saw motivational issues only in lab-based work, and 
not surprisingly, biomedical work (which is exclusively lab-based). It is important 
to consider that fieldwork and searching for biologically active organisms seems 
to be self-reinforcing and intrinsically reinforcing. In much of our work, espe-
cially with ribbon snakes (Thamnophis sauritus sauritus) and coyotes, we rarely 
if ever noticed motivational issues. With wood turtles (Glyptemys insculpta), diffi-
cult terrain or weather conditions, maintaining the dog’s interest may be difficult, 
especially with low occurrences of target species. 

Dogs that are selected for scent work are chosen due to their high hunt and play 
drives (Cablk and Heaton 2006). This is noteworthy when considering motivation, 
because the scent-processing dog is highly motivated to find the target in order to 
get the reward of play. With the dogs being reward-driven, if the target species is in 
particularly low density in the target area, it may be important for the research team 
to plant target scats or biological material for the dog to find throughout the search 
area, to ensure the dog does not lose interest (Kerley 2010). If the dog spends a 
considerable amount of time searching, with no reward, it is understandable the 
dog could lose motivation to continue performing such a detailed, energetically 
demanding, search. DeMatteo et al. (2019) suggest when searching for a single 
rare species, it may be beneficial to also train the dog on another, more abundant, 
species in the environment. This allows the dog to stay focussed on searching for 
the entirety of the survey and reduces the possibility that the dog will become 
frustrated and lose motivation to search (DeMatteo et al. 2019).
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Kerley and Salkina (2007) speculated the decline in performance of some dogs 
over their years worked was due to boredom, which may be due in part to the fact 
that dogs lived in kennels when they were not working. These authors emphasized 
the importance of rewarding dogs liberally with enthusiastic play and to avoid 
scolding dogs for incorrect choices. In a different study, dogs tended to show 
boredom or frustration in a lab setting after returning from the field (Smith et al. 
2003). Harrison (2006) speculated that dogs made errors in training trials where 
there were no target samples out of frustration and desire for reward. It is important 
to note that while dogs can perform surveys significantly faster than humans, dogs 
also experience fatigue. As mentioned in the previous section, depending on the 
effort required to move through a certain external environment and the significance 
of temperature, a scent-processing dog search team may move at a faster pace than 
human teams, yet not be able to search more area each day than human surveyors 
(Nussear et al. 2008). Particularly, searches being performed in more complex 
habitats should account for the additional search effort required, and if the potential 
for fatigue of the dog is not considered this could lead to false negatives (Leigh 
and Dominick 2015). 

Harrison (2006) felt that dogs were more likely to lose interest, or provide errors 
in judgement, when they were tired, hungry, or hot, and emphasized the importance 
of handlers being in tune with the dog’s state. The way a handler interacts with, 
and around, the scent-processing dog will influence the dog greatly as the dog 
is looking to its handler for direction and reward in many instances. If a handler 
shows interest in a scat that may be similar to the target, it can teach the dog to 
search for this non-target scat (Vynne et al. 2011b). DeMatteo et al. (2014) suggest 
that improper handler training can hinder the dog’s accuracy and negatively impact 
their field success. There is general agreement that a rigorous training regime and 
appropriate skill level is critical for both dogs and humans, although there appears 
to be an emphasis on the importance of handler competency (Wasser et al. 2004; 
Long et al. 2007b). Smith et al. (2003) provide a table summarizing points to 
consider minimizing training-related biases. It is important for dog handlers to 
engage in consistent communication with their dogs and training must ensure that 
dogs consistently indicate every time they identify a target scent (Cablk and Heaton 
2006). Particularly when performing research on cryptic species, or locating signs 
that are challenging to visually detect, handlers must be extremely well trained. 
If handlers incorrectly reward a false alert performed by the scent-processing dog, 
they may confuse the dog, leading to increased false positive alerts and skew the 
results of the survey (Duggan et al. 2011; Vynne et al. 2011b).
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4.6.3 Existing Search Protocols 
When planning to use a scent-processing dog in research for wildlife conservation 
it is understood that a strict training protocol for both the dog and the handler 
should be followed. Beyond the training protocols, preparing search protocols 
tailored specifically to the search environment is also important. Many factors 
regarding search protocol require consideration when planning a study, such as 
whether both handler and dog will follow a transect search approach or walk free 
range, whether the dog will be on- or off-lead, the size of the survey area, the time 
spent searching, and whether additional targets will be planted to increase motiva-
tion of the dog throughout the search. Glen and Veltman (2018) discuss the need 
for greater standardization of scent-processing dog search protocols. In the litera-
ture, the decision to include or forgo a transect and whether the search pattern will 
involve the dog being on-lead or being free range appear to be the most varied, and 
researchers have contrasting opinions about what combination of these choices is 
ideal for scent-processing dog work. While there is a need for standardization for 
comparison of search results between projects, it is also necessary to ensure the 
search protocol for a particular project is maximizing accuracy and efficiency of 
the dog (Glen and Veltman 2018). 

Potentially the largest decision to be made when planning search protocols, and 
before other plans can be made, is deciding whether transects will be performed. 
Transects can be used to introduce greater standardization within a search, and 
are most often applied with the intention of ensuring full survey area coverage. 
When a transect search is chosen, the dog and handler must walk up and down the 
evenly spaced linear sections throughout the study site. Smith et al. (2003) applied 
17 transects spaced at 400 m intervals to locate San Joaquin kit fox scats, finding 
dogs to be 100% accurate in all of their searches. Smith et al. (2003) concluded 
that through the use of systematic searching dogs may be useful for determining 
species presence or absence when concerned with rare or cryptic species, a result 
that was similarly observed by multiple researchers (Boydston 2005; Smith et al. 
2005, 2006; Beckmann et al. 2015). Wasser et al. (2004) also provided results 
in favor of the transect approach, suggesting transects can help to reduce bias 
in scent-processing dog surveys, by requiring the dog and handler to systemati-
cally cover the whole survey site. Homan et al. (2001) also used a transect search 
pattern when using dogs to locate passerine carcasses in dense vegetation and con-
cluded it may not be feasible to set transect lengths that are considered an adequate 
proportion of the total area to be searched without increasing the speed the dog 
and handler team worked, which could reduce accuracy during a transect search. 
In accordance with this, in writing a final report for the U.S. Fish and Wildlife 
Service, Vesely (2008) stated that keeping the dog following a transect in close 
proximity to the handler will significantly limit their search speed, and dogs may 
be more efficient when a transect search pattern is not imposed. The amount of 
time it takes to complete transect searches, and the proportion of survey area nec-
essary for empirical significance, can increase the cost of a field survey. This was 
observed by Kretser et al. (2016) when they used transects to search for moose, 
concluding the costs were significantly increased by the time required to execute
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transects. This was not the only instance where transects may have impeded the 
ability to properly search a full area for the most reliable population estimates. 
Ralls and Smith (2004) measured the distance kit fox scats were located from the 
transect lines, finding the furthest latrine to be approximately 40 m. Latrines are 
an accumulation of scats and/or urine (common especially in felids), and therefore 
may have a stronger odour. They however point out it may have been challeng-
ing for the dog to pick up on the scent of a single scat from that same distance 
while moving along the transect (Ralls and Smith 2004). Furthermore, Harrison 
(2006) suggested the transect method was beneficial as it produced 10 times the 
number of detections as the other methods. Harrison (2006) also commented that 
dogs can become frustrated if they search for extended periods of time without a 
target identification, and consequently a reward. While this is not a direct result of 
the transect method, continuing to move in a direction where a dog does not sense 
a likely target may increase frustration, as was observed in Harrison (2006), and 
lead to false positives performed by the dog in an attempt to receive a reward. 

4.6.4 Transects on Versus Off Lead 
When a transect is the search protocol selected, the dog can be on or off lead 
while still performing a transect based search. In many instances, dogs are kept on 
leads of varying lengths while the handler walks a transect (Homan et al. 2001; 
Smith et al. 2003; Ralls and Smith 2004; Smith et al. 2005; Smith et al. 2006; Long 
et al. 2007a; Long et al. 2007b; Long et al. 2010; Duggan et al. 2011; Waters et al. 
2011; Lee et al. 2014; Beckmann et al. 2015; Smallwood et al. 2020; Reynolds 
et al. 2021). When a dog is on-leash, the amount of freedom they have can vary 
drastically. For example, Smallwood et al. (2020) had dogs on a 5 m  lead while 
walking transects to locate bird and bat carcasses, however, even if a dog indicated 
detection of a scent as being beyond the transect, the dog was constrained from 
moving towards the scent until the transect physically intersected with the carcass 
location. In a very different variation of a transect search with a dog on a leash, 
Matthew and Relton (2021) worked the dog on a 5 to 10 m lead (depending on 
vegetation type) while searching a transect, and once the dog indicated picking up 
a scent, the handler would allow the dog to deviate from the predetermined path. 

Dogs may also be deployed off-leash, while still following the transect pattern. 
There are many instances where dogs are sent into the field off-leash, the handler 
walks the transect line, and the dog is redirected towards the transect through voice 
commands as necessary. In Wasser et al. (2004), all transects were performed with 
the dog off-leash, and while the dog always remained in sight of the handler, the 
researchers suggest this allowed the dog to maximize the area covered. Along this 
thread, in a final report written for Presidio Trust by Boydston (2005), the han-
dler walked four loop-shaped transects throughout the area, to ensure full coverage 
of the survey site, while the dog walked ahead of the handler and was allowed to 
move freely and typically chose to move side to side across the transect, frequently 
covering upwards of 25 m in either direction. As well, Harrison (2006) used tran-
sects to compare dogs to automatic cameras, hair snares, and scent stations, and 
the dog was allowed to move approximately 15 m away from the handler. The
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purpose of this distance constraint was to ensure the handler could see the dog at 
all times, while walking the transect (Harrison 2006). In a slightly more restrictive 
variation of this method, Arnett (2006) walked a transect line while the dog was 
only allowed to search 5 m to either side of the transect. The purpose of keeping 
the dog within a closer distance to the transect was to provide as close a com-
parison between the detection rates of dogs to human surveyors, who performed 
visual searches walking the transect lines (Arnett 2006). Even more prohibitive, 
Chambers et al. (2015) worked dogs off-leash while walking transects, and specif-
ically states the dogs were redirected towards the transect and not allowed to roam 
freely during the survey. 

To use transects during a field survey, while trying to avoid the drawbacks of 
target distance from transect lines and frustration of the dog, some researchers have 
chosen to further reduce the impact of the transect on the way the dog chooses to 
search. Generally, this involves the handler following the transect without putting 
in place limitations on the movements of the dog. One such example of this is 
where Reed et al. (2011) established a singular straight-line transect through the 
center of the survey site on which the handler walked, allowing the dog to move 
around the survey plot freely. Kretser et al. (2016) also offered significant leniency 
to the dogs’ movements when searching for moose, having the handler walk along 
transects, while allowing the dog a significant amount of freedom in movement 
keeping the dog within 100 m of the transect. Becker et al. (2017) also relied on 
transects to spatially sample their survey area, and had dogs working off leash with 
the freedom to move across the 500 m width of the transects as needed to survey 
for target scent. Similarly, de Oliveira et al. (2019) deployed a scent-processing 
dog to locate Brazilian dwarf brocket deer, with the handler walking along transect 
lines and the dog roaming off-lead. The dog was allowed to move away from the 
transect to a maximum radius of 20 m, providing the dog with significant freedom 
to locate the target scent, while the handler maintains a level of order of the search 
(de Oliveira et al. 2019). 

There are instances where dogs are not taken off-lead during the survey period. 
In an evaluation of the potential for scent-processing dogs to identify the brown 
marmorated stink bug in its overwintering sites (dry crevices in dead trees), the 
dogs were kept on-lead for the entirety of the search period (Lee et al. 2014). In 
this instance, it is quite reasonable the dogs were not released, as the researchers 
intended to search each dead tree in the survey area and were leading the dog to 
each tree, allowing the dog to search, and then moving on to the next (Lee et al. 
2014). Another instance where scent-processing dogs were kept on lead was for 
the research performed by Reynolds et al. (2021) when dogs were used to search 
for carcasses of waterbirds that had succumbed to avian botulism. Dogs were kept 
on a 5 m lead for the entirety of the search and wore wire basket muzzles for the 
protection of birds in the environment, and to reduce the risk of the dogs making 
contact with the carcass, and consequently disease (Reynolds et al. 2021). While 
there are clear situational benefits to having a dog on-lead, there are also situations 
where it is not the most practical survey protocol. Cristescu et al. (2015) performed 
a study with both an experimental trial where the dog was leashed and a field trial
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during which the dog was not leashed. The researchers note that all failures to 
find scats occurred when the scent-processing dog was on lead, whereas once 
the dog was off-lead their accuracy reached 100% (Cristescu et al. 2015). Many 
potential implications of the leash are discussed, such as the physical constraint to 
the dog’s movement produced by being on-lead, the potential for the connection 
to the handler to influence the ability of the dog to initially detect a scent cone 
to follow, the disruption to a dog’s natural search patterns it imposes, and the 
decrease in the dog’s search drive observed when leashed (Cristescu et al. 2015). 
In contrast, Homan et al. (2001) used scent-processing dogs to search for passerine 
carcasses, the dogs were kept on a 5 m  lead, and the researchers do not state any 
issues with search efficiency when the dog was on-lead. 

In considering the different methods for deploying scent-processing dogs in the 
field, it is evident that whether the dog be on- or off-lead is extremely contex-
tually dependent. In some instances, having the dog off-lead is optimal, such as 
for cryptic species of which the researchers do not have strong assumptions about 
species range (Thomas et al. 2020). Whereas, in the need to systematically search 
every square foot of an area, it may be more beneficial to the researchers to keep 
the dog within the quadrant through voice commands (Thompson et al. 2012). 
Furthermore, there are benefits to keeping a dog on-lead, such as for the safety 
of the dog or the target (Deák et al. 2021; Reynolds et al. 2021), or directing the 
dog to specific biological objects of interest (Lee et al. 2014). However, there is a 
need for better understanding of when each protocol is most beneficial to provide 
standards as to when each practice should be performed, in order to minimize any 
bias introduced onto the dog by the search protocol. 

4.6.5 Reducing Spatial Structure in Surveys 
Whether a dog is released into a search area on- or off-lead appears to be extremely 
variable from one wildlife conservation project to the next. Another issue that 
must be tackled at the same time as making this decision when planning search 
protocols, is the level of freedom the dog will have. Thompson et al. (2012) suggest 
that scent surveys are by nature not spatially structured. Thompson et al. (2012) 
comment dogs must be given the freedom to identify and track a scent source 
in relation to wind currents. Similarly, DeMatteo et al. (2019) wrote a review 
concerning protocols involving the use of scent-processing dogs, and comment it 
is entirely unrealistic to assume a dog should stay within a set distance of a transect 
line. The researchers support this comment by discussing that dogs are constantly 
cataloging the scents around them while working, while they have no awareness of 
the transect line, therefore by restricting the dog to an invisible linear path it may 
confuse the dog and interfere with their searching abilities (DeMatteo et al. 2019). 
Along this thread, Thompson et al. (2012) developed small search grids, and used 
the dogs’ free range off-lead within each small grid, to attempt to introduce some 
spatial structure to the search without inhibiting the scent-tracking ability of the 
dog. This was also observed in Wasser et al. (2012), where very precise survey
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polygons were planned to increase the likelihood for successful detection within 
the overall study site, and the dogs were allowed to search freely within these 
polygons off-leash. Similarly, Davidson et al. (2014) sectioned a 220 km squared 
survey site into 8 smaller survey quadrants, which were further sub-sectioned into 
quarters. The dogs were off-lead and able to travel in and out of the densely 
vegetated terrain as they searched for the target scent, while the handler walked 
the ridgelines of the subsection (Davidson et al. 2014). This method provided 
a collection of 272 scat samples. The reported capture probabilities at the time 
became the largest observed for any research conducted with wild felids, further 
highlighting the benefits of this systematic, yet less restrictive, search protocol 
(Davidson et al. 2014). This same “quartering” of search areas was observed in 
Mathews et al. (2013), where the handlers only redirected the dog to ensure the 
whole area was covered, and, when compared to humans, the success of the dogs 
was evident in that they located more than three times the number of bat carcasses. 

In a unique use of handler cues to the scent-processing dog, Dominguez del 
Valle et al. (2020) used a dog trained to follow a specific search pattern. The 
handler walked along the transect lines and the dog was allowed to move off-lead 
10 m to either side of the handler, however, the dog was trained to move in a zig-
zag pattern perpendicular to the transect line (Dominguez del Valle et al. 2020). 
This is the only study design found in this literature review in which there was 
a specific search method imposed on the dog, however, the researchers conclude, 
like in many other instances, the dogs were more efficient and accurate than human 
searchers and this method made it possible for the researchers to homogenize 
coverage of the search area (Dominguez del Valle et al. 2020). The imposed search 
method did not appear to change the relative performance of the dog, compared to 
when there was no applied search method, therefore it may be a feasible method to 
ensure no survey area is missed; however, it did reduce the efficiency of the search. 
In a less strict version of this type of search, Nussear et al. (2008) deployed dogs 
off leash in a 1 by 1 km survey plot, within the plot the dogs were directed by 
voice commands to utilize a zig-zag or a contour search pattern, depending upon 
the terrain in the plot. Redirecting the dog towards the handler when they are 
working off-leash in a free-range method can be performed to ensure the safety of 
the dog (Deák et al. 2021), or to be sure they cover the entirety of the search area in 
question (Thompson et al. 2012; Mathews et al. 2013; Karp 2020; Petroelje et al. 
2021). However, if the handler is focussed on following a specific transect pattern 
and redirects the dog to return to the planned search pattern, this may decrease the 
ability of the dog to find, or follow, a scent.
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Duarte et al. (2016) did not impose any strict movement or spatial limitations 
on the working scent-processing dog with which they worked, by having handlers 
walk along natural trails and borders of rivers or forests they allowed the dog to 
work freely and indicate when it was necessary to stray from the border of the area. 
This methodology showed great success for Duarte et al. (2016), as they were able 
to support the extension of the geographical range of the target species (small red 
brocket deer) which is an essential piece of information for species conservation. 
Using a similar survey protocol, in a slightly different study design, DeMatteo 
et al. (2014) worked their dog off lead during surveys, while the handler walked 
along pre-selected trails. The dog was not redirected by the handler at any point but 
appeared to stay within 15 m of the trail in any direction throughout the survey, 
with great results; the dog located 588 target scats across two survey periods. 
In the dense Atlantic forest, this methodology was also applied; the handler and 
orienteer walked along trails while the dog was offered complete freedom in search 
patterns throughout the environment, and achieved great success locating target 
scats as well as effectively covering a large area (de Oliveira et al. 2012). In another 
similar approach, Thomas et al. (2020) used a dog that worked off lead, with no 
handler influence on the movement of the dog, and experienced significant success. 
While the researchers had estimated species presence in certain areas where it 
had already been identified, the detection dog was able to guide researchers to 
successful identifications in areas where species habitat range had not yet been 
confirmed (Thomas et al. 2020). Equally as free range, Deák et al. (2021) deployed 
dogs off-lead for the location of poisoned raptor carcasses, and only gave signals 
to redirect the dog back to the handler when they had been out of sight for 30 s or 
longer, to ensure the safety of the dog. With only the welfare of the dog being a 
limitation, Cargill et al. (2022) allowed the working dog to perform large zig-zag 
sweeps of the coastline of interest in the search for little penguins, only leashing 
dogs in close proximity to roads. 

Performing opportunistic searches with scent-processing dogs has also been 
used when searching for multiple target species at once, as was seen in Wultsch 
et al. (2014) when the dogs performed free-range searches for the scat of jaguars, 
pumas, and ocelots, as well as when Orkin et al. (2016) deployed scent-processing 
dogs to locate three different primate species. Opportunistic searching also proved 
beneficial for improving detection of bird strike mortality, for multiple species, 
surrounding 10 wind turbines of interest (Paula et al. 2011).
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4.6.6 GPS Locations of Dogs 
Another factor involved in planning a search protocol for conservation research 
involves determining what, if any, tracking devices will be used. It is quite com-
mon for the orienteer or handler to carry a GPS with them during the survey 
period, which may be used for a variety of reasons. Handlers looking for fox scat 
used a GPS to log the coordinates of each scat collected (Ramsey et al. 2017). 
Whereas, when looking for northern spotted and barred owls, orienteers carried a 
GPS to ensure the search team stayed within the designated survey area (Wasser 
et al. 2012). As well, handlers held GPS devices to track their search tracks while 
conducting a large-scale carnivore study in the forests of Western Oregon (Barry 
et al. 2021). While all of this information is useful to the researcher, for a better 
understanding of sign distribution within their study area, or for a better under-
standing of the space covered during surveys, there is also the opportunity to gain 
even more insight by fitting the scent-processing dog with a GPS collar. 

Thomas et al. (2020) took full advantage of this technology by having the han-
dler carry a GPS device for recording information during the search, but also fitted 
the dog with a GPS collar in order to review the search patterns of the dog after 
the field trial. Along this line, Reynolds et al. (2021) fitted dogs with GPS collars 
and had the handler mark changes of the dog’s behaviour in their handheld GPS 
device. This allowed the authors to make a detailed graphic demonstrating the 
first and second changes in behaviour observed as the dog began to switch from 
searching, to trailing, to tracking, until the dog alerted the carcass (Reynolds et al. 
2021). Often, dogs are fitted with GPS collars with the sole intention of tracking 
the search path, to ensure the entire survey area was covered (Cablk and Heaton 
2006; Nussear et al. 2008; Vynne et al. 2011a, b; Becker et al. 2017; Deák et al. 
2021; Petroelje et al. 2021) or to track the distance and speed of the dog (Mutoro 
et al. 2021; Reynolds et al. 2021). However, there is a wealth of information about 
the search patterns used by dogs to most effectively locate a target, as well as for 
a better understanding of target locations, that could be taken advantage of if the 
dog and handler are both fitted with GPS devices. 

5 Conclusion 

There is a multitude of opportunities for the use of scent-processing dogs in future 
wildlife conservation research to aid with conservation management planning. 
Dogs have been used to aid in research concerning wind farm fatalities (Homan 
et al. 2001; Arnett 2006; Paula et al. 2011; Mathews et al. 2013; Reyes et al. 
2016; Dominguez del Valle et al. 2020; Smallwood et al. 2020; Bernardino et al. 
2022), carnivores with varying range sizes (Wasser et al. 2004; Ralls and Smith 
2004; Smith et al. 2005, 2006; Harrison 2006; Kerley and Salkina 2007; Long 
et al. 2007a, b; DeMatteo et al. 2009; Wasser et al. 2009; Ralls et al. 2010; Kerley 
2010; Long et al. 2011; Vynne et al. 2011a, b; Reed et al. 2011; Vynne et al. 2012; 
Thompson et al. 2012; DeMatteo et al. 2014; Davidson et al. 2014; Wultsch et al. 
2014; Beckmann et al. 2015; Wilbert et al. 2015; Lundin et al. 2015; Oldenburg



414 S. Gadbois et al.

et al. 2016; Becker et al. 2017; Ramsey et al. 2017; Richards et al. 2018; Mori-
arty et al. 2018; Wilbert et al. 2019; Grimm-Seyfarth et al. 2019; La Guardia et al. 
2020; Barry et al. 2021; Deák et al. 2021; Mutoro et al. 2021), rare or cryptic mam-
mal species (Reindl-Thompson et al. 2006; de Oliveira et al. 2012; Brook et al. 
2012; Cristescu et al. 2015; Chambers et al. 2015; Duarte et al. 2016; Kretser et al. 
2016; Orkin et al. 2016; de Oliveira et al. 2019; Cristescu et al. 2019; Rosell et al. 
2019, 2020; Karp 2020; Thompson et al. 2020; Cristescu et al. 2020; Thomas et al. 
2020; Hatlauf et al. 2021; Villablanca et al. 2021; Matthew and Relton 2021), a 
diverse range of live birds (Gutzwiller 1990; Mosa 2004; Wasser et al. 2012; Leigh 
and Dominick 2015; Jamieson et al. 2021; Cargill et al. 2022), aquatic mammals 
(Rolland et al. 2012; Lundin et al. 2015, 2016a, b; Wasser et al. 2017), invasive 
animal and plant species (Goodwin et al. 2010; Lee et al. 2014; Suma et al. 2014; 
DeShon et al. 2016; Mendel et al. 2018; Rosell et al. 2019; Essler et al. 2021; 
Chi et al.  2021; Eyre and Barbrook 2021; Needs et al. 2021; Arnesen and Rosell 
2021), invertebrates of conservation interest (Waters et al. 2011; O’Connor et al. 
2012; Mosconi et al. 2017; Rutter et al. 2021a; Liczner et al. 2021), and rep-
tiles (Engeman et al. 1998; Vice and Engeman 2000; Engeman et al. 2002; Cablk 
and Heaton 2006; Heaton et al. 2008; Stevenson et al. 2010; Savidge et al. 2011; 
Browne et al. 2015; Nielsen et al. 2016; Statham et al. 2019; Ballouard et al. 2019; 
Matthew et al. 2021). There is a wealth of evidence suggesting scent-processing 
dogs can be employed to better understand target species home range, diet, popu-
lation density, health status, and even to aid in identifying individuals. With their 
diverse abilities being consistently supported, and continuously tested, the next 
important stage for this field of research is quickly approaching. More emphasis 
needs to be placed on not only publishing training protocols, but standardizing 
them. Standards should be put in place to evaluate the effect of training protocols 
and deem a dog ready to enter the field for conservation research. Furthermore, 
research should be performed to better consider different search protocols, and 
their impact on the efficiency and accuracy of the dog. To optimize their perfor-
mance, more focus needs to be placed on these details, and on developing protocols 
for future research. With clear protocols, developed based on empirical evidence, 
the opportunities for applying scent-processing dogs will grow globally. By provid-
ing standardization to the practice, it can become more accessible internationally, 
and dogs could have a limitless and lasting impact on conservation research. 

Appendix 

See Tables 1 and 2.
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