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   Foreword and Dedication    

 The 13th volume of  Chemical Signals in Vertebrates  (CSiV) emanates from the fi rst 
joint meeting of CSiV and the International Society of Chemical Ecology (ISCE), 
which was held at the University of Illinois Urbana-Champaign in June 2014. 
Dr. May Berenbaum was the local host and CSiV greatly appreciates the marvelous 
job done by May, the organizing committee, and everyone involved. The editors of 
CSiV 13 invited Dr. Berenbaum to write an overview paper on CSiV-ISCE shared 
areas of interest and future prospects for collaboration (see the contribution by 
Dr. May Berenbaum in this volume). 

 In this Foreword we wish to pay homage to two pioneering giants in the CSiV 
community, Dr. Dietland Müller-Schwarze and Dr. Robert Johnston. In December 
2014, CSiV lost Dr. Johnson, a dear friend, wonderful colleague, and a scientifi c 
leader in the realm of chemical communication. Drs. Michael Ferkin and Aras 
Petrulis have composed a fi tting remembrance to Bob and this volume is produced 
in his honor (see their remembrance in this volume). 

 Dr. Dietland Müller-Schwarze was an editor of the fi rst 10 of the past 12 vol-
umes in the CSiV series. Essentially from the formal conception of the study of 
chemical signals in vertebrates, Dr. Müller-Schwarze has been an exemplary leader 
and he continues to be a guiding force in this fi eld. Thus, we asked him to write a 
historical and future perspective for CSiV 13. The CSiV meeting in 2014 marked 
the fi rst one that Dietland could not attend, so we look forward to seeing you at the 
next one, Dietland! 

 From what we can determine, this also was the fi rst meeting in which none of the 
original attendees at the 1976 symposium at the Gideon Putnam Hotel in Saratoga 
Springs, NY, was in attendance. Thus, CSiV has truly been handed off to the next 
generation of researchers studying chemical signals in vertebrates. Consequently, 
in this volume you will fi nd contributions from individuals who are just beginning 
on this quest and those who have been studying vertebrate chemical signals for 
many years. 



vi

 With gratitude we dedicate this volume to Dietland Müller-Schwarze and to the 
memory of Robert Johnston for their contributions that have advanced the study of 
Chemical Signals in Vertebrates. Thank you Dietland and Bob!  

  Bowling Green, KY     Bruce     A.     Schulte   
 Memphis, TN     Michael     H.     Ferkin   
 Conway, AR     Thomas     E.     Goodwin    

Foreword and Dedication 
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  In Memory: A Tribute to Dr.  Robert 
(Bob) E. Johnston     

 Dr. Robert Elliott (Bob) Johnston, a pioneer and leader in the study of odor com-
munication for nearly fi ve decades, passed away at the age 72 on December 20, 
2014. Bob was an active contributor to the fi eld of chemical communication in 
vertebrates, a CSiV volume editor, and the host of a CSiV meeting held at Cornell 
University. Bob was born in Philadelphia on April 16, 1942, the oldest child of 
Robert Henry and Margaret Elliott (Riley) Johnston. Bob earned his B.A. from 
Dartmouth College in 1964. He began his doctoral work at Brown University and 
then moved to Rockefeller University. Bob studied under the supervision of Donald 
Pfaffman and earned his Ph.D. from Rockefeller University in 1970. After graduat-
ing Bob joined the psychology faculty at Cornell University. For both of us and for 
many others, this is where Bob’s legacy began. This book is published in memory 
of Bob Johnston with great appreciation of his many contributions to the growth of 
our fi eld. 

 Bob studied chemical and other forms of communication in a variety of animals, 
including humans. Indeed, his collaboration with Bob Kraut on the evolutionary 
function of human smiling produced a very infl uential paper on human evolutionary 
psychology (Kraut and Johnston 1979). However, his main study animal was the 
golden hamster. Bob was one of the fi rst to study odor communication in a truly 
systematic way. His early work examined scent marking behavior and the responses 
of golden hamsters to the scent marks of conspecifi cs. Among many fi ndings, Bob 
found that fl ank marking was aggressive or competitively motivated in both males 
and females. He also discovered that vaginal marking was used by females as a 
sexual solicitation behavior directed towards male conspecifi cs (Johnston 1974, 
1977, 1979). From these and many other studies, Bob built a program spanning 44 
years that studied odor communication from the level of the cell to the level of the 
whole organism. Bob and coworkers developed and tested hypotheses that addressed 
important mechanistic and functional questions about   individual     (e.g., Johnston 
1993; Johnston et al. 1993a, b), kin (e.g., Heth et al. 1998; Mateo and Johnston 
2000), and species recognition (e.g., delBarco-Trillo and Johnston 2013) as well as 
those surrounding scent over-marking (e.g., Johnston et al. 1994, 1997; Wilcox and 

http://people.psych.cornell.edu/~rej1/Research1.html
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Johnston 1995; Ferkin et al. 1999) and sexual communication (e.g., Ferkin and 
Johnston 1995). Bob and his students also conducted a series of experiments exam-
ining how the nervous system controls communication behavior, social memory 
formation, and sexual recognition (e.g., Pfeiffer and Johnston 1994; Petrulis and 
Johnston 1999; Petrulis et al. 1999; Lai et al. 2005). 

 Bob was a talented researcher, writer, and empiricist. One of Bob’s strengths as 
a scientist was his ability to use a synthetic approach to developing testable hypoth-
eses for understanding odor communication. Bob’s approach to experiments on 
rodent communication and individual recognition through odors has infl uenced 
researchers worldwide. He developed connections with German and Turkish 
researchers that led to studying wild hamsters in Turkey. Another of Bob’s strengths 
was his incredible skill as a mentor. Anyone that has had the pleasure of working 
with Bob, and there are over 150 undergraduates, graduate students, postdocs, and 
visiting faculty with whom he collaborated, valued highly his support, positive atti-
tude, and sage advice. 

 What we found most gratifying was Bob’s caring, thoughtfulness, and willing-
ness to share his ideas and expertise. Bob had a calmness that allowed him to be a 
great listener and a remarkable sounding board for research ideas. He had a great 
mind and could design an experiment on the fl y. Bob would challenge you to think 
outside the box. He encouraged you to go to the next step and design a “cool” 
experiment and he helped you do it. In the competitive fi eld of academia, Bob was 
unselfi sh in sharing his knowledge and expertise with you. After being with Bob, 
you realized that you learned something special. It was important to him that you 
understood how to conduct science and interact with others. In doing so, Bob left a 
strong, positive imprint on many lives, including our own. 

 There were other sides of Bob that were known to close friends and family. Bob 
was a former collegiate athlete. He used his 6 ft 4 in. frame to play basketball for 
Havertown High School and Dartmouth College. Bob continued to play pick-up 
games of basketball at Cornell University. He also enjoyed squash, cross-country 
skiing, ice skating, hiking, and dancing. In addition, Bob was a talented artist, 
accomplished photographer, and sculptor. Much of this work was infl uenced by 
Bob’s love of nature. Bob was too modest about his skills as an artist. Finally, Bob 
had a great sense of humor and was fun to be around. Ask any of his students and 
postdocs, as well as the unsuspecting that sat on the swing in his backyard that took 
you soaring over a deep gorge. 

 Bob was a great and kind man. He was an excellent teacher, leading researcher, 
and outstanding mentor. For many of us he became a colleague and more impor-
tantly a dear friend. Bob will be sorely missed by those whose lives he touched. He 
was a loving father to two sons, Aiden and Alexander, and devoted and loving hus-
band to Joan for 44 years. Joan and Bob traveled extensively to attend professional 
meetings in different countries and to observe animals in their natural habitat. Their 
travels took them to the South America, Australia, China, the Republic of Dagestan, 
Turkey, and “accidently” Syria. Bob was a great storyteller. It was exciting to hear 
stories about their exploits and adventures and the neat animals they saw. He men-
tioned that one of his most interesting and satisfying experiences was to fi nally be 
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able to watch the hamsters he studied in the lab for over 40 years in their natural 
habitat. Bob’s study site was in Turkey near its border with Syria. Bob would watch 
the Syrian and Turkish soldiers look at each other and at him. Despite the interna-
tional intrigue, Bob discovered that free-living golden hamsters are not active at 
night (Gatterman et al. 2008), a surprise to pet hamster owners everywhere. 

     Memphis, TN     Michael     H.     Ferkin   
 Atlanta, GA     Aras     Petrulis     
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    Chapter 1   
 Are Mammals Just Furry Bugs with Fewer 
Legs? Convergences in Mammalian and Insect 
Chemical Ecology       

       May     R.     Berenbaum    

1.1            CSiV vs. CSiI 

 The 2014 meeting of the International Society of Chemical Ecology (ISCE) was 
held on the campus of the University of Illinois at Urbana-Champaign. The 30th 
annual meeting of the society, it was the fi rst to be held in the United States since 
the 2008 meeting at Pennsylvania State University and the fi rst ever held jointly 
with the Chemical Signals in Vertebrates (CSiV) group, which held its 13th triennial 
meeting. That these two groups have never before held co-located meetings is a bit 
surprising given that they share a lengthy common history. The idea for founding an 
international society of chemical ecology was proposed at the fi rst Gordon 
Conference on Plant-Herbivore Interactions, held in 1980 in Santa Barbara, 
California, co-organized by Paul Feeny of Cornell University and Gerald Rosenthal 
of the University of Kentucky. After the second Gordon Conference on Plant- 
Herbivore Interactions, in 1983, the Executive Committee convened to plan the fi rst 
meeting of the new Society in Austin, TX, for 1984. At that meeting, vertebrates 
featured prominently; among the 130 participants at the fi rst meeting was Dietland 
Müller-Schwarze, a founding member of CSiV. 

 Müller-Schwarze (this volume) has provided a description of the trajectory of 
studies in Chemical Signals in Vertebrates, from the fi rst CSiV meeting in 1976 to 
the 13th meeting in 2014 in Urbana, IL, along with a projection for future studies. 
If past is prologue, many of the same prognostications should apply to invertebrate 
(particularly insect) chemical ecology as well as vertebrate chemical ecology. This 
volume provides an excellent opportunity to review the commonalities in chemical 
signals between vertebrates, as exemplifi ed by mammals, and invertebrates, as 
exemplifi ed by insects. The last common ancestor of mammals and insects probably 
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dates back at least 550 million years, but, despite the evolutionary distance, there 
are remarkable similarities between two seemingly wildly disparate taxa, likely 
arising from selective constraints imposed by a terrestrial lifestyle.  

1.2     Common Ecology 

 Relatively few animal phyla have achieved dominance in terrestrial habitats. Among 
invertebrates, the arthropods, particularly insects, are arguably the animals that have 
achieved the greatest success; the vast majority of the 900,000+ described species 
are terrestrial. Among vertebrates, the mammals, which comprise approximately 
5500 species, also underwent an adaptive radiation in terrestrial environments, 
which, although not as large as that of reptiles (with 9500 species) or birds (with 
upwards of 9800 species), share certain ecological similarities with insects. The 
Mammaliaformes, comprising modern mammals and their extinct close relatives, 
appeared in the Triassic, contemporaneously with archosaurs; their success was 
likely linked to adoption of nocturnal lifestyles, in part to reduce predation risk from 
the dominant archosaurs (Hall et al.  2012 ). Nocturnal habits to escape predation 
characterize many insect taxa; possibly due to release of constraints imposed by 
visually orienting diurnal predators, night-active insects tend to exhibit larger body 
sizes than day-active insects in the same communities (Guevara and Aviles  2013 ). 
Nocturnal activity, in turn, would have reduced reliance on visual signals and 
increased reliance on the chemical senses, olfaction, and gustation.  

  The acquisition of hair, as well, may have initially been an adaptation to facilitate 
nocturnal living by mammals, both by providing insulation and by serving as sen-
sory structures for detecting non-visual environmental signals (Hall et al.  2012 ). In 
insects, hairs (setae or sensilla) can be similarly innervated and serve as sensory 
structures (as well as insulating material) (Steinbrecht  1996 ). In both insects and 
mammals, hairs also serve an important function in dispersing chemical signals 
(e.g., tail hair tufts in Asian elephants, Raha et al.  2013 , and hair pencils in male 
noctuid moths, Birch et al.  1989 ). 

 Other similarities between mammals and insects relate to certain aspects of their 
behavior. Terrestrial life places a premium on intromittent insemination (to protect 
sperm viability), so there is a need to bring males and females into close (closest) 
proximity for mating (Cloudsley-Thompson  1988 ). Chemical signals in both groups 
are important in marking territories or protecting resources from competitors, con-
sistent with nocturnal activity (during which time visual signals would be ineffec-
tive). Both groups also include species that live in family groups; eusociality (i.e., 
social systems with reproductive division of labor, cooperative brood care, and 
overlapping generations) is essentially restricted to arthropods and mammals 
(Sherman et al.  1995 ). Social living in both groups is mediated by chemicals and in 
both groups these signals are invaluable for mediating recognition of individuals or 
group members (Wilson  1970 ).  

M.R. Berenbaum
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1.3     Common Signal Detection Patterns with Evolutionarily 
Independent Proteins 

 Terrestrial living has undoubtedly contributed to similarities between mammals and 
insects. In both groups, membranes of chemosensory cells are bathed in liquid and 
odorants must travel through a liquid-fi lled space to reach receptors (Hildebrand 
and Shepherd  1997 ). As well, membranes in both groups are modifi ed to increase 
surface area and cells are positioned in proximity to a number of accessory cells. 
There is neuronal conservation, with small bipolar neurons with an arborescent ter-
minus and with a direct axonal connection to the central nervous system conveying 
information about chemical stimuli (Hildebrand and Shepherd  1997 ). 

 With the vast evolutionary gulf between mammals and insects, however, it is not 
altogether surprising that chemosensory proteins, and the molecular underpinnings 
of olfaction and gustation, have evolved independently. Mammalian olfactory 
receptors are 7-transmembrane G-protein-coupled receptors; insect olfactory recep-
tors represent an entirely different family of transmembrane proteins, oriented dif-
ferently in the cell membrane and representing a phylogenetically independent line 
of transmembrane proteins (Benton et al.  2006 ), which form ligand-gated ion chan-
nels. Moreover, insect odorant receptors comprise a heteromeric complex with both 
an obligate noncanonical Orco unit and a canonical Or required for functionality 
(Ray et al.  2014 ). Mammals and insects also utilize groups of chemosensory pro-
teins with no orthologues in the other group; in vertebrates there are v1r and v2r 
G-protein-coupled receptor proteins associated with vomerolfaction, and in insects 
there are ionotropic receptors that have apparently evolved from ionotropic gluta-
mate receptors, conserved ligand-gated ion channels (Rytz et al.  2013 ).  

1.4     Common Signal Processing Pathways 
with Evolutionarily Independent Proteins 

 In both mammals and insects (indeed, in vertebrates and invertebrates generally), 
only one olfactory receptor protein (from a large inventory of such proteins) is typi-
cally expressed in each neuron and each receptor protein is expressed in only a few 
neurons (Fuss and Ray  2009 , Sim et al.  2012 ). Although this general pattern is strik-
ingly similar across taxa, the olfactory receptor gene families are independently 
evolved and the regulatory process by which neurons regulate expression of a par-
ticular protein also differs between mammals and insects (Ray et al.  2008 ). Structural 
elements are similar beyond peripheral perception of chemical signals as well 
(Hildebrand and Shepherd  1997 ). In both mammals and insects, neurons expressing 
the same protein synapse in the same glomerulus. In both groups as well, olfactory 
cells project directly to the brain. The olfactory tract leads to the primary olfactory 
cortex; from there the primary projection goes to the thalamus and then to the neo-
cortex. In mammals, each olfactory receptor protein is expressed in a subset of 
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sensory neurons; axons of these, as they do in insects, extend directly to the brain to 
contact glomerular neuropils in the olfactory bulb. From these glomeruli in mam-
mals, from 1 to 100 projection neurons transmit information to the higher brain 
centers, such as the olfactory cortex. In insects, olfactory receptor cells project to 
the deutocerebrum, where they form synapses in glomerular neuropils. Interneurons 
then communicate with the mushroom bodies (corpora pedunculata) of the protoce-
rebrum; from there, descending pathways carry out behavioral responses (Hildebrand 
 1995 ; Hildebrand and Shepherd  1997 ). Thus, the “olfactory relay” is organization-
ally similar in insects and mammals. Based on the shared structure and function of 
olfactory sensory systems, Hildebrand ( 1995 ) has speculated that olfactory systems 
based on glomerular organization arose coincident with colonization of dry land 
(and hence contact with airborne signals) 500 million years ago. 

 Similarly, perireceptor phenomena share similarities in mammals and insects. 
Cytochrome P450s, for example, are involved in both taxa in processing xenobiot-
ics, including those bound to receptors. These P450s evolved in the context of a 
terrestrial environment, where lipophilic toxins must be oxidized to facilitate export 
out of the body (Gonzalez and Nebert  1990 ). Although P450s involved in biosyn-
thesis of endogenous compounds (such as sterols and steroids) tend to be conserved 
to some degree across vertebrates and invertebrates, the P450s associated with 
detoxifi cation have evolved independently in vertebrates and invertebrates 
(Kawashima and Satta  2014 ). Intriguingly, though, there is one P450 Clan, compris-
ing CYP4 genes, that is represented in both insect and mammalian genomes; in a 
few insect species, CYP4 genes are associated with pheromone degradation in sen-
sory structures and in humans some CYP4 genes encode enzymes that carry out 
detoxifi cation reactions (Hsu et al.  2007 ) 

 In terms of taste, there are many commonalities between mammals and insects in 
how gustatory systems are organized (Yarmolinsky et al.  2009 ). Both systems are 
dedicated to recognizing nutritionally important dietary constituents with a fairly 
limited inventory of labeled inputs—sweet, bitter, water, and carbon dioxide in 
insects and sweet, sour, salty, bitter, and umami in mammals. Segregated groups of 
peripheral receptor cells are responsible for the primary tastes. This overall organi-
zational similarity belies molecular differences; as with olfactory receptors, gusta-
tory receptor proteins in mammals and insects are fundamentally different.  

1.5     Nature of Chemical Signals 

 Chemicals involved in communication in both mammals and insects are by and 
large secondary metabolites—that is, they are generally not molecules involved in 
the primary physiological processes of life, such as respiration, digestion, excretion, 
and in the case of green plants photosynthesis (Berenbaum and Seigler  1992 ). All 
secondary metabolic pathways derive ultimately from primary pathways. Just as 
variation in primary metabolic processes affects the probability of survival and is 
subject to natural selection, variation in secondary metabolic processes also affects 
the probability of survival and is subject to natural selection. Differences in selective 
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forces, arising from diverse ecological contexts, account at least in part for the 
tremendous diversity of structure that is characteristic of secondary metabolites 
(Berenbaum and Seigler  1992 ). 

 There are limits, however, to the variation in secondary metabolism available for 
natural selection to act upon. These limits are imposed by, among other things, 
availability of raw materials for constructing secondary metabolites, suitability of 
those materials for effecting biological activity, phylogenetic constraints on primary 
metabolic pathways from which secondary pathways arise, and energetic and toxi-
cological implications of particular pathways (Berenbaum and Seigler  1992 ). The 
starting materials for signal chemicals are almost always primary metabolites, 
which include amino acids (for making proteins for building structures and catalyz-
ing reactions), nucleotide bases (for assembling genetic materials), sugars and fatty 
acids (for energy storage), and glycerol (for making cell membranes). These pri-
mary metabolites are universally distributed among all organisms. Thus, despite the 
initially dumbfounding diversity of structures of secondary metabolites produced 
by organisms, there are clear patterns of similarity that emerge upon close inspec-
tion (Berenbaum and Seigler  1992 ). 

 Most obvious of those similarities is the relatively conservative elemental com-
position of secondary metabolites. As is the case for most primary metabolites, 
most secondary metabolites are composed of carbon, oxygen, hydrogen, and nitro-
gen. These elements are relatively abundant in the lithosphere (essentially, Earth’s 
crust) and are hence available for incorporation into molecules. That availability of 
elements affects secondary metabolism can be seen by comparing secondary metab-
olites in terrestrial and marine organisms. Compounds containing halogens such as 
chlorine or bromine atoms are extremely rare (although not nonexistent) in insects 
and mammals, which are found largely in terrestrial or freshwater environments. By 
comparison, seawater is comparatively rich in bromine and chlorine; accordingly, 
marine invertebrates frequently produce secondary metabolites containing these 
elements. Dibromo-indigo, for example, is a pigment produced by the sea snail 
 Bolinus brandaris  (Vougogiannopoulou and Skaltsounis  2012 ) 

 In addition to elemental composition, the structure of chemical signals is con-
strained by the medium through which they travel. Chemical signals tend to differ 
signifi cantly in structure in terrestrial and aquatic environments (Wyatt  2003 ). In air, 
the rate at which molecules diffuse is to an extent a function of molecular weight; 
high-molecular-weight molecules tend to be relatively nonvolatile. Most insect sex 
pheromones, thus, are on the order of MW 200–300 (Wyatt  2003 ). In contrast, in 
aqueous environments, diffusion rates depend not on volatility but on water solubil-
ity, a physical property that is not directly associated with molecular weight (Wyatt 
 2003 ). In aquatic systems, many biologically important signal substances are large 
polar molecules such as proteins, which, with effectively zero vapor pressure, would 
be of little use in an airborne communication system (Wilson  1970 ). 

 That there are constraints on structure and composition of signal chemicals 
means that the same signal chemical may be produced by wildly disparate organisms. 
Chemical signals, then, may not be unique to particular taxa or habitats. That they 
serve a similar ecological function increases the likelihood that chemical signals 
may be shared between mammals and insects. 
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 The basic requirements for life are in force irrespective of the environment—
obtaining nutrients, escaping predation, and reproducing. As well, most of the 
basic primary processes are for the most part universal in occurrence, so biosyn-
thetic starting materials are conserved throughout the living world. Finally, all 
organisms are constrained and directed by the same basic ecological and evolution-
ary processes. Thus, even when chemical identities and transmission dynamics 
differ, many basic principles pertaining to chemical signals emerge. For these rea-
sons, the logo for the 2014 joint meeting of the International Society of Chemical 
Ecology and Chemical Signals in Vertebrates (ISCE-CSiV 2014) was a fi ctional 
chimeric creature that could be called an “elemoth”—part Asian elephant ( Elephas 
maximus ) and part cabbage looper ( Trichoplusia ni ) (Fig.  1.1 ). The elemoth 
embodies the constraints on structure and composition of signal chemicals in very 
different ecological contexts. ( Z )-7-dodecenyl acetate, a component of the sex 
pheromone of over 140 species of moths, including the cabbage looper  Trichoplusia 
ni , also is produced as a urinary preovulatory female-to-male pheromone in the 
Asian elephant (Rasmussen et al.  1997 ). Subsequent analyses of urine from African 
elephants ( Loxodonta africana ) have detected the bark beetle aggregation phero-
mones frontalin,  exo -brevicomin, and  endo -brevicomin and the aphid alarm phero-
mones ( E,E )-α-farnesene and ( E )-β-farnesene (Goodwin et al.  2006 ). The elemoth 
seemed to us to be an apt symbol for a gathering of scientists dedicated to identify-
ing the substances, characterizing the transmission dynamics, and elucidating the 
mechanisms underlying chemical mediation of interactions among organisms. 
Given those similarities, it would seem that future joint meetings would be in the 
interest of all chemical ecologists.

  Fig. 1.1    Elemoth 
(designed by Joseph 
Wong)       
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    Chapter 2   
 Chemical Signals in Vertebrates 13: Where 
We Stand and What Might Be Next       

       Dietland     Müller-Schwarze    

2.1            The Beginnings 

 The fi rst Chemical Signals in Vertebrates took place in 1976 at Saratoga Springs, 
New York. Entomologists had studied insect pheromones and regularly covered 
their fi eld in published books and in meetings. I had felt then that we had reached 
the critical mass to fi ll a room with vertebrate odor communication researchers from 
around the world. We were able to put together the fi rst book specifi cally focused on 
vertebrate chemical communication (Müller-Schwarze and Mozell  1977 ). The 
papers overwhelmingly dealt with intraspecifi c communication. 

 It was the time when Michael  Stoddart   could write in  1976 : “It has not been 
shown hitherto that rodents perceive the odour of their predators and secondly, if it 
is perceived, whether it is interpreted as being associated with the predator and 
resulting in an observable behavioral change.”  

2.2     Where We Stand 

 While the number of participants in the CSiV meetings has oscillated around the 
same level over the years, CSiV13 marked a complete rejuvenation: For the fi rst 
time, the meeting was carried by an entire new generation, advancing the fi eld in 
new ways. 

 The scope of research areas keeps diversifying: The fi rst CSiV meeting empha-
sized pheromones, i.e., intraspecifi c communication, following the examples of 
insect pheromones. Now, research has broadened to include a variety of interactions 
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between species. In 2014, 9 out of 25 presentations (36 %) dealt with interspecifi c 
behavior, while in 1976 under 10 % did so. 

 Researchers study more taxonomic groups now: About 19 % of the papers in this 
volume deal with birds, while none were included in the 1976 volume. After Bernice 
Wenzel had pioneered the fi eld of avian olfaction, it was not until the nineties that 
at any one meeting more than two papers dealt with birds. In this current volume, 
mammals were studied in 56 % of the papers, while in the earlier volumes mammals 
usually accounted for 75 % or more of the papers. This refl ects the greater diversity 
of taxonomic groups now being investigated for their chemical communication. 

 During the intervening decades we have learned to appreciate the complexities 
of vertebrate semiochemicals, both in terms of chemical composition, and the 
sophistication of learning and interpretation of signals by animals. As this volume 
shows, investigators have developed sophisticated bioassays, methods of chemical 
separations and identifi cation, and statistical approaches to deal with complex mix-
tures of compounds that often occur in small amounts, and can be volatile, or non-
volatile such as proteins. The identifi cation of darcin, a protein in male mouse urine 
that attracts and informs females (Roberts et al.  2010 ), constituted a major 
milestone. 

  Synergistic effects   of compounds in complex pheromone mixtures show that 
presence and ratios of components matter enormously. For instance, in amphibians, 
the plethodontid modulation factor (PMF) in the salamander  Plethodon shermani  
from the male’s mental gland on his chin infl uences the female’s courtship behavior. 
While the whole secretion increases the female’s receptivity, a major fraction actu-
ally decreases it (Wilburn et al.  2015 ). Such fi ndings complicate the traditional 
search for the “active principle” and call for new interpretations. Different compo-
nents in a mixture may have different functions.  

2.3     What Might Be Next? 

2.3.1     New Tools 

 The study of  chemical signal  ing started with interactions between two individuals 
of the same species and has proceeded to consider ever more complex situations. 
We are inching ever closer to understand how chemical information fl ows through 
pieces of an ecosystem. For instance, prey species may determine danger levels by 
monitoring the diet of their predators. 

 We humans may smell a pine forest, a swamp, or a penguin rookery, but to ani-
mals, there is immensely more detail. Their odorsphere consists of many odor-
scapes: On the ocean we have odor patches, odor mountains, odor valleys, odor 
holes, and odor waves. We have every reason to assume that seabirds and other 
animals can read these odorscape patterns. On land there are odor lanes, odor rivers, 
and odor fi elds, depending on the lay of the land and air currents. And then there are 
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small points in space we know as scent marks, but most of the time we humans 
cannot smell. We “are chemosensory idiots,” as E.O. Wilson puts it in his latest 
book (2014). Our large body size and bipedalism forced us to rely on audiovisual 
communication and made us “sensory cripples” (Wilson  2014 ) when it comes to 
olfaction. 

 We need tools to extend our meager chemical senses and monitor the odorscapes 
that matter so much to animals. Enter the “electronic noses,” tools that are being 
developed right now. For instance, the Caltech electronic nose relies on conducting 
polymers that swell upon exposure to vapors. Odor mixtures yield specifi c elec-
tronic fi ngerprints that can be processed with principal component analysis, for 
instance. The  Caltech electronic nose   is trainable for specifi c odors. The sensitivity 
for biogenic amines is as good as 10 parts per trillion. An electronic nose can not 
only distinguish rose oil from garlic odor, but even Pepsi from Coke, R- from 
S-enantiomers, and a 51 %:49 % mixture of two analytes from a 50:50 mixture 
(Lewis Research Group  2014 ). Currently, electronic noses are being used to detect 
disease, off-fl avors in the food industry, and leaking nitrogen in the International 
Space Station (Kremer  2014 ). 

 Behavioral researchers and chemical ecologists might want to have a serious 
look at electronic noses as tools in their arsenal. For use in the fi eld, the ongoing 
miniaturizing of the devices is promising. Eventually devices will be small enough 
so they can be attached to mobile phones (Covington  2014 ) and will be program-
mable to detect specifi c compounds.  

2.3.2     Current and Future Environmental Challenges 

 Basic research has advanced suffi ciently that vertebrate chemical ecologists now 
can help understand and even solve urgent environmental problems of our time in a 
variety of ways. Advances in neuroscience, genetics, physiology, behavior studies, 
and chemistry promise exciting new possibilities. The following areas are a few 
examples of opportunities for chemical ecologists. 

2.3.2.1     Dealing with Disruption of Chemical Communication 

 Acidifi cation  of   both fresh- and seawater can seriously disrupt chemical communi-
cation and predator–prey interactions in aquatic organisms. Ocean acidifi cation and 
warming interferes with chemical signaling. A lower pH affects the chemosignals 
themselves and their interactions with the chemosensory receptor proteins (Wyatt 
et al.  2014 ). Lower pH may also affect responses to alarm pheromones: fathead 
minnows ( Pimephales promelas ) and fi nescale dace ( Chrosomus neogaeus ) no lon-
ger respond to their species’ alarm pheromone if the pH is lowered from 8.0 to 6.0 
because the N-oxide group on the pheromone molecule is lost (Brown et al.  2000 ). 
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 In the area of predator–prey interactions, Royce-Malmgren and Watson ( 1987 ) 
showed that changes in pH altered preying behavior in Atlantic salmon ( Salmo 
salar ). Prey fi sh leak amino acids that attract salmon. While glycine attracts salmon, 
they avoid  l -alanine. If the pH of their freshwater environment is lowered from 7.6 
to 5.1, the fi sh become indifferent to glycine, but are now attracted to  l -alanine. 
Since the latter could also be emanating from predatory fi sh, the response proves 
maladaptive.  

2.3.2.2     Mitigating Wildlife Problems 

 In many contexts,    we have to coexist with wildlife, but the challenges consist in 
minimizing negative impacts for humans. If we want to keep animals from certain 
places, plants, or situations, we can condition them to artifi cial signal stimuli 
(Schulte,  2016 ). In some cases, however, the conditioning may be very specifi c to 
the one place where the animal experienced the negative/painful stimulus. For 
example, at Yellowstone National Park, rangers shot rubber bullets at grizzly 
bears begging for food from tourists along roads. The bears avoided only the par-
ticular bend of the road were they had been hit, but continued to beg at other 
stretches of the road. However, such local effects may be all that is needed in 
many cases. 

 We might want to steer colonization by wildlife: In many situations the “push- 
pull” concept (Schulte  2016 ) is desirable. An example is habitat scenting to keep 
beavers out of sensitive areas. To prevent beavers from settling in attractive sites 
one can apply scent from male and female beavers (the “push” part), mimicking 
occupancy by an adult pair. Newly arriving beavers avoided these sites and settled 
elsewhere, provided there were other, unscented attractive sites available elsewhere 
(the “pull” part). We experimentally scented habitat in one saturated and two less 
dense populations. The artifi cial scent kept beavers from colonizing a particular 
site only if enough other sites were available (Welsh and Müller-Schwarze  1989 ).  

2.3.2.3    Habitat Imprinting in Fish 

  Olfactory   habitat  imprinting   has been tried to boost, reintroduce, or guide local 
populations of economically important fi sh such as salmon to avoid unwanted mix-
ing of gene pools.  Morpholine-imprinted Coho salmon   have been successfully 
attracted to the Mad River in California after morpholine had been added to the 
river (Hassler and Kucas  1988 ). 2-Phenylethanol (phenylethyl alcohol) imprinting 
in salmon resulted in a higher percentage of neurons sensitive to this compound in 
the nose. This might be helpful in ascertaining that imprinting has taken place 
before the fi sh are released into the wild (Barinaga  1999 ). Recent experiments in 
coral reef fi sh showed that chemical imprinting is possible, but innate preferences 
also play a role (Dixson et al.  2014 ).  
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2.3.2.4    Conservation and Breeding of Endangered Species 

  Semiochemicals   most   likely will serve as very important tools to enhance captive 
breeding of endangered species. Priming pheromones are particularly important. 
Olfactory stimuli that enhance breeding by accelerating puberty or stimulating 
estrus cycles are sought, while those that hinder successful reproduction such as 
puberty-delaying or pregnancy-blocking pheromones should be avoided. Because 
of the various odor effects, close attention must be paid to group composition. 
Presence of strange vs. familiar males, dominance relationships, or grouping of 
females all affect reproductive behavior, often via odors. Such interfering odors are 
to be avoided by various means, ranging from social isolation to proper ventilation. 
Odors also have successfully been used in behavioral enrichment to stimulate cap-
tive animals (e.g., Rafacz et al.  2016 ). However, unintended consequences may 
occur for captive breeding: the odors provided may contain compounds that inter-
fere with sexual maturation, estrus, or pregnancy. 

 After successful reproduction we have to prepare the animals for release into 
their natural habitat. This includes, among other issues, teaching them the correct 
prey odors and avoiding imprinting them on humans. Although challenging, pre-
serving endangered species with the aid of pheromones will be one of the most 
important practical applications. Again Wilson ( 2014 ): “We cannot talk in the lan-
guage of pheromones, but it will be well to learn more about how other organisms 
do it, in order better to save them and with them the majority part of the environment 
on which they depend.”       
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    Chapter 3   
 Assessing the Role of Olfactory Cues 
in the Early Life History of Coral Reef Fish: 
Current Methods and Future Directions       

       Rohan     M.     Brooker     and     Danielle     L.     Dixson    

3.1            Introduction 

 Coral reefs are one of the  most   dynamic ecosystems on earth, home to an unparalleled 
diversity of marine organisms (Reaka-Kudla  1997 ). Due to the multitude of biotic 
and abiotic processes continuously occurring within these systems, the surrounding 
waters contain a complex mixture of chemical signals. These potential cues hold 
important information that could impact the ecology of reef-associated organisms. 
For instance, while coral reefs appear to our eyes as a kaleidoscope of visual informa-
tion, many organisms primarily interact with this environment using chemosensory 
systems, relying on odors within the water column to gain detailed, often crucial 
information about their surroundings (Arvedlund and Kavanagh  2009 ). Many 
broad-scale ecological processes that drive coral reef dynamics, such as patterns 
of distribution and abundance, diversity, and resilience, are infl uenced by behavioral 
interactions that occur between organisms and their environments (Leis  2002 ; Baird 
et al.  2003 ). Therefore, empirical studies that further our understanding of how 
olfactory cues infl uence these behavioral interactions are vital. 

 Fishes are one of the most conspicuous and morphologically diverse groups of 
mobile coral reef fauna, occupying a wide variety of ecological niches and often 
fulfi lling important functional roles (Bellwood et al.  2003 ; Goatley and Bellwood 
 2010 ). While many species have good visual capabilities (Siebeck and Marshall 
 2007 ), they also rely on an array of alternative sensory systems, such as acoustic, 
olfactory, and electrical perception to interact with their habitats (Myrberg and 
Fuiman  2002 ). In particular, many have evolved sensitive chemosensory organs, 
making waterborne chemicals an important source of information for these species. 
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Almost all  demersal reef fi shes   have a bipartite life cycle, consisting of a planktonic 
larval stage, lasting from hours to months in duration (Luiz et al.  2013 ), that facilitates 
spatial dispersal of individuals, and a juvenile-adult stage following metamorphosis 
and settlement onto the benthos. As behavioral decisions made during this time can 
directly infl uence survival, the ability to receive, interpret, and integrate sources of 
relevant olfactory information into these decisions is critical. 

 Understanding the nature of odor molecules in the marine environment is essen-
tial when attempting to determine the ability of organisms, such as a larval fi sh, to 
detect and interpret them. Due to the relatively slow rate at which chemicals dis-
perse via diffusion in seawater, hydrodynamic processes (Atema  2012 ) often pri-
marily determine the dispersal fi elds of waterborne chemicals over ecologically 
relevant spatial scales. Therefore, most studies attempting to isolate  the   olfactory 
preferences of young reef fi shes, and the infl uence of these preferences on behavior, 
have done so under controlled laboratory conditions (e.g., Atema et al.  2002 ; 
Holmes and McCormick  2010 ). Many developments in this area are relatively 
recent, such as the study of larval and juvenile cognition and the role of olfactory 
cues in learning post-settlement. Consequently, many important questions have 
been answered without any need to isolate the specifi c chemicals involved. However, 
as reefs shift away from coral dominated systems (Bell et al.  2013 ), the relative 
availability of odors and the ability of fi shes to receive odors are altered (Munday 
et al.  2009 ); in this situation, a greater understanding of the chemical properties of 
olfactory cues will likely prove invaluable. 

 The aim of this chapter is not to provide a comprehensive review of olfactory cue 
use by larval and juvenile coral reef fi shes, but rather to (1) highlight the value of 
incorporating chemical ecology into behavioral studies by discussing two notable 
areas where this has been particularly informative, larval olfactory preferences and 
learning in juveniles; (2) give an overview of the current state of knowledge regard-
ing the nature of olfactory cues relevant to juvenile coral reef fi shes, and the unique 
challenges examining these cues present; (3) evaluate the key methods used to 
assess the role of olfactory cues in juvenile reef fi sh behavior; and fi nally (4) pro-
vide some suggestions of future directions which will improve our understanding of 
these important processes.  

3.2     Olfactory Cues and the Early Life History 
of Coral Reef Fishes 

  Olfactory cues   can be  important   mediators of many behavioral processes through-
out the life cycles of coral reef fi shes. For instance, adults use odors to locate and 
select food (DeBose et al.  2008 ; Lönnstedt et al.  2012a ), to navigate through reef 
habitats (Devine et al.  2012 ), to regulate mutualistic interactions (Dixson and Hay 
 2012 ), and to avoid detection (Brooker et al.  2015 ). However, sources of olfactory 
information appear to be particularly important throughout early life history 
stages, especially during the critical period when individuals transition from 

R.M. Brooker and D.L. Dixson



19

planktonic larvae to benthic-dwelling juveniles. This time is particularly hazardous, 
as individuals must fi rst locate a suitable habitat on which to settle, and then rapidly 
adapt their behavior to this new environment. Globally, the community composition 
and biodiversity of coral reefs is in decline due to climate change and other anthro-
pogenic impacts (Bellwood et al.  2004 ; Carpenter et al.  2008 ; De’ath et al.  2012 ), 
with resilience largely dependent on a continued larval supply. For this reason, 
determining the behavioral mechanisms used by reef-associated fi shes before, dur-
ing, and post-settlement, and what effects the rapid degradation of reef habitats will 
have on these behaviors, has swiftly become a priority (Lecchini et al.  2013 ). 

3.2.1      The Role of Olfactory Cues in Habitat Recognition 
and Settlement Site Selection 

    Although   pelagic larvae  are   subjected to strong hydrodynamic processes that can 
affect dispersal (Cowen et al.  2006 ), species often display non-random distributions 
(Bell et al.  1982 ; Shulman  1998 ) and high levels of self-recruitment to natal reefs 
(Jones et al.  1999 ; Taylor and Hellberg  2003 ; Almany et al.  2007 ). These patterns, 
along with the remarkable swimming and sensory competency of many late-stage 
larvae (Fisher et al.  2000 ), suggest that reef fi shes exert substantial control over 
where they settle. For a larval fi sh, recruitment to optimal habitat is crucial for 
immediate survival as well as long-term fi tness (Booth and Wellington  1998 ; 
Munday  2001 ), while at the population level, patterns of larval retention and disper-
sal affect connectivity and therefore genetic population structure (Gerlach et al. 
 2007 ). Not surprisingly, reef fi sh larvae have evolved fi nely tuned, multisensory 
mechanisms to locate and orientate towards appropriate habitats using a variety of 
environmental cues (Lecchini et al.  2005b ). While the relative importance of these 
cues appears to vary temporally depending on ontogeny and relative spatial scale 
(Dixson et al.  2011 ; Huijbers et al.  2012 ), evidence suggests that a larvae’s chemo-
sensory system can be engaged throughout this process (Arvedlund et al.  1999 ; Vail 
and McCormick  2011 ; Paris et al.  2013 ). 

 Coral reef fi sh larvae can exhibit preferences for a variety of coral reef-based 
cues, including live coral (Coppock et al.  2013 ; Dixson et al.  2014b ), seagrass 
(Huijbers et al.  2012 ; Igulu et al.  2013 ), conspecifi cs (Sweatman  1983 ; Lecchini 
et al.  2005a ), and specialized habitats such as a specifi c anemone species (Elliott 
et al.  1995 ; Arvedlund et al.  1999 ). While many settlement-stage larvae and post- 
settlement juveniles have now been shown to exhibit olfactory preferences for reef 
based cues, and will orient and swim towards preferred odors under laboratory con-
ditions or over within-reef spatial scales, the degree to which these odors infl uence 
the behavior of larvae far from the reef, relative to other sources of sensory informa-
tion, has remained uncertain. However, odors may also be important over these 
larger spatial scales if, for instance, larvae can select between currents based on the 
relative strengths of a preferred odor (Gerlach et al.  2007 ). Recent work has revealed 
that larvae are indeed able to discriminate reef odors from substantial distances 
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offshore, changing their direction and swimming speeds in response (Paris et al.  2013 ; 
Lecchini et al.  2014 ). In addition, some species exhibit preferences for the odor of 
native vegetation, which often indicates adjacent coral habitats, and may occur in 
strong enough concentrations to lure distant larvae (Dixson et al.  2008 ). Exactly 
how concentrated these odors must be to initiate a behavioral response is unknown, 
although the olfactory receptors of marine fi shes often have low detection thresh-
olds for behaviorally relevant chemicals (i.e., Hubbard et al.  2003 ,  2011 ; Yacoob 
and Browman  2007 ). 

 It appears as if many of these chemically mediated behaviors are regulated by the 
presence of specifi c olfactory cues. Therefore, changes to the chemical landscape of 
reefs following habitat degradation may negatively affect the ability of larval reef 
fi sh to locate suitable habitats if these cues are removed or modifi ed. For instance, 
while larvae are attracted to the odor of native rainforest vegetation these prefer-
ences do not extend to general vegetation odor (Dixson et al.  2008 ), suggesting that 
as coastal rainforests are cleared in favor of non-endemic agricultural crops, the 
ability of fi shes to locate adjacent reef habitats using terrestrial odors could be com-
promised. Other consequences of coastal development, such as sediment enrich-
ment and re-suspension, also appear to reduce the ability of fi shes to distinguish 
olfactory cues (Wenger et al.  2011 ). Globally, many coral reefs are shifting from 
coral-dominated to algae-dominated systems, due to the targeted removal of her-
bivorous fi sh, increased coastal eutrophication, and other confounding anthropo-
genic impacts (Bellwood et al.  2004 ; Carpenter et al.  2008 ). While larvae are 
attracted to the olfactory cues produced by healthy, coral-dominated habitats they 
avoid the odor of seaweed-dominated, highly fi shed reefs (Lecchini et al.  2013 ; 
Dixson et al.  2014b ) potentially limiting how effectively larvae can replenish 
degraded coral habitats. Overall, it appears that the removal or dilution of key odors 
could have serious consequences for recruitment  .  

3.2.2     Predator Identifi cation by Juvenile Reef Fishes 
and the Role of Odor 

   The few larval fi sh that  successfully   manage  to   navigate through the pelagic envi-
ronment to a suitable habitat fi nd themselves  in   an equally dangerous situation once 
they arrive. Largely naïve to their new surroundings, individuals must rapidly iden-
tify what organisms within their new community pose an immediate threat via pre-
dation, either by learning or through innate recognition. Odors play an important 
role in learning processes, often in conjunction with other sensory stimuli, and can 
provide detailed and precise information to the fi sh about its surroundings. The 
majority of work on predator recognition by juvenile reef fi shes has examined their 
responses to conspecifi c and con-generic alarm cues, now known to exist in a vari-
ety of species (Ferrari et al.  2010 ). These cues originate within the epidermis where 
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they likely serve a primary role unrelated to signaling, but are released when a fi sh’s 
skin is damaged, for instance during a predation event (Chivers et al.  2007 ). When 
paired with an additional stimulus, such as the odor or visual appearance of a preda-
tor, surrounding naïve fi sh that receive both stimuli can quickly learn to associate 
the predator with risk (Ferrari et al.  2010 ). 

 While the consequences of misidentifying a potential predator can mean death, 
it is also energetically expensive to be vigilant against non-threatening species at the 
expense of other requirements such as acquiring food or defending territory from 
competitors. The learning mechanisms for predator recognition should therefore be 
accurate but also adaptable, and this is increasingly being shown to be the case. For 
instance, it is now known that juveniles are able to extract key components from 
multiple sources of information to identify relative risk (Manassa et al.  2013 ), 
socially transmit risk identifi cation (Manassa et al.  2014 ), continuously update this 
information via latent inhibition mechanisms (Mitchell et al.  2011 ), and adjust this 
reassessment relative to background levels of risk (Chivers et al.  2014a ). 

 While complex learning mechanisms appear to be essential for juvenile survival, 
the larvae and juveniles of some coral reef fi shes also have the ability to innately 
recognize predator odors as a threat. For instance, naïve, captive breed larvae of the 
orange clownfi sh,  Amphiprion percula , will avoid the odor of predators and they 
can distinguish between the odors of predatory and non-predatory fi sh (Dixson et al. 
 2010 ). This ability is likely due to diet-based olfactory cues released by a predator 
as waste, such as conspecifi c and heterospecifi c alarm cues (Brown et al.  1995 ), or 
more general metabolites that indicate a picivorous diet (Dixson et al.  2012 ). Innate 
recognition has also been demonstrated in the fi eld, with level of recruitment by 
reef-naïve fi shes lower on patch reefs when paired with predator odors (Vail and 
McCormick  2011 ). Interestingly, this same study identifi ed higher relative recruit-
ment by one species onto patch reefs paired with the odor of adult non-predators, 
suggesting an innate attraction to odors that may signify low predator abundance. 
The ability to recognize and locate threats from a distance, without prior experience, 
would be highly valuable for larvae as they return to the reef and need to distinguish 
between habitat patches. It is possible that, post-settlement, innate predator recogni-
tion is then modifi ed by the learning mechanisms outlined above, leading to a fi nely 
tuned, habitat-specifi c comprehension of risk. 

 These fi ndings suggest odors can play an important role in prey assessment by 
juvenile fi shes, and so may be essential for survival. However, the predicted effects 
of climate change on oceanic chemistry will likely limit the ability of these fi shes to 
receive and interpret these odors. Exposure to the increased levels of CO 2  predicted 
for coral reefs has been shown to disrupt the olfactory system of juvenile reef fi sh 
(Munday et al.  2009 ). Fishes treated to ocean acidifi cation levels expected to occur 
by the end of this century have displayed decreased sensory abilities and resulting 
impacts on behavior due to impaired neurotransmitter function (Nilsson et al.  2012 ). 
This pathway has recently been shown to impact risk-assessment in juvenile reef 
fi sh, with treated individuals unable to distinguish between predators and non- 
predators directly leading to lower survival (Chivers et al.  2014b ).     
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3.3     The Nature of Odors on Coral Reefs and Their 
Perception by Juvenile Reef Fishes 

 While the waters  surrounding   coral reefs are a rich source  of   information, the ability 
of a fi sh to access this information is dependent on a number of factors. To deter-
mine how odor can mediate the behavior of juvenile fi shes, it is necessary to 
understand what these odors are, how fi shes receive and perceive these odors, the 
concentration required to elicit a behavioral response, and how relevant odor mol-
ecules move through the water column. 

3.3.1     Odors in a Coral Reef Context 

 In contrast to  some   areas of aquatic chemical ecology, such as the study of defensive 
metabolites in aquatic organisms, our knowledge of information-carrying molecules 
is sparse, especially concerning the chemicals relevant to coral reef fi shes. This is 
largely a result of research objectives that emphasize understanding the role mole-
cules play in the ecology and evolution of associated species, as opposed to their 
chemical structure. Nonetheless, it is likely these cues share several key properties; 
they are soluble in water, occur in very low concentrations, and degrade quickly 
(Brönmark and Hansson  2012 ; Chivers et al.  2013 ). Therefore, it is also likely that 
receivers on coral reefs have evolved recognition mechanisms that detect chemicals 
at low concentrations, similar to those observed in other marine teleosts. For exam-
ple, the gilthead seabream ( Sparus auratus ) has a detection threshold for the bodily 
fl uids of conspecifi cs of up to 1:10 7.4  (Hubbard et al.  2003 ). Marine fi shes from non- 
coral reef systems display sensitivity to a range of odorants including amino acids, 
polyamines, bile salts, prostaglandins and steroids (Hara  1994 ). As there are genetic 
similarities between the olfactory receptors of teleosts (Hashiguchi et al.  2008 ), it is 
likely coral reef fi shes can also detect these chemicals. While very little is known 
about the odors used by juvenile coral reef fi shes to locate settlement sites, fi sh 
exhibit preferences for a wide variety of habitat-specifi c odors including corals, 
vegetation, and conspecifi cs. For instance, Lecchini et al. ( 2005b ) found  Chromis 
viridis  larvae were attracted to isolated biochemical constituents associated with 
juvenile conspecifi cs, suggesting that these could serve as settlement cues (see also 
Sect.  2.1 ). It is likely that different odors may be relevant over different spatial 
scales or at different stages of settlement. For instance, the odor used to orientate 
towards a reef from miles offshore is likely to differ from the odor used to select a 
microhabitat once a larvae approaches the reef matrix. However, whether the pres-
ence of a single key chemical or a complex chemical mixture drives these behaviors 
is unknown. 

 With regard to chemical alarm cues, again very little is currently known for any 
species of coral reef fi sh. However, recent work has suggested at the nature of these 
molecules. For instance, the mucus-based alarm cue of the freshwater zebrafi sh 
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contains a glycosaminoglycan, chondriten (Mathuru et al.  2012 ). While exposure to 
isolated chondriten fragments invokes an anti-predator response, this is not as strong 
as when individuals are exposed to the crude alarm cue, indicating that the alarm 
cues of fi shes may consist of complex chemical mixtures as opposed to one isolated 
chemical. In addition, the alarm cues of the lemon damselfi sh have been shown to 
quickly lose their potency (Chivers et al.  2013 ), suggesting that alarm cue molecules 
rapidly degrade following exposure to the external environment.  

3.3.2     Odor Perception in Larval and Juvenile Fishes 

 In order  to   perceive and react to an odor, a fi sh must fi rst receive it from its external 
environment via its chemosensory organs. In the majority of teleost fi shes, this organ 
consists of two chambers located above, but isolated from, the mouth. Each chamber 
consists of an anterior and posterior nostril, allowing for water infl ow and outfl ow 
respectably, bridged by an interior channel lined with olfactory epithelium- baring 
lamellae (Cox  2008 ). Both biomechanical and behavioral mechanisms are then 
employed to increase the rate of water fl ow through each chamber, and therefore 
enhance the potential for odor molecules to come into contact with this epithelium. 
For instance, the anterior nostrils of many species are raised, reducing the hydrody-
namic effect of boundary layers that can limit ability of water to enter a chamber. 
Chamber ventilation is also facilitated by cilia located on the olfactory epithelium, 
as well as compression and expansion of accessory sacks (Cox  2008 ). These olfac-
tory organs are often well developed in settlement stages fi shes, which constantly 
“sniff” as a side effect of gill ventilation (Atema et al.  2002 ). Chemical information 
is received by the numerous sensory neurons located on the olfactory epithelia. 
These neurons project to segregated areas of the olfactory bulb, where they synapse 
on mitral cell dendrites. Information is transported from the olfactory bulb to the 
brain via olfactory tracts, where it is fi nally decoded, invoking a behavioral response 
(Laberge and Hara  2001 ). In addition to this “nose,” many species also possess che-
mosensory cells on the surface of their body, the pharynx, and body cavity (Daghfous 
et al.  2012 ). To initiate a behavioral reaction, such as chemotaxis or anti-predator 
responses, chemical concentrations must cross a response threshold, with neurons 
responding best to sudden increases in concentrations (Atema  2012 ).  

3.3.3     The Movement of Odors and the Importance 
of Hydrodynamic Processes 

 On their own,  odor   molecules are of limited value to an organism, as  they   provide 
no information to the receiver about direction of origin. For this reason, an indi-
vidual attempting to use odors to locate a specifi c habitat, or identify a specifi c 
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predator must often (a) rely on odor gradients, and (b) incorporate additional sources 
of sensory information. While many of the biotic and abiotic substances present 
within coral reefs constantly release odors, transmission via molecular diffusion is 
10,000 times slower in water than in air, massively reducing the active space around 
an odor source within which a receiver can detect a signal (Rosenthal and Lobel 
 2005 ). Diffusion gradients are therefore only relevant in the immediate vicinity of 
the source. Instead, hydrodynamic processes such as currents, eddies, and wakes 
play the key role in odor dispersal over the majority of behaviorally relevant spatial 
scales. The generally variable nature of these hydrodynamic processes means that 
larvae attempting to orientate towards or away from a specifi c olfactory gradient are 
likely to be exposed to a highly variable signal with odor plumes constantly chang-
ing shape, orientation, and concentration (Atema  2012 ; Lecchini et al.  2014 ).   

3.4     Assessing the Role of Odors in Behavior 

 Our understanding of the role odors play in the behavior of juvenile coral reef 
fi shes has advanced rapidly over the past two decades, along with the fi eld of larval 
reef fi sh ecology as a whole. This is largely due to the rapid development of 
research in this area, as pre- and post-settlement fi shes became an increasingly 
viable experimental model. Experiments, using novel methods as well as tech-
niques adapted from other systems, have revealed much about the ecological roles 
of odor. However, we still know very little about the chemical nature of these olfac-
tory cues. 

3.4.1     Collecting Larvae 

 Progress in this  fi eld   has largely been made possible due to technological advance-
ments, in areas such as larval rearing and larval collection, which have allowed 
researchers access to young, chemically naïve coral reef fi shes in ample and largely 
predictable numbers. Innovative methods for collecting larvae, such as crest nets 
(Dufour and Galzin  1993 ) and light traps (Doherty  1987 ), have proven especially 
valuable. These devices capture a multi-species assemblage of late-stage, undam-
aged larvae with no prior experience of recruitment habitats. These larvae can then 
be used to test both pre-settlement and post-settlement behavior under laboratory 
and fi eld conditions (Leis and McCormick  2002 ). In particular, modern versions of 
the light trap are often designed to be inexpensive and easily deployed under various 
fi eld conditions (e.g., Stobutzki and Bellwood  1997 ), motivating their widespread 
appeal and use. However, light traps are selective, attracting a fairly standard pro-
portion of the species assemblage with catches largely consisting of pomacentrids. 
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Likewise, the majority of research on captive bred fi shes has also used species from 
this family, or other easily bred, benthic egg laying fi shes. As a result, there is a bias 
in the literature with studies of olfactory preferences and behavior conducted using 
a relatively narrow range of model species. As captive rearing techniques continue 
to advance, it is likely a greater variety of larvae, including commercially important 
species, will also become viable models. Another potential drawback of using col-
lection techniques such as crest nets and light traps is that they generally only target 
late-stage larvae as they approach the reef. As larval sensory competency appears to 
vary with ontogeny (Dixson et al.  2011 ), the fi ndings of light trap studies only accu-
rately represent the behaviors of settlement stage larvae, ignoring the rest of larval 
development.  

3.4.2     Laboratory-Based Behavioral Experiments 

 The majority  of   studies into the role of odor in behavior have employed laboratory- 
based experimental methods. Given that numerous odors could infl uence larval 
behavior and habitat selection, an initial step is to establish whether juvenile reef 
fi shes exhibit olfactory discrimination, what odors are preferred or avoided, and 
whether these preferences affect settlement-relevant behaviors. Choice experiments 
are ideally suited to this research with equipment such as fl ume chambers (Atema 
et al.  2002 ) and aquarium choice arenas (Lecchini et al.  2005b ) proving invaluable 
tools. For example, choice fl umes, which in the simplest sense consist of two masses 
of moving water separated by a sharp boundary over which a larval fi sh can move at 
will (Atema et al.  2002 ), allow olfactory preferences between two odor sources to 
be established. These types of experiments have many benefi ts. Preferences can be 
defi ned quickly, as can strength of responses, and detection thresholds. They also 
have the key benefi t of allowing the researcher to isolate the cues being tested, as 
well as examine the effects of other aspects of water chemistry, such as pH, on pref-
erences (i.e., Munday et al.  2009 ). However, as these experiments only indicate the 
presence or absence of a preference between paired odors, how these preferences 
infl uence a fi sh’s behavior under natural conditions often remains unclear. The 
majority of predator recognition studies have measured the variation in anti- predator 
behavior following exposure to different odors (Holmes and McCormick  2010 ; 
Mitchell et al.  2013 ). These studies have modifi ed methods established for studies 
in freshwater systems. Laboratory experiments have proven especially useful in the 
study of climate change effects on behavior (Lönnstedt et al.  2013 ; Dixson et al. 
 2014b ). While choice experiments have allowed larval responses to various odors 
from degraded habitats to be tested, arguably their greatest value has been in deter-
mining the effects of ocean acidifi cation on olfaction in larval fi shes, and exactly 
how neurotransmitter impairment may affect behavior (Dixson et al.  2010 ; Nilsson 
et al.  2012 ; Welch et al.  2014 ).  
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3.4.3     In Situ Experiments and Field Validation 

  While   laboratory-based experiments are important for establishing how odors can 
infl uence larval behaviors, experiments under natural fi eld conditions that attempt to 
validate laboratory experiments can reveal whether those behavioral modifi cations 
are ecologically relevant. Unfortunately, this is generally diffi cult to achieve, as iso-
lating the effects of odor on behavior, as opposed to other sources of environmental 
stimuli, is a complicated task. Some recent studies have attempted to bring olfactory 
cues into the fi eld to observe their effect on wild populations (Lönnstedt et al.  2013 ). 
Other studies have taken fi shes with known behavioral responses to specifi c odors 
back into a natural setting to observe survival rates (Lönnstedt et al.  2012  b ), effec-
tive detection distances, and the relative importance of different sensory mecha-
nisms (Lecchini et al.  2013 ). In practice, fi eld experiments have often fulfi lled a 
supporting role, presented alongside laboratory based behavioral experiments. 
By combining these approaches, the effects of odor on behavior within natural sys-
tems can be inferred without isolating specifi c chemical cues (Paris et al.  2013 ; 
Dixson et al.  2014b ). However, caution is needed as behavioral patterns observed in 
the laboratory can confl ict with those in the fi eld (Dixson et al.  2014a ).  

3.4.4     Analysis of Olfactory Cue Biochemistry 

 Despite  the   wealth of knowledge that now exists regarding the olfactory preferences 
of larvae, the effect of these preferences on other behaviors, the environmental 
source of these odors, and the infl uence of climate change on responses to these 
odors, very little is known regarding the odors themselves. Almost no studies to date 
have determined the chemical structure of the odor molecules used by coral reef 
fi shes. This is largely an artifact of the fi eld’s relatively recent expansion as well as 
the general objective of most research to date, which has been to establish the eco-
logical and evolutionary role of odor-infl uenced behavior. In this regard, the major-
ity of studies have used bulk odor cues in the form of crude water samples either that 
have been collected from a specifi c water mass assumed to represent an odor source, 
or that have held a specifi c organism or other odor-producing item for a known 
length of time. While this approach allows broad inferences to be made, we do not 
know what key chemical or chemicals from that source are binding to a fi sh’s che-
moreceptors and causing behavioral responses. In addition, this approach may 
expose fi sh to odors at much higher concentrations than would occur naturally, 
bringing into question the active concentration in a fi eld setting. Some recent work 
has attempted to defi ne aspects of these chemicals, for instance their potency 
through time (Chivers et al.  2013 ) or movement through hydrodynamic processes 
(Paris et al.  2013 ). As discussed at length above, promising attempts to defi ne the 
nature of chemical alarm cues used by freshwater fi shes (Mathuru et al.  2012 ) indi-
cate that it may indeed be possible to isolate the molecular structure of olfactory 
cues used by coral reef fi shes.   
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3.5     Future Directions 

 Larval and juvenile coral reef fi shes have highly developed chemosensory systems, 
and they use odors extensively to gather vital environmental information throughout 
their early life histories. However, many interesting and important questions remain 
unanswered regarding the chemical nature of these cues, the abilities of coral reef 
fi shes to receive and interpret cues over various spatial scales and ontogenetic 
stages, and ultimately how odors infl uence the behavior of larval and juvenile coral 
reef fi shes under natural conditions. While the chemical nature of odors that infl u-
ence teleost behavior has been documented (Hara  1994 ), similar studies have yet to 
be conducted in coral reef systems, with almost nothing known regarding the vari-
ous odors that elicit behavioral responses in larval and juvenile coral reef fi shes. 
While the odors of various environmental components have been shown to attract or 
repel larvae, determining the molecular basis of this chemotaxis could reveal 
whether behavioral responses are dependent on the presence of a specifi c chemical 
component, or alternatively whether a range of habitat-specifi c chemicals will elicit 
similar responses. As it is possible that these fi shes are responding to complex 
chemical mixes, studies should be conducted to determine whether subtly different 
combinations of habitat specifi c-chemicals produce variable reaction strengths. If 
specifi c chemicals or chemical mixes are identifi ed as essential for drawing larvae 
to a particular habitat, this could have important implications for both reef manage-
ment and reef regeneration, opening the potential of chemically seeding reefs to 
improve levels of recruitment. With regards to predator–prey interactions, determin-
ing the molecular basis of the chemical alarm cues present in coral reef fi shes is an 
important next step in this fi eld of research. Identifying the chemicals involved will 
allow us to better understand their primary function, the evolution of these cues, and 
how they operate within coral reef communities. To this end, techniques that have 
proven valuable in the study of olfaction in freshwater and marine fi shes from other 
systems, such as mass spectrometry (Mathuru et al.  2012 ) and electrophysiology 
(Scott and Scott-Johnson  2002 , Hubbard et al.  2011 ) will likely prove similarly use-
ful when applied to coral reef species. 

 While many studies have investigated the behavioral responses of larval and 
juvenile coral reef fi shes to odor, very little is known about the role that odor con-
centration plays in mediating these responses. Given the dispersive nature of odors 
in the ocean, it is likely that the chemosensory systems of these fi shes have evolved 
sensitivity to low concentrations of relevant odor molecules, as is the case in other 
marine teleosts (Hubbard et al.  2003 ,  2011 ; Yacoob and Browman  2007 ). Therefore, 
subtle differences in odor concentration could play an important role in determining 
the strength of resulting behavioral responses, such as reorientation and swimming 
speed when searching for habitat, or reduction in feeding rates when avoiding pred-
ators. An ongoing question is what odors infl uence the behavior of larvae between 
hatching and settlement, driving larvae away from, and back towards the reef. 
Understanding the concentration thresholds below which specifi c odors fail to cause 
a behavioral response, as well as formulating estimates of their concentrations and 
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dispersal patterns in nature, may help us to understand what odors are ecologically 
relevant at different stages of larval dispersal and settlement. In addition to this, 
further work is needed to determine how much response variation exists between 
larvae at different stages of development, especially following hatching, as well as 
for a greater range of ecologically disparate species. While we now have an exten-
sive understanding of how odors can affect the behavior of coral reef fi shes, future 
studies that examine how these odors are produced and received in greater detail 
will likely reveal substantially more about their ecological relevance.     
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    Chapter 4   
 A Small Expose on Bovine Pheromones: 
with Special Reference to Modifi cations 
of the Reproductive Cycle       

       Kristina     Nordéus     ,     Renée     Båge    ,     Hans     Gustafsson    ,     Robert     Glinwood    , 
and     Lennart     Söderquist   

4.1            Background 

 During the twentieth century, dairy farming underwent great changes, developing 
into a regular industry. Since the 1950s milk yields have increased vastly, mainly 
through improved management and extensive breeding programs. At the same time 
decreasing fertility is a growing concern to dairy farmers. The fi nal two decades of 
the last century saw calving rates to fi rst service falling annually by 0.5 % and 1 % 
in the USA (Butler and Smith  1989 ; Beam and Butler  1999 ) and the UK (Royal 
et al.  2000 ), respectively, and the same trend was also observed in other developed 
countries (Lucy  2001 ). 

 One of the underlying mechanisms of the decreased fertility is depressed dairy 
cow estrous behavior, which makes it diffi cult for farmers to determine the optimal 
time for artifi cial insemination or AI (Dobson et al.  2008 ). Estrous synchronization 
technologies used with timed artifi cial insemination (TAI)    protocols optimize 
breeding and circumvent the need for time-consuming estrus detections, but these 
methods include the administration of several exogenous hormones and are conse-
quently not used in some European countries, such as Sweden. The use of synthetic 
pheromones may be novel reproductive management tools to manipulate estrous 
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cycles, enhance estrous behavior, accurately determine when a cow is in estrus, or 
facilitate collection of semen. If so identifying chemicals that cause these effects 
could lead to environmentally sustainable, labor-effi cient, cheap technologies that 
would be of great interest to farmers and consumers.  

4.2     Modifi cations of the Reproductive Cycle 

 Exposure  to   conspecifi cs or their excreta has been shown to cause modifi cations of 
reproductive cycles in female mice (Vanderlee and Boot  1955 ; Whitten  1956 ), rats 
(McClintock  1978 ), sheep (Radford and Watson  1957 ) and humans (McClintock 
 1971 ). When female rats are housed together, inter-estrus intervals decrease, an 
effect known as enhancement (McClintock  1983 ). Conversely, when female mice 
are housed together, longer inter-estrus intervals, or suppression, may occur 
(Vanderlee and Boot  1955 ; McClintock  1983 ). Exposing female mice to males or 
their excreta, on the other hand, may result in shorter cycles (Whitten  1956 ). 

4.2.1     Estrous Synchrony 

  Estrous synchrony  , i.e., synchronization of the estrous cycles of females housed 
together,    has been widely debated over the years (Schank  2001 ,  2004 ), but there 
are studies to suggest that inter-female chemical communication may cause syn-
chrony in rats (McClintock  1978 ) and in humans (McClintock  1971 ; Stern and 
McClintock  1998 ). 

 In  1979  Aron suggested three different mechanisms by which manipulation of 
female cyclicity can occur. One explanation could be that the follicular growth rate 
is altered. Another possible explanation is that a preovulatory surge of luteinizing 
hormone (LH) is induced. Finally, the neuroendocrine structures controlling the 
corpus luteum may be affected. 

 Follicular growth (via follicle-stimulating hormone, FSH) and fi nal maturation 
of the dominant follicle (via LH) as well as the preovulatory LH surge are affected 
by the secretion of gonadotropin-releasing hormone or GnRH (Forde et al.  2011 ), 
so effects on GnRH secretion can result in both a more rapid maturation of the fol-
licle and an induction of the preovulatory LH surge. 

  Effects   on LH pulse frequency (Shinohara et al.  2001 ) as well as on the timing 
of the preovulatory LH surge (Stern and McClintock  1998 ) have been demon-
strated in women exposed to female axillary secretions. Moreover, introduction of 
a ram into a group of anestrous ewes induces pulsatile secretion of LH within min-
utes after introduction and a preovulatory LH surge can be detected within 36 h 
(Signoret  1991 ).  
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4.2.2     Infl uence of Other Females on Female Cattle 

 Studies  on   both dairy cows (Hurnik et al.  1975 ) and beef cows (Floyd et al.  2009 ) 
indicated that estrous behavior is intensifi ed and duration of estrus prolonged with 
increasing numbers of animals simultaneously in estrus. Crowding or confi nement 
of movement of estrus-cycling cows also hastens postpartum resumption of luteal 
activity in beef cows (Berardinelli and Joshi  2005b ). In a limited study Hradecky 
( 1989 ) found that estrous cows, through the secretion of “primary attractive odors” 
induce the production of “secondary attractive odors” in pen-mates, which attract 
the interest of the bull, but to a lesser extent than the former. When exposing cyclic 
dairy heifers to vaginal mucus and urine from estrous cows following treatment 
with prostaglandins, Izard and Vandenbergh ( 1982b ) found that the degree of 
estrous synchrony was higher than in control animals exposed to water. Exposure to 
estrous urine and vaginal mucus has also been found to infl uence the LH pulsatility 
pattern preceding the LH peak (Nordéus et al.  2012b ) and there are indications that 
the exposure may also infl uence the actual LH peak (Nordéus et al.  2012a ). 
Nishimura et al. ( 1991 ) reported that diestrous heifers smeared with their own vagi-
nal discharge from previous cycles were mounted by herd mates more than control 
animals treated with water. This effect, however, did not manifest when animals 
were smeared with estrous vaginal discharge from another animal, indicating that 
the vaginal mucus may contain individual-specifi c volatile cues. 

 Farmers occasionally provide anecdotal evidence of estrous synchrony in cattle. 
However, since cows in general are either in postpartum or lactational anestrus or 
are pregnant, and the cyclicity of heifers is often much less closely monitored, 
opportunities to observe such an effect scientifi cally in the fi eld are scarce. Although 
there are studies to suggest that bovine inter-female pheromones actually exist and 
can cause synchronization of estrous cycles or enhancement of estrous behavior, 
proof is still lacking.  

4.2.3     Infl uence of Males on Female Cattle 

 Studies on  bovine   pheromones have predominantly been aimed at investigating the 
stimulatory effect of males on female reproductive parameters, an effect also known 
as  biostimulation   (Chenoweth  1983 ). Studies are mainly focussed at resumption of 
ovarian cyclicity after calving. For example, Izard and Vandenbergh ( 1982a ) found 
that prepubertal heifers receiving oronasal treatments with bull urine reached 
puberty earlier than heifers receiving control treatment with water. The urine-treated 
heifers calved earlier and had a shorter calving season than the control heifers, but 
pregnancy rates were the same for the two groups. 

 This biostimulatory effect on ovarian activity has also been demonstrated in zebu 
( Bos indicus ) cows (Rekwot et al.  2000 ) and in suckled beef ( Bos taurus ) cows 
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(Zalesky et al.  1984 ; Custer et al.  1990 ; Landaeta-Hernández et al.  2004 ), where 
bull exposure shortened the postpartum anestrus. It was further supported by 
Berardinelli and Joshi ( 2005b ), who found that exposure to bulls, or their excretory 
products, hastened resumption of luteal activity after calving. However, there have 
also been reports suggesting no positive effect of bull-exposure on postpartum anes-
trus (Larson et al.  1994 ). 

 The biostimulatory effect seems to be greater when bulls are exchanged during the 
course of the experiment, compared to continuous exposure to the same bulls (Miller 
and Ungerfeld  2008 ). There seems to be an inverse linear relationship between the 
daily duration of bull exposure and the intervals from either calving or the start of bull 
exposure to resumption of ovarian activity (Tauck et al.  2010a ), with longer daily 
exposure resulting in a shorter interval. There may also be a more rapid return to 
cyclicity when cows are exposed later in the postpartum anestrous period (Berardinelli 
and Joshi  2005a ). This difference, however, was not seen by Fernandez et al. ( 1993 ). 

 The response to male stimuli can be modifi ed by nutritional conditions. Monje 
et al. ( 1992 ) found that cows fed above their energy requirements showed a greater 
response than those fed below their requirements. Stumpf et al. ( 1992 ), however, 
demonstrated that the male effect was greater in cows subjected to a low dietary 
regimen preceding calving than in those subjected to a high dietary regimen. The 
explanation provided for the discrepancy between this and previous studies was that 
the exposure to males for cows with lesser body condition may help to overcome the 
inhibition of LH secretion caused by nutritional defi ciencies, making the male effect 
more substantial than in well-fed cows, whereas for cows in deeper negative energy 
balance the male effect was not enough to overcome this inhibition. 

 Contrary to Custer et al. ( 1990 ), who did not see any effect of bull exposure on LH 
characteristics, Tauck et al. ( 2010b ) found that the LH pulse frequency tended to be 
greater in anestrous suckled beef cows exposed acutely to bulls. In this study, cows 
were kept haltered in stalls, but bulls could come into contact with the frontal aspects 
of each cow. Since physical contact was possible we can view this as some sort of 
fence-line contact. The exposure also resulted in a lower cortisol pulse frequency. 
Tauck and Berardinelli ( 2007 ) demonstrated that AI pregnancy rates for cows insem-
inated 12 h after estrus were greater for suckled beef cows exposed to bulls or their 
excretory products, than for fence-line contact with bulls, when using a progestin-
based protocol for synchronization of estrus. TAI pregnancy rates, however, did not 
differ between bull-exposed cows and unexposed cows. The opposite was seen when 
using a protocol including GnRH and prostaglandins (Berardinelli et al.  2007 ).  

4.2.4     Infl uence of Females on Male Cattle 

 Bull  bioassays   have been frequently used in attempts to isolate and identify estrus- 
specifi c odorscows. Many different behavioral parameters assignable to pericopula-
tory behavior, such as fl ehmen, sniffi ng, licking, erection, and mounting, have been 

K. Nordéus et al.



37

evaluated but with varying success. Several studies indicate that bulls are able to 
discriminate between estrous and non-estrous odor (Hart et al.  1946 ; Paleologou 
 1977 ). Sankar and Archunan ( 2004 ) found that the duration of fl ehmen behavior 
displayed by bulls was greater during exposure to estrous samples of vaginal mucus, 
saliva, feces and milk smeared on to the genital region of non-estrous cows, than 
during exposure to samples collected during other estrous cycle stages. Among the 
substances tested, the response to estrous vaginal mucus was signifi cantly higher 
than for the other substances. 

 When exposing dairy bulls to urine from cows in various stages of cyclicity 
in a bowl, Houpt et al. ( 1989 ) found that the number and duration of fl ehmen, 
but not sniffi ng and licking, were parameters suitable to discriminate between 
estrous and non-estrous urine. The fl ehmen response to vaginal mucus, how-
ever, did not differ from that to water. Interestingly enough, only seven of the 
15 bulls tested responded to estrous urine with two fl ehmen or more, which was 
the criterion for inclusion in the study. One explanation given for this fi nding 
was that sexual experience with females may be important in order for bulls to 
respond to estrous cues properly. Indeed, Presicce et al. ( 1993 ) found that bulls 
from a stud farm, with no prior contact with female cattle, displayed stronger 
pericopulatory behavior to urine collected from teaser bulls, than to compounds 
from estrous blood. 

 Klemm et al. ( 1987 ) and Rivard and Klemm ( 1989 ) also presented their samples 
to bulls in a dish. The substances studied were vaginal mucus (Klemm et al.  1987 ; 
Rivard and Klemm  1989 ), and serum and vulval skin gland secretions (Rivard and 
Klemm  1989 ). They found that all three of these body fl uids from cows in estrus 
evoked a series of chained behaviors, which could be divided into three categories 
(Rivard and Klemm  1989 ). The attraction phase comprised initial responses, such as 
head orientation toward the sample, sniffi ng the air, moving toward the sample, 
sniffi ng the sample at close range, salivation, and urination. It was followed by the 
detection phase, which included behaviors such as licking, tongue manipulation, 
hypersalivation, labored breathing, fl ehmen and vocalization. During the phase of 
sexual preparation the bulls displayed penis protrusion, penile secretion, head butt-
ing, and mounting behavior. Only 8 of 23 different estrous samples induced the 
complete series of behaviors. 

 Geary et al. ( 1991 ) recorded the preference of bulls, either as total time spent 
adjacent to heifers or as number of fl ehmen towards heifers, for either estrous or 
diestrous heifers in a pairwise choice test, and found, contrary to the studies men-
tioned above, indications that bulls do not show olfactory preference for heifers in 
estrus. 

 Monitoring of heart rate could also potentially be used as a bioassay to evaluate 
bioactivity in different substances. Nordéus et al. ( 2012c ) found average heart rate 
in bulls to be signifi cantly higher during the fi rst minute of exposure to estrous vagi-
nal discharge compared to the other substances tested. A similar effect was seen for 
heifers when exposed to bull urine.   
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4.3     Potential Bovine Pheromones 

 According to a study by Kiddy and Mitchell ( 1981 ), in which dogs were trained to 
detect estrous samples of bovine vaginal fl uids, estrous odor emerges from day 3 
before estrus, peaks on the day of estrus, and disappears the day after. Similarly, 
trained rats show behavioral response towards samples collected 2 days before to 2 
days after estrus (Dehnhard et al.  1991 ). 

 Ramesh Kumar et al. ( 2000 ) analyzed urine from cows in different stages of 
cyclicity and found that 1-iodo undecane and di-n-propyl phthalate were unique to 
the estrous samples. Further evidence that 1-iodo undecane is estrus-specifi c was 
provided by Sankar and Archunan ( 2008 ). When they compared volatile profi les 
from feces of cows in different stages of the reproductive cycle, they found three 
compounds, acetic acid, proprionic acid and 1-iodo undecane, that were specifi c for 
the estrous phase. As a bioassay, they smeared compounds on to the genital region 
of non-estrous cows. Bulls were allowed to sniff the cows for 30 min, with pre- 
copulatory behaviors and copulation being recorded. They found that the mixture of 
the three compounds resulted in signifi cantly longer duration of fl ehmen behavior 
and increased number of mounts than the individual compounds and control, indi-
cating that these substances may be involved in the induction of mating behaviors. 
Nordéus et al. ( 2014 ) found 1-hexadecanol to be present in greater amounts in 
estrous urine samples than in urine collected during the luteal phase. The bioactivity 
of this compound has not yet been investigated in cattle, but it has been suggested 
to have pheromonal effects in other species (Zhang et al.  2007 ; Hagemeyer  2010 ). 
According to Nagnan-Le Meillour et al. ( 2013 ) administration of one or more of six 
volatile compounds, identifi ed from bovine  estrous urine  , can improve the repro-
ductive function of a bull with effects primarily on the libido but also on semen 
production. The compounds are coumarin, squalene, 6-amino undecane, 2- butanone, 
9-octadecenoic acid, and 1,2-dichloroethylene. 

 The dispersion of estrus-specifi c compounds in the bovine body has been dem-
onstrated previously in swabs from the vulva and fl uids from the vagina, urine, milk, 
and blood (Kiddy et al.  1984 ; Rivard and Klemm  1989 ). Weidong et al. ( 1997 ) 
investigated the presence of estrus-specifi c volatiles in milk, but did not fi nd any 
compounds that were qualitatively different between stages. They did, however, 
fi nd that there were signifi cant quantitative differences and concluded that cycle 
stage can be determined by analyzing 15 compounds in milk. Klemm et al. ( 1994 ) 
found that blood acetaldehyde levels decreased rapidly just before, or at onset of, 
estrus, and suggested that estrus and ovulation could potentially be predicted by 
monitoring levels of acetaldehyde in milk, saliva, sweat, or breath. Acetaldehyde 
was also found to be estrus specifi c in bovine vaginal secretions (Ma et al.  1995 ). 
Increasing amounts were found followed by a drop in quantities 0–3 days before 
estrus. Acetaldehyde has, however, been tested in a bull bioassay previously 
(Presicce et al.  1993 ) and was not behaviorally active when tested as a singular 
component. Five estrus-specifi c compounds, trimethylamine, acetic acid, phenol 
4-propyl, pentanoic acid, and proprionic acid, were identifi ed in saliva Sankar et al. 
( 2007 ). Results from the bioassay indicated that trimethylamine may be involved in 
attracting the bull to the estrous cow. 

K. Nordéus et al.



39

 Several studies have focused on vaginal secretions, which are profound during 
estrus. Preti ( 1984 ) patented a method for detecting bovine estrus based on the 
quantifi cation of methyl heptanol  in   vaginal secretion. Hradecky ( 1986 ) found that 
the concentration of free fatty acids in estrous vaginal discharge increased gradually 
before estrus and decreased rapidly thereafter. The concentration of free fatty acids 
in urine, but not in vaginal discharge, was affected by the ruminal concentration. 
Klemm et al. ( 1987 ) found nine estrus-specifi c compounds in samples that had 
tested positively in a bull behavioral assay. These compounds included two ketones, 
four amines, one alcohol, one diol, and one ether. Indeed, there have been claims 
that exposure to the boar sex pheromone, androstenone, may have a positive effect 
on different reproductive parameters in cows, such as earlier onset of cyclicity at 
puberty and better results from AI (Sokolov et al.  1995 ).  

4.4     Discussion and Conclusion 

 Results from studies on bovine pheromones vary greatly. There are several possible 
explanations for this, such as differences in methods of sample collection, analysis 
and bioassay. First, signaling of estrus may involve several compounds with varying 
properties, making it diffi cult to get a true picture of the signal, especially if only one 
method of analysis is used and if relevant compounds are present only in minute 
amounts. Furthermore, different breeds could have different chemical profi les and it 
is also possible that there are individual components to the signal, even within spe-
cies. Second, the environment in which animals are kept, feed and sexual experience 
might infl uence the result. Next, behavioral bioassays can be diffi cult to use because 
such methods are very sensitive to individual differences, both between subjects and 
between operators. Purely physiological measurements, such as hormonal fl uctua-
tions, follicular dynamics, and heart rate, may have an advantage in this aspect. 

 A challenge specifi c to the bovine species, compared to most other domestic spe-
cies that have been studied, is that it is diffi cult to keep the animals in environments 
suitable to studying chemical communication. A lot of work has been done in this 
interesting fi eld, but bovine pheromones remain elusive and some scientists doubt 
that they even exist. In the future, it would be of great interest to do a comparative 
study under controlled conditions of the compounds suggested to have pheromonal 
effects in cattle.     
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    Chapter 5   
 Coding of Group Odor in the Subcaudal 
Gland Secretion of the European Badger 
 Meles meles : Chemical Composition 
and Pouch Microbiota       

       Christina     D.     Buesching     ,     H.     Veronica     Tinnesand    ,     YungWa     Sin    , 
    Frank     Rosell    ,     Terry     Burke    , and     David     W.     Macdonald   

5.1            Introduction 

 To convey discrete olfactory information to their conspecifi cs, many mammals have 
developed specialized scent glands as well as adaptive scent-marking behaviors 
(e.g., Brown and Macdonald  1985 ; Müller-Schwarze  2006 ). Diet (e.g., Ferkin et al. 
 1997 ) and parasites (e.g., Gangestad and Thornhill  1998 ), as well as the animal’s 
sex (e.g., Kelliher  2007 ), age (e.g., Osada et al.  2003 ), endocrine status (e.g., 
Woodley and Baum  2003 ), and genetic makeup (Penn  2002 ) can affect primary 
gland products. Often, however, these primary secretions are metabolized by bacte-
ria, and typically it is those secondary metabolites that generate the characteristic 
odor of the scent mark. The fermentation hypothesis (Albone  1984 ; Albone et al. 
 1974 ; Albone and Perry  1975 ; Gorman  1976 ; Archie and Theis  2011 ) predicts that 
odor profi les depend partly on the primary gland products excreted by the animal, 
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partly on the composition of the bacterial fl ora metabolizing these primary gland 
products, and partly on the age of the scent mark (e.g., Buesching et al.  2002b ; 
Goodwin et al.  2012 ; Zechman et al.  1984 ), e.g., the time the bacteria had to metab-
olize primary gland products. Whereas the management of these zoonotic microbi-
ota is therefore paramount for mammals to ensure consistency and/or meaningful 
olfactory information content, the potential to vary odor profi les through fl uctuating 
composition of the microbial communities ensures fl exibility in body odor and 
scent marks. 

 One such example of essential fl exibility in odor profi les is scent characteristics 
encoding group membership. In social mammals, shared group odors have been 
implicated in social acceptance (e.g., Hurst et al.  1993 ) and group cohesion (e.g., 
peccaries: Buyers  1985 ; badgers: Buesching et al.  2003 ). However, given that in the 
majority of species, offspring of one or both sexes disperse at least once in their 
lives, and in reality may change group affi liation several times even as adults (e.g., 
to avoid inbreeding: Greenwood  1980 ), olfactory advertisement of group member-
ship must be reliable yet fl exible. Thus, generation of shared group odors has long 
been suggested to rely predominantly on the assimilation of microbial communities 
amongst group members (Albone  1984 ). This has recently been shown to be the 
case in anal gland secretions of spotted hyenas  Crocuta crocuta  (Theis et al.  2012 , 
 2013 ; for review of additional species see Wyatt  2010 ; Ezenwa and Williams  2014 ; 
James et al.  2013 ). 

 European badgers ( Meles meles ) are macrosmatic, and thus rely heavily on their 
sense of smell for intra-specifi c communication and recognition of others (Roper 
 2010 ). Their social organization is highly variable and ranges from solitary or pair- 
living to the formation of large social groups in the South of England (Johnson et al. 
 2000 ). In addition to other pathways of  olfactory communication   common amongst 
Mustelids, such as urine, feces, anal, and inter-digital glands (Macdonald  1985 ), 
badgers have evolved a subcaudal gland which is unique amongst the Carnivora 
(Macdonald  1985 ). It consists of several layers of apocrine and sebaceous cells, 
which secrete a margarine-like paste into a common lumen, the subcaudal pouch 
(Stübbe  1971 ), where it is stored until scent marking (Buesching et al.  2002c ). The 
pouch opens at a 20–80 mm wide slit situated between the anus and the base of the 
tail. Both sexes possess this gland and use the secretion for scent marking by press-
ing the slit onto the substrate (Őstborn  1976 ; Buesching and Macdonald  2004 ) or 
conspecifi cs (Buesching et al.  2003 ). Cubs start to produce traces of subcaudal 
gland secretion when they are approximately 4 months old (Buesching et al.  2002c ). 
Secretions are highly individual-specifi c, and encode information about sex, age, 
body condition, and reproductive status of the donor (Őstborn  1976 ; Gorman et al. 
 1984 ; Buesching et al.  2002a ), but change with season and age of the scent mark 
(Buesching et al.  2002b ). In addition, odor profi les are more similar amongst the 
members of a social group than they are between groups, indicating the existence of 
a shared group odor (Buesching et al.  2002a ). 

  The   subcaudal pouch has been shown to support a rich bacterial fl ora (Albone 
et al.  1978 ; Sin et al.  2012 ), and semiochemical analyses confi rm that subcaudal 
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gland secretions are of high chemical complexity, containing mainly medium- and 
long-chained carboxylic acids, which are usually of bacterial rather than  mammalian 
origin (Albone  1984 ), water and protein (Gorman et al.  1984 ). A direct empirical 
link between pouch bacteria and scent profi les, however, remains to be established. 

 Here, we analyzed the bacterial pouch fl ora in relation to the chemical scent 
profi le of adults belonging to six different social groups. The aim of this study was 
threefold: (1) to confi rm that group membership is encoded in subcaudal gland 
secretions, (2) to investigate the overall relation between the bacterial communities 
and the chemical composition of the subcaudal-gland secretion, and (3) to investi-
gate potential group differences in the bacterial communities of badger subcaudal 
gland secretions.  

5.2     Material and Methods 

5.2.1     Study Animals and Collection of Samples 

 Samples  were   collected in Wytham Woods, Oxfordshire, England (GPS reference: 
51u469260N; 1u199190W; for a detailed description of the study site see Kruuk 
 1989 ; for details of the study population see Macdonald and Newman  2002 ), during 
two different trapping events: in spring (27th May–9th June 2010,  N  = 31), and in 
summer (6th Sept.–18th Sept 2010,  N  = 35). As part of an ongoing population study, 
and following the methodology described by Macdonald and Newman ( 2002 ), bad-
gers were trapped overnight in cage traps baited with peanuts. At fi rst capture (usu-
ally as cubs), all animals were tattooed with an individual number on the left 
inguinal region. Thus, after sedation with 0.2 ml ketamine hydrochloride/kg body 
weight (Thornton et al.  2005 ), all badgers could be identifi ed individually and 
linked to their trapping history. 

  Subcaudal gland secretion (SGS)   was scooped out of the subcaudal pouch using 
a rounded stainless steel spatula, and contact of the spatula with body parts other 
than the inside of the subcaudal pouch was strictly avoided to exclude bacteriologi-
cal cross-contamination. Secretions were subdivided into two aliquots. Both were 
frozen immediately and stored at −20 °C until further analyses. To avoid contact 
with plasticizing agents, the aliquot for semiochemical analysis was stored fi rst in a 
glass vial with Tefl on lid, and the one for the bacteriological analyses was stored 
afterwards in a microcentrifuge tube. Between sampling different individuals, the 
spatula was wiped clean and sterilized three times with 90 % ethanol, which was 
fl amed off to avoid contamination of the semiochemical sample. 

 All collected samples were used to investigate the correlation between microbi-
ota and chemical composition. To investigate chemical and microbial differences 
between social groups, however, we used secretions collected from a total of six 
different social groups ( N  CH  = 5,  N  GAH  = 5,  N  LS  = 6,  N  MT  = 6,  N  PO  = 6,  N  RC  = 5) as estab-
lished by biannual bait-marking surveys (following the methodology described by 
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Delahay et al.  2000 ), where we caught a minimum of fi ve adult animals. To avoid 
pseudoreplication, only one (randomly chosen) sample from each individual was 
included ( N  = 33,  N  Males  = 14,  N  Females  = 19).  

5.2.2     Chemical Analyses 

 For each sample, 0.1 g of  s  ubcaudal gland secretion was extracted in 1.0 ml of 
dichloromethane (Pestanal ®  Grade, Sigma-Aldrich ® , Oslo, Norway). Solutions 
were left at room temperature for 1 h and centrifuged at 3000 rpm through a 0.45 
μm fi lter for 5 min. The resulting particle-free solution was transferred to a 1.5 ml 
GC-vial (Agilent ® , Oslo, Norway). 

 Chemical composition was analyzed using a Hewlett-Packard (HP, Oslo, 
Norway) 6890 Series II gas chromatograph (GC) equipped with a nonpolar HP-5 
MS 5 % phenyl-methyl-siloxane column (30.0 m long × 0.25 mm ID × 0.25 μm fi lm 
thickness), connected to a HP 5973 Series mass spectrometer detector (MS) with a 
split/splitless inlet in splitless mode using helium as the carrier gas at a constant 
fl ow of 0.9 ml/min. Injection port temperature was set at 300 °C. The purge fl ow to 
split vent was 49.8 m/min at 1.00 min. An auto-injection system (Agilent 7683 
Series Injector, Oslo, Norway) was used to inject 1.0 μl of the SGS solution into the 
GC-MS. The samples were cold-trapped at 40 °C on the column tip for 2 min and 
separated using a temperature program of 8 °C/min from 40° to 150 °C, then 6 °C/
min from 150 °C to 200 °C, and fi nally 4 °C/min from 200° to 240 °C (holding for 
15 min). A solvent delay of 5 min was set to prevent solvent damage to the detector. 
Samples were analyzed in random order, and after every fi ve samples, a blank was 
run to ensure that there was no contamination left in the column. A mixture of 
unbranched alkanes between C 8  and C 40  (Sigma-Aldrich, Oslo, Norway) was also 
run after every fi ve samples to calculate Kováts Retention Indices (KRI), allowing 
standardization of retention times. The instrument was calibrated every morning to 
detect possible changes in sensitivity. 

 Compounds were matched between profi les by their retention times and mass 
spectra, and given an individual peak number. A tentative identifi cation of the ana-
lytes was provided by cross-checking the best suggested matches from the Wiley 
275 spectral library (Scientifi c Instrument Services Inc., Ringoes, USA) with the 
calculated KRI of the analytes. Identifi cation of 12 compounds (hexanoic acid, 
octanoic acid, decanoic acid, dodecanoic acid, tetradecanoic acid methyl ester, tet-
radecanoic acid, hexadecanoic acid methyl ester, hexadecanoic acid, methyl linole-
ate, arachidic acid methyl ester (eicosanoic acid methyl ester), docosanoic acid 
methyl ester, tetracosanoic acid methyl ester; chosen to provide a good spread 
across the profi le retention times) was confi rmed through injection of commercial 
standards (Sigma-Aldrich, Oslo, Norway). Where the Wiley library did not provide 
a good match, analytes were given a name based on retention times and added to a 
new library.  
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5.2.3      Bacteriological  Analyses 

5.2.3.1     DNA Extraction 

 Following  the   methodology described in Sin et al. ( 2012 ), secretions were transferred 
 to   microcentrifuge tubes and re-suspended in 180 μl enzymatic lysis buffer [20 mM 
Tris–Cl (pH 8.0), 2 mM EDTA, 1.2 % Triton X-100] containing 20 mg/ml lysozyme. 
Following incubation at 37 °C for at least 1 h in a shaking incubator to lyse cell 
walls of Gram-positive bacteria before DNA purifi cation, samples were incubated 
with proteinase K at 56 °C for at least 1 h, followed by the addition of 200 μl of 
ethanol. DNA isolation was continued by pipetting the mixture into the spin column 
according to the manufacturer’s instructions for animal tissue samples using the 
DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany).  

5.2.3.2     T-RFLP Analysis 

 Internal  fragments   of 16S rRNA genes were amplifi ed from the isolated DNA using 
universal bacterial primers 341f (5′-CCTACGGGAGGCAGCAG-3′; Muyzer et al. 
1993) and 926r (5′-CCGTCAATTCMTTTRAGTTT-3′; Muyzer et al. 1995). Primer 
341f was labeled at its 5′ end with the dye 6-carboxyfl uorescein (6-FAM) and 926r 
labeled with hexachloro-6-carboxyfl uorescein (HEX). PCR mixtures comprised 1× 
PCR buffer, 1 mM MgCl 2 , each dNTP at a concentration of 0.2 mM, each primer at 
a concentration of 0.6 μM, as well as 0.5 U Taq polymerase (Bioline). Amplifi cation 
was carried out in two separate 25 μL reaction mixtures under the following condi-
tions: 95 °C for 3 min, amplifi ed for 35 cycles of 95 °C/30s; 55 °C/60s; 72 °C/75 s, 
and a fi nal extension at 72 °C for 10 min. For each sample, duplicate fl uorescently 
labeled PCR products were pooled after PCR. PCR product sizes were confi rmed by 
agarose gel electrophoresis using 100 bp DNA ladders as size markers and by stain-
ing with ethidium bromide. The amplifi ed products (around 586 bp) were purifi ed 
using the QIA quick gel extraction kit (Qiagen). 

 Fluorescently labeled PCR products were digested with MspI restriction enzymes 
(Applied Biosystems ABI) for 6 h at 37 °C, followed by 20 min at 80 °C for enzyme 
inactivation. Digested fragments were separated on the ABI 3730 Genetic Analyzer 
(ABI). Sizes of the fl uorescently labeled terminal restriction fragments (TRFs) were 
determined by comparison with the GeneScan 500 ROX size standard (ABI). Before 
injection, 0.5 μL of the DNA sample was denatured in the presence of 9.5 μL Hi-Di 
formamide and 0.05 μL GS 500 ROX size standard (ABI) at 95 °C for 5 min. 
Injection was performed electrokinetically at 2 kV for 10s, and electrophoresis was 
run at 15 kV for 30 min. After electrophoresis, terminal restriction fragment length 
polymorphism (T-RFLP) electropherograms were imaged using the GENEMAPPER 
software (v. 3.7; ABI). The lengths of TRFs were determined by comparison with 
the internal standard, within the lower threshold at 50 bp and upper threshold at 500 
bp. Only peaks with heights exceeding 50 fl uorescence units were evaluated. 
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 T-RFLP profi les were aligned using T-Align (Smith et al.  2005 ), which identifi ed 
all fragments unequivocally with ±0.5 bp in all profi les generated, and determined 
the presence and absence of TRFs and their relative fl uorescence in all samples. Log 
( n  + 1) transformation was performed in order to normalize the data. The number of 
the operational taxonomic units (OTUs) and the bacterial identities of the OTUs that 
contributed to the TRFs were identifi ed by cloning and sequencing of the 16S rRNA 
genes as detailed in Sin et al. ( 2012 ).   

5.2.4     Statistical Analyses 

 All TRFs and  chemical   compounds that occurred in only one sample were excluded 
from all analyses. 

5.2.4.1     Analyses of Scent Profi les 

 To account for variation in the total quantity of injected secretion, peak areas of each 
compound were standardized using the peak area of hexadecanoic acid, which was 
present in all scent profi les as one of the largest peaks. All data were square-root 
transformed to reduce the infl uence of the most abundant variables (Clarke and 
Warwick  2001 ), and a Bray–Curtis similarity index calculated between each possi-
ble sample pairing.  

5.2.4.2     Analyses of Group Differences in Chemical Composition 
and TRFs 

 To investigate variation in chemical profi les and microbial communities among 
social groups, we fi rst used principal coordinate (PCO) analysis based on the Bray–
Curtis similarity index in order to visualize the patterns of variation among samples 
(Gower  1966 ). If the same animal was caught during both trapping events, only one 
sample, selected at random, was included in the analysis. Differences between 
social groups were then compared with a single factor PERMANOVA (Anderson 
 2001 , McArdle and Anderson  2001 ) using 9999 permutations, applying both main 
and pairwise tests. PERMANOVA allows distance-based tests of signifi cance for 
comparing a priori groupings. Signifi cant ( P  < 0.05) and marginally signifi cant 
( P  < 0.1) differences between groups were investigated further using canonical 
analysis of principal coordinates (CAP: Anderson and Willis  2003 ), which obtains 
predictive models that search the multivariate data for the best discrimination 
between a priori groups. To present the reader with all results, we did not correct for 
multiple testing as suggested by Nakagawa ( 2004 ). The number of PCO axes,  m , to 
use in the model and the predictive ability of the model to discriminate between the 
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social groups was assessed by leave-one-out cross-validation (Anderson and 
Robinson  2003 , Mardon et al.  2010 ). The software PRIMER V6.1.13 (Clarke and 
Gorley  2006 ) with the PERMANOVA+ V1.0.3 add-on package (Anderson et al. 
 2008 ) was used in all analyses.  

5.2.4.3     Analyses of Correlation Between TRFs and Chemical 
Composition 

 To investigate any linkage between the TRFs and the chemical composition of the 
secretion, we performed the BEST procedure (Clarke et al.  2008 ). The rationale 
of BEST is to fi nd the “best match” between the multivariate among-sample pat-
terns of two data matrices, one being a fi xed resemblance matrix (often biotic 
variables, or in our case the chemical compounds) and one an explanatory matrix 
(often environmental variables, in our case the TRF data: Clarke and Gorley 
 2006 ). The  BVSTEP procedure   in BEST selects the combination of explanatory 
variables that best explains the structure in the fi xed matrix, whereas the global 
BEST test constitutes an overall signifi cance test for the fi nal subset of variables 
(Clarke et al.  2008 ). 

 To investigate correlations between specifi c TRFs and chemical compounds, we 
constructed a correlation matrix between all variables that occurred in > 10 % of the 
samples. All TRF-compound combinations with a correlation > 0.4 were tested for 
statistical signifi cance using two-tailed tests. Correlation analyses were performed 
with the software packages JMP 10 (SAS Institute Inc., Cary, NC, USA) and SPSS 
Statistics 19 (SPSS Inc., New York, USA).    

5.3     Results 

5.3.1     Group Differences in Chemical Composition 

  When   evaluating chemical variation among social groups including all compounds, 
an unconstrained 2D PCO explained 49.2 % of the variation in the data, and the 
third axis explained further 8.7 %, but there was no separation between badger 
social groups (Fig.  5.1 ). The main PERMANOVA comparing the 6 groups with ≥ 5 
adults sampled was signifi cant (pseudo  F  = 1.6692,  P  = 0.0141), and pairwise tests 
revealed signifi cant differences between four pairs of groups (Table  5.1 ). The CAP 
analysis classifi ed 33.3 % of the chemical profi les into the correct group using 
leave-one-out cross-validation and  m  = 16 axes ( δ  1  2  = 0.89814,  P  = 0.028, Fig.  5.2 ). 
The CAP plot, however, is a constrained plot, which views the data cloud through 
the fi lter of our hypothesis, and thus should be viewed in conjunction with the 
results from the cross-validation, which provide information the distinctiveness of 
each group, and how well the axes discriminate between each of them (Anderson 
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  Fig. 5.1    Unconstrained 2D PCO including all chemical compounds from adults of six social 
groups with ≥5 SCG samples       

     Table 5.1    PERMANOVA results for pairwise comparisons between the chemical profi les and the 
microbiota of members of six different social groups (signifi cant results highlighted in bold)   

 Chemistry  Microbiota 

 All compounds 
included 

 Only compounds 
shared by all group 
members included  TRFs 

 Group   t   P(perm)   t   P(perm)   t   P(perm) 

  LS vs. GAH   0.9084  0.5719  3.0404   0.0013   1.0487  0.3468 
  LS vs. RC   1.2738  0.1096  3.6784   0.0035   0.94561  0.4736 
  LS vs. CH   1.6147   0.0281   4.4595   0.0025   0.59353  0.6728 
  LS vs. Mt   1.3406  0.1041  3.5608   0.0026   1.052  0.313 
  LS vs. PO   0.9924  0.4065  3.4059   0.0022   0.64851  0.6137 
  GAH vs. RC   1.1914  0.1737  3.3558   0.0018   0.88187  0.6028 
  GAH vs. CH   1.5818   0.0175   4.2611   0.0016   0.7999  0.6341 
  GAH vs. Mt   1.1415  0.2353  4.5744   0.0004   1.6775   0.0478  
  GAH vs. PO   0.99478  0.4149  3.1995   0.0008   0.46955  0.8486 
  RC vs. CH   1.1533  0.1965  3.4795   0.0094   0.91271  0.5374 
  RC vs. Mt   0.91766  0.555  3.2032   0.002   1.5689  0.076 
  RC vs. PO   1.1016  0.2727  2.3542   0.0036   0.99276  0.4195 
  CH vs. Mt   1.1669  0.2369  3.9912   0.0026   0.96919  0.4436 
  CH vs. PO   1.441   0.0535   3.3926   0.0021   0.75341  0.5956 
  Mt vs. PO   0.93082  0.4903  3.0985   0.0029   1.239  0.1921 
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et al.  2008 ). Although in our analyses the CAP plot suggested that semiochemical 
differences among social groups were clear, the cross-validation results showed that 
the predictive ability of the model was low. The cross-validation results, however, 
were still signifi cant, as, with  n  = 6 social groups, only approx. 16.7 % of samples 
would have been classifi ed correctly by chance alone (Table  5.2 ).

      However, if only compounds shared by all members in each group were included 
( sensu  scent signature: Wyatt  2010 ), the unconstrained 2D PCO explained 54.8 % 
of the variation in the data (Fig.  5.3 ), and the third axis explained a further 18.1 %, 
with separations between social groups. The PERMANOVA comparing the six 
groups was highly signifi cant (pseudo  F  = 12.39,  P  = 0.0001), as were all pairwise 
comparisons (Table  5.1 ). The CAP analysis classifi ed 100 % of the chemical pro-
fi les into the correct group using  m  = 5 axes ( δ  1  2  = 0.98934,  P  = 0.0001, Fig.  5.4 ).

5.3.2          Group Differences in Microbiota 

 Comparing the  TRFs   to investigate variation in microbiota among groups, an uncon-
strained 2D PCO explained 82.3 % of the variation in the data (Fig.  5.5 ), and the 
third axis explained further 12.2 %, but there was no separation between social 
groups, and no signifi cant differences in the TRFs of the 6 social groups were found 
(PERMANOVA: pseudo  F  = 1.007,  P  = 0.4317, Table  5.1 ).
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  Fig. 5.2    CAP analysis including all chemical compounds from adults of six social groups with ≥5 
SCG samples. Note that the fi gure only shows 2 CAP axes of the 15 axes generated in the model       
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5.3.3        Correlation of Microbiota and Chemical Composition 
of Subcaudal-Gland Secretions 

 In total, 50 TRFs and 125 different chemical compounds were found in the GC-MS 
profi les of 66 subcaudal-gland secretions. Using 9999 permutations, the BEST pro-
cedure showed an overall signifi cant correlation between microbiota and chemical 
composition (Rho = 0.228,  P  = 0.041), with a subset of four TRFs (99.2, 138.9, 
194.2, and 212.0) best explaining the structure in the chemical matrix (Table  5.3 ).   

   In the investigation of correlations between specifi c TRFs and chemical com-
pounds, 5 TRFs and 23 chemical compounds showed a correlation > 0.4. All cor-
relations were statistically signifi cant ( P  < 0.01, Table  5.3 ).    

   Table 5.2    Cross-validation results for correct classifi cation of samples for each social group   

 Social group  RC  PO  LS  GAH  CH  Mt  Total  % correctly identifi ed 

 RC  0  1  1  1  2  0  5  0 
 PO  0  2  2  0  0  2  6  33.33 
 LS  1  1  3  0  1  0  6  50 
 GAH  1  0  2  1  0  1  5  20 
 CH  1  0  1  0  1  2  5  20 
 Mt  0  0  1  0  1  4  6  66.67 
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  Fig. 5.3    Unconstrained 2D PCO including only chemical compounds which were shared by all 
adults belonging to the same social group (six social groups with ≥5 SCG samples)       
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5.4     Discussion 

 Most mammals communicate a wide variety of information in their olfactory signals 
(Brown and Macdonald  1985 ; Müller-Schwarze  2006 ). Some species, such as the 
European badger, encode individual-specifi c information as well as group member-
ship, seasonality, and age of the scent mark in a single scent mark (Buesching and 
Macdonald  2001 ). Whereas some of this information, such as individuality, is static 
and should thus remain stable over time, other signals are transient (e.g., informa-
tion pertaining to reproductive receptivity) or need to be pliable (e.g., information 
pertaining to group membership) to accommodate changes in biology and behavior. 
As olfactory signals are partly dependent on primary gland products, but also on 
environmental factors (Wyatt  2010 ), precise management of the synergistic rela-
tionships between endo- and exogenous factors involved in olfactory signal creation 
is paramount for reliable communication. 

 The fermentation hypothesis predicts that mammalian scent profi les are heavily 
affected by bacteria metabolizing the primary gland products excreted by the indi-
vidual (Albone et al.  1978 , Albone and Perry  1975 , Gorman  1976 ). In our popula-
tion, TRF (Sin et al.  2012 ) as well as GC-MS (Gorman et al.  1984 , Buesching 
et al.  2002a ,  b ) profi les were indeed individual specifi c, indicating that many indi-
vidual advertisement signals might in fact be affected by pouch bacteria (Buesching 
et al.  2003 ). Here, we found a signifi cant correlation between the microbiota in the 
subcaudal pouch and the chemical composition of the subcaudal gland secretion. 
A subset of four TRFs (99.2, 138.9, 194.2, and 212.0) explained most of the effect. 
Sin et al. ( 2012 ) found TRFs 138.94 to belong to phylum Actinobacteria, and 97.6 
and 211.97 to phylum Firmicutes (no phylum could be assigned from cloning and 
sequencing for TRF 194.2). Actinobacteria and Firmicutes include several well- 
known odor producers, and are also abundant in the paste of spotted hyenas 
( Crocuta crocuta : Theis et al.  2012 ,  2013 ). Several genera in these phyla produce 
a diverse array of short- and medium-chain fatty acids, which are prominent in the 
subcaudal gland secretion of badgers (Buesching et al.  2002a ). Some Actinobacteria 
have been found to play a major role in the transformation of odorless steroids into 
odorous derivatives (e.g., Gower et al.  1986 , Kohl et al.  2001 ). It is thus highly 
likely that bacteria belonging to these phyla will affect the chemical composition 
in the secretion, but further research using advanced 16SrRNA or metagenomic 
techniques is needed to confi rm these associations. 

 In addition, our GC-MS results confi rm the presence of shared group odors in 
this badger population. Nevertheless, while Buesching et al. ( 2002a ) found clear 
group differences in samples collected from the same population 15 years prior to 
the present study also when all components detected by the GCMS were included 
in the analyses, in the present study group differences were obvious only if analyses 
were restricted to those components present in all members of the same social 
group. SGC profi les are chemically highly complex and have been reported to con-
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tain up to 58 of a possible ≥110 components, of which many occur only very rarely 
(Buesching et al.  2002a ). By limiting our analyses to those compounds, which 
occurred at least in all members of one (or several) social group(s), we could 
increase statistical power considerably while simultaneously ensuring that biologi-
cally meaningful components were included. Although scent provision experiments 
have confi rmed in a variety of species that individuals can discriminate between 
their own scent, scent of other members of their own group and scent from members 
of other social groups (e.g., badgers: Palphramand and White  2007 ; Bodin et al. 
 2006 ), few studies have tried to determine, what indicators animals utilize in this 
context, although learning of specifi c scent signatures appears important (Wyatt 
 2010 ). There is some evidence that it might be the case of recognizing components 
which are present also in their own scent/other members of their own group vs. 
components which are specifi c to a given different social group (Natynczuk and 
Macdonald  1994 ). Pairwise comparisons revealed signifi cant differences between 
the groups, but the high number of axes necessary to separate all groups in the sta-
tistical analyses indicates that the coding of a specifi c group scent is complex and 
multidimensional. Although dispersal rates remain low in this population 
(Macdonald et al.  2008 ), and overall population density remained comparatively 
stable (Macdonald et al.  2009 ), individuals now move more frequently between 
social groups (i.e. excursions and visits to neighbors: Macdonald et al.  2008 , 
Noonan et al.  2014 ) and extra-territorial matings appear to have increased from an 
estimated 42 % (Dugdale et al.  2007 ) to 48 % (Annavi et al.  2014 ). These changes 
appear to be associated with less pronounced group differences in odor profi les. 
Similar plasticity in group odors has also been reported in other species (e.g., ele-
phants: Goodwin et al.  2012 ; meercats: Leclaire et al.  2014 ). Nevertheless, by 
restricting group-specifi c information to the relative amounts and ratios of a subset 
of components, other chemical compounds can be utilized effectively to encode 
other information, e.g., relating to individuality. 

 Interestingly, however, we found no group-specifi c differences in the microbi-
ota, neither in the composition nor between any pair of social groups as determined 
by TRFs. Although this could indicate that other factors, such as genetic relation-
ships (e.g., Todrank et al.  1998 ), are more important in creating the group odor in 
badgers, the sensitivity of the method applied in this study restricted the sensitivity 
of our analyses as the number of OTUs exceeded the numbers of TRFs, and a 
single TRF can comprise several OTUs, thus limiting resolution (Sin et al.  2012 ). 
In contrast, Theis et al. ( 2013 ) used a high-throughput sequencing approach to 
analyze the bacterial communities inhabiting the scent organs of spotted hyenas, 
which afforded a far more detailed analysis and allowed for the most comprehen-
sive view of the bacterial communities inhabiting any specialized mammalian 
scent gland to date. As it is likely that the variation in metabolic activity is found 
at the species, subspecies, or even strain level in badgers, high-throughput sequenc-
ing can be expected to reveal more subtle differences in the microbial communities 
between social groups.     
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    Chapter 6   
 The Role of Bacteria in Chemical Signals 
of Elephant Musth: Proximate Causes 
and Biochemical Pathways       
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    James     D.     Shoemaker    ,     Mark     V.     Sutherland    ,     Alan     J.     Tackett    , 
and     Bruce     A.     Schulte   

6.1           Introduction 

6.1.1     Chemical Signals of Elephant Musth 

  Mammalian males of   many species have long been noted for their use of secre-
tions and excretions for conspecifi c communication. In 1871, Charles Darwin 
spoke to this topic: “The males are almost always the wooers; and they alone are 
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armed with special weapons for fi ghting with their rivals. They are provided, either 
exclusively or in a much higher degree than the females, with odoriferous glands. 
There is another and more peaceful kind of contest, in which the males endeavour 
to excite or allure the females by various charms. This may be affected by the 
powerful odours emitted by the males during the breeding-season; the odoriferous 
glands having been acquired through sexual selection” (Darwin  1981 , p 313, 397; 
Kappeler  1998 ). 

 Darwin’s characterizations are certainly relevant for male African ( Loxodonta 
africana ) and Asian ( Elephas maximus ) elephants in musth, a periodic state which 
is typically characterized by elevated serum androgens (specifi cally testosterone 
and dihydrotestosterone), heavy drainage from the temporal glands, urine dribbling, 
appetite reduction, increased activity to search for mates, intense competition for 
mating, and increased aggression (Eisenberg et al.  1971 ; Jainudeen et al.  1972 ; 
Poole and Moss  1981 ; Poole et al.  1984 ; Hall-Martin and van der Walt  1984 ; Poole 
 1987 ; Poole  1989 ; Rasmussen et al.  1996 ; Schulte and Rasmussen  1999 ; Ganswindt 
et al.  2005a ,  b ; Brown et al.  2007 ; Rasmussen et al.  2008 ; Chelliah and Sukumar 
 2013 ; Ghosal et al.  2013 ). Unlike the rut in ungulates (e.g., moose and deer), musth 
among male Asian and African elephants in any given population is asynchronous. 

  African and Asian elephants   have well-developed primary and secondary (vom-
eronasal) olfactory systems that are used to detect Darwin’s “powerful  odours ” 
(chemical signals) from conspecifi cs (Rasmussen and Schulte  1998 ; Rasmussen 
et al.  2003 ). The number of confi rmed mammalian chemical signals is relatively 
small (Albone  1984 ; Brown and Macdonald  1985 ; Schildknecht and Ubl  1986 ; 
Brennan and Keverne  2004 ; Burger  2005 ; Brennan and Zufall  2006 ; Sorensen and 
Hoye  2010 ; Charpentier et al.  2012 ; Apps  2013 ; Liberles  2014 ;  Wyatt  2014  ). 
Therefore, it is rather startling that two insect pheromones have been identifi ed as 
semiochemicals in Asian elephants: (1)  Z -7-dodecen-1-yl acetate, a urinary signal 
of impending ovulation (Rasmussen et al.  1997 ), and (2) frontalin, a chemical signal 
of sexual state and social maturity in the temporal gland secretion (TGS) of mature 
males in musth (Rasmussen and Greenwood  2003 ; Greenwood et al.  2005 ). 

  Musth   male TGS and urine emit distinctive odors which are easily detected from 
a great distance by conspecifi cs as well as humans (Poole  1987 ; Poole  1989 ; 
Hollister-Smith et al.  2008 ). Darwin ( 1981 , p 279) described the odor of musth TGS 
as follows: “At this period the glands on the side of the face of the male elephant 
enlarge and emit a secretion having a strong musky odor.” The pungent musth secre-
tions and excretions, which are primarily TGS and urine, serve as vehicles for 
 semiochemicals produced by physiological changes (Rasmussen and Perrin  1999 ; 
Schulte and Rasmussen  1999 ; Ganswindt et al.  2005a ,  b ). 

  Urine   is the solution by which mammals excrete not only excess water and elec-
trolytes but also a myriad of metabolites, some of which function in chemical sig-
naling (Albone  1984 ) and others in medical diagnosis (Ryan et al.  2011 ). Albone 
( 1984 , p 165) summarized this metabolic messaging as follows: “… urine necessar-
ily conveys to the external world in its detailed composition much information con-
cerning the internal physiological state of the animal concerned and thus provides 
the necessary basis for the evolution of specialized semiochemical systems.” 
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  Sexually dimorphic odors   are signifi cant factors  in   mammalian sexual selection 
(Blaustein  1981 ). Accordingly, African elephant musth urine trails evoke strong 
inspection by conspecifi cs (Poole  1987 ). It has been demonstrated that male African 
elephants can differentiate between the urine of female conspecifi cs in the luteal and 
follicular phases of estrus, as well as between musth and non-musth urine (Bagley 
et al.  2006 ; Hollister-Smith et al.  2008 ). The bark beetle pheromones frontalin and 
 endo - and  exo -brevicomin as well as their biosynthetic precursors (alken-2-ones; 
Vanderwel and Oehlschlager  1992 ; Keeling et al.  2013 ) have been identifi ed in the 
urine of female African elephants, but their putative role in elephant chemical sig-
naling has not yet been verifi ed (Goodwin et al.  2006 ). 

 Rasmussen and Wittemyer ( 2002 ) reported much higher concentrations of vola-
tile alkan-2-ones in the urine of wild African male elephants in musth when com-
pared to non-musth urine. As this distinctive increase of alkan-2-ones has been 
demonstrated for both wild and captive male African and Asian elephant excretions 
and secretions, these authors proclaimed it as a “species-free” chemical signal of 
musth (Rasmussen and Wittemyer  2002 ). 

 Goodwin and colleagues used automated  solid phase dynamic extraction (SPDE)   
and  gas chromatography-mass spectrometry (GC-MS)   (Goodwin et al.  2007 ,  2012 ; 
Goodwin and Schulte  2009 )  to   fi nd that the abundance of alkan-2-ones,    alkan-2-ols, 
and several simple aromatic compounds is elevated in the headspace over musth 
urine of captive elephants. The production of these compounds continues in the 
urine exogenously due to bacterial fermentation. Several studies have shown that 
chemical changes occur in urine as it ages (Wellington et al.  1983 ; Saude and Sykes 
 2007 ; Mochalski et al.  2012 ; Kwak et al.  2013 ; Troccaz et al.  2013 ). Thus, we pro-
posed that these simple compounds may serve as temporal signals from musth 
males to conspecifi cs. 

 The primary focus of the present report is on the alkan-2-ones and their corre-
sponding alkan-2-ols. Specifi cally we discuss (1) the probable biosynthesis of these 
compounds via a secondary pathway for fatty acid metabolism, (2) the proximate 
cause for their increased abundance in musth urine, and (3) the role of bacteria in 
the increased abundance of these compounds exogenously in aged urine.  

6.1.2     Microorganisms in Mammalian Semiochemistry 

 In  his   seminal book on mammalian semiochemistry, Albone ( 1984 ) includes a chap-
ter entitled “Microorganisms in Mammalian Semiochemistry.” In a subsection of 
this chapter (p 147–148), Albone discusses a “fermentation hypothesis” of chemical 
recognition which arose from his research with the red fox ( Vulpes vulpes ; Albone 
et al.  1974 ,  1977 ,  1978 ; Albone and Perry  1976 ), as well as from Gorman’s research 
on the Indian mongoose ( Herpestes auropunctatus ;  1974 ;  1976 ). These studies pro-
pose that microorganisms associated with the anal sac/anal pocket metabolize 
organic substrates to produce a set of carboxylic acids that function for individual or 
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group recognition. Simply put, the two tenets of the fermentation hypothesis can be 
expressed as follows.

•    Symbiotic microorganisms in scent glands contribute to mammalian odor 
profi les  

•   Variations in mammalian host odor profi les mirror variations in their bacterial 
communities, and these odors have signaling relevance    

 The fi rst of these tenets has long been known and amply demonstrated (cf. 
Leyden et al.  1981 ; Zechman et al.  1984 ; Voigt et al.  2005 ; Natsch et al.  2006 ; Penn 
et al.  2007 ; James et al.  2013 ), but in some cases it remains to be determined 
whether the specifi c metabolites that bacteria contribute are relevant in the context 
of signaling (Ezenwa and Williams  2014 ). The second tenet has only recently 
begun to be demonstrated (Zomer et al.  2009 ; Sin et al.  2012 ; Theis et al.  2013 ; 
Leclaire et al.  2014 ). 

 While the original fermentation hypothesis focused on mammalian scent glands, 
a broader defi nition has been proposed: “Although the fermentation hypothesis was 
developed for mammals that mark with scent glands, it might also accommodate 
mammals that mark with urine or faeces, or even nonmammalian species that use 
chemical communication. Therefore viewed broadly, the fermentation hypothesis 
has the potential to be an inclusive model for animal chemical recognition” (Archie 
and Theis  2011 , p 428). 

 We propose herein that the fermentation hypothesis is relevant for exogenous, 
microbially mediated urinary chemical signals of elephant musth. There are many 
defi nitions of fermentation in biochemistry and microbiology (Li  2004 ; Willey et al. 
 2008 ); however, for the current context this simple one seems most appropriate: “… 
a process in which microorganisms produce chemical changes in organic substrates 
through the action of enzymes produced by these microorganisms (Li  2004 , p 685).”  

6.1.3     Hypotheses and Predictions 

 Our experiments  were   crafted with the following hypotheses in mind: (1) bacterial 
metabolism is responsible for the exogenous increase in abundance of the selected 
urinary compounds; (2) a higher abundance of the metabolites of interest would be 
observed in aged musth urine compared to aged non-musth urine; (3) the abundance 
of these metabolites could be reduced by centrifuging and fi ltering the urine to 
remove bacteria prior to aging; (4) increased bacterial metabolism would be restored 
by re-introduction of the centrifugation pellet or feces; (5) the bacteria would be 
killed by autoclaving the centrifugation pellet before reintroduction, thus lowering 
the abundance of the metabolites of interest; (6) the alkan-2-ones and alkan-2-ols 
are produced by fatty acid metabolism; therefore, (7) fatty acids would be found in 
the elephant urine, likely carried there bound to albumin (Kamijo et al.  2002 ; van 
der Vusse  2009 ).   
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6.2     Materials and Methods 

6.2.1     Urine Collection 

 The elephants  used   in this research were examined routinely by veterinarians and 
were in good health at the times of urine collection (for more information about 
these elephants, see Goodwin et al.  2012 , Table  6.1 ). Musth status was characterized 
by urine dribbling, heavy temporal gland secretion, and a pungent odor from excre-
tions and secretions. A musth and non-musth urine sample from three African ele-
phants and one Asian elephant were collected in clean, new glass containers by staff 
members at various facilities (see Acknowledgments), frozen soon after collection 
on dry ice or in a −70 or −80 °C freezer, and shipped on dry ice to Hendrix College. 
Samples were stored in a −70 °C freezer and thawed at approximately 37 °C imme-
diately before analysis by SPDE/GC-MS). Bacterial contamination in human urine 
can alter the metabolic profi le over time unless the urine is stored in an ultralow- 
temperature freezer (Saude and Sykes  2007 ).

6.2.2        SPDE/GC-MS Sample Preparation and Analysis 

  SPDE/GC-MS   has been previously employed in a study of putative chemical signals 
in African elephant urine (Goodwin et al.  2006 ,  2007 ,  2012 ). SPDE features con-
centration of volatile organic chemicals by repetitive fl ow back and forth over an 
adsorbant polymer coating on the inside wall of a stainless steel syringe needle that 
is attached to a gastight syringe (Lipinski  2001 ). For a typical SPDE/GC-MS analy-
sis of elephant urine, a 1.0 mL aliquot and a small  Tefl on ® -coated stir bar were 
sealed in a 20 mL glass screw-top vial (autosamplerguys.com), which had been 
previously washed thrice with acetone and thrice with deionized water and was 
sterilized by autoclaving at 18 psi and 121 °C for 20 min. 

 The vials were sealed with a threaded, metallic septum cap (silicone/PTFE lay-
ered septum; autosamplerguys.com). Multiple samples were programmed to run 
automatically using the Combi PAL robot and associated SPDE hardware and soft-
ware (Chromtech.com). The SPDE needle was internally coated with activated 
charcoal (Carboxen ® )-polydimethylsiloxane (AC-PDMS). After incubating the 
stirred sample at 37 °C for 15 min, the headspace was extracted for 13 min (200 
up-and-down 1 mL strokes of the syringe). Desorption of adsorbed analytes was at 
250 °C in the GC inlet. GC-MS analyses were conducted using an Agilent 6890 N 
GC and 5973 N Mass Selective Detector. The capillary GC column was an Equity 
1 (bonded; polydimethylsiloxane), 60 m × 0.32 mm ID, 1 μm fi lm thickness (Supelco 
cat. No. 28058U). The GC oven was temperature programmed to hold for 2 min at 
35 °C, followed by ramping to 180 °C at 3.75 °C/min where it was held for 5 min 
before ramping at 20 °C/min to a fi nal temperature of 250 °C where it was held for 
10 min. The mass spectrometer was programmed at 3.09 scans/s for a mass scan of 
30–500 amu. The identities of all compounds reported herein from SPDE/GC-MS 
were verifi ed by GC retention times and mass spectra when compared to commer-
cial samples, as well as by comparison to the NIST mass spectral library.  
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6.2.3     Experimental Procedures to Assess Microbial Metabolism 

 To generate  the   data shown in Table  6.1 , samples of musth and non-musth urine 
from three healthy African elephants were centrifuged (10–15,000 ×  g  for 2 min) 
and fi ltered (0.22 μm sterilizing fi lter) to remove insolubles, including microbes. 
Glassware, plasticware, and stainless steel spatulas were washed with acetone and 
deionized water, and sterilized by autoclaving at 18 psi and 121 °C for 20 min.  1  mL 
aliquots of these centrifuged and fi ltered samples in SPDE vials were treated as fol-
lows in the bulleted list, sealed with a septum cap, and allowed to incubate at room 
temperature for 48 h before analyzing by SPDE/GC-MS. The abbreviations in 
parentheses refer to entries in Tables  6.1  and  6.2 .

•     Nothing was added to centrifuged and fi ltered musth and non-musth urine (CF)  
•   A non-musth centrifugation pellet was added to centrifuged and fi ltered musth 

and non-musth urine (CFNMP)  
•   A musth centrifugation pellet was added to centrifuged and fi ltered musth and 

non-musth urine (CFMP)  
•   An autoclaved musth centrifugation pellet was added to centrifuged and fi ltered 

musth urine (CFA)  
•   A stainless steel spatula was inserted into fresh, male African elephant feces; the 

visible feces was gently wiped off the spatula with a Kimwipe ® ; then the spatula 
tip was inserted into centrifuged and fi ltered musth urine and moved around for 
a few seconds to introduce fecal bacteria (CFF)     

6.2.4      Culturing Bacteria from Elephant Urine 

 Bacteria  were   cultured by evenly spreading 0.1 mL of thawed urine over a tryptic soy 
agar plate using a sterile bent glass rod. The plate was then incubated 48 h at 37 °C. 
Sequential, selective streaking and culturing led to the isolation of several pure 
strains of bacteria.  

6.2.5       Identifying Bacteria from Elephant Urine 

 Bacterial  identifi cation   was based on sequencing the highly conserved 16S rRNA 
gene. Single colonies were placed in PCR tubes, and amplifi ed using GoTaq(R) Hot 
Start PCR (Promega Corp., Madison, WI) using universal bacterial primers 8 F and 
1492R, resulting in a ca. 1500 bp fragment. This was visualized by agarose gel elec-
trophoresis, and purifi ed with QIAquick PCR purifi cation kits (Qiagen, Alameda, 
CA). The purifi ed product was quantifi ed using a Nanodrop 2000 spectrophotometer 
(Thermo Fisher Scientifi c, Inc., Waltham, MA) and adjusted to suggested concentra-
tions. Samples were sequenced at the University of Arkansas for Medical Sciences 
(UAMS) Sequencing Core Facility using a 3130XL Genetic Analyzer (Applied 
Biosystems, Foster City, CA), using primers Fd1, 800 F, 1050 F, 800R, 1050R and 
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RP2. Sequences were aligned and edited using ChromasPro (Technelysium Pty Ltd, 
Brisbane). Identifi cation was performed using searches for the closest matches in the 
NIH BLAST database  (  http://blast.ncbi.nlm.nih.gov/Blast.cgi    ).  

6.2.6     Urinary Fatty Acids 

  Concentrations   and identities of urinary fatty acids were determined by GC-MS as 
described by Shoemaker and Elliot ( 1991 ).  

6.2.7      Sequencing African Elephant Urinary Proteins 

 Proteins  were   resolved by SDS-PAGE, visualized by colloidal Coomassie staining, 
excised, and treated in-gel with trypsin for protein identifi cation (Smart et al.  2009 ). 
Peptides were subjected to tandem mass spectrometric analysis by nanospray ion-
ization with a coupled nanoLC 2D reverse-phase liquid chromatography system 
(Eksigent) and Thermo LTQ mass spectrometer (Smart et al.  2009 ). Two proteins 
were identifi ed by UniProt database searching with Mascot using the  Loxodonta 
africana  protein sequences (  http://www.uniprot.org    ); The UniProt Consortium 
(2014) Activities at the Universal Protein Resource (UniProt).  Nucl Acids Res  
42(D1): D191–D198). A Schiff stain and a subsequent Coomassie blue stain were 
used to verify that one of the two proteins is highly glycosylated (Carlsson  1993 ).  

6.2.8     IACUC Approval 

 All animal- related   activities and research discussed herein were approved by the 
Institutional Animal Care and Use Committee (IACUC) or its equivalent at all par-
ticipating institutions.   

6.3     Results 

6.3.1     General Overview 

 A series  of   alkan-2-ones, alkan-2-ols, and a few aromatic compounds have a higher 
concentration in the urine of musth male elephants than in urine from non-musth 
males (Rasmussen and Wittemyer  2002 ; Goodwin et al.  2012 ). After 48 h at the 
ambient temperature the abundance of these compounds in the expelled urine had 
increased, and this increase could be prevented by centrifuging and fi ltering to remove 
insolubles, including bacteria (Goodwin et al.  2012 ). In this section we compare rela-
tive abundances of these organic compounds in non-musth and musth African male 
elephant urine that has been aged for 48 h, centrifuged and fi ltered, and then a musth 
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or non-musth centrifugation pellet or feces has been reintroduced. We also demon-
strate that elephant urine contains fatty acids, the probable biochemical precursor of 
the alkan-2-ones and alkan-2-ols. Additionally, African elephant albumin, the prob-
able carrier protein that ferries fatty acids into the urine, has been sequenced and 
shown to share a high sequence homology with Asian elephant albumin.  

6.3.2     Relative Abundance of Selected Compounds 
in Aged African Elephant Urine 

 Following up on earlier fi ndings that microorganisms are likely responsible for the 
exogenous increase in abundance of certain urinary ketones, alcohols, and aromatic 
compounds (Goodwin et al.  2012 ), a new set of experiments were designed to pro-
vide additional information regarding this phenomenon. 

 Tables  6.1  and  6.2   show compound abundances for aged centrifuged and fi ltered 
non-musth urine and musth urine (CF), and for centrifuged and fi ltered non-musth 
or musth urine with a non-musth or musth centrifugation pellet (CFNMP or CFMP, 
respectively) reintroduced before aging, as well as for centrifuged and fi ltered musth 

           Table 6.1     Comparison of  selected    compounds in non-musth and musth urine of three male 
African elephants under various conditions. The data are derived from mean peak areas from 
GC-MS total ion chromatograms normalized to the value for non-musth CF pentan-2-one, the 
compound of lowest abundance a    

 Non-musth urine  Musth urine 

 Compound  CF  CFNMP  CFMP  CF  CFA  CFF  CFNMP  CFMP 

 Pentan-2-one  1.00 b   1.81 b   3.96 b   82.3  91.6 b    167  b   116  115 
 Hexan-2-one  –  –  1.63 b   57.0  48.3 c   92.7 c   79.9   181  
 Hexan-2-ol  –  –  –  –  –  –  6.37 b   – 
 Heptan-2-one  –  15.4  35.5 c   27.0  20.1 b   66.6  119   679  
 Heptan-2-ol  –  5.26 b   –  –  –  8.27 b    27.2  c   10.6 c  
 Octan-2-one  –  33.8  81.3  –  –  38.5  207   808  
 Octan-2-ol  –  13.5 b   9.47 c   –  –  21.5 b   32.6 c    41.0  c  
 Acetophenone  4.67 c   20.5  6.43 c   49.9  45.3   1620   106  149 
 4-Methylphenol  3.34 c   243  2290  763  1910  3640 c   3500   11,300  
 Nonan-2-one  2.50 b   25.6  54.3  52.0  15.2 b   1260  4970   12,300  
 Nonan-2-ol  –  –  –  113  60.8  727 c    1600  c   194 
 Decan-2-one  –  –  9.57 b   1.74 b   –  104 c   232   1840  
 Decan-2-ol  –  –  –  3.67 b   –  90.5 b    648  c   3.63 b  
 4-Ethylphenol  –  28.8 c   168 c   127  165   1110   c    483  707 
 Undecan-2-one  –  4.73 b   22.0 c   –  –  352  2050   4440  
 Undecan-2-ol  –  –  –  14.5 b   –  362  b     1300  c   28.6 b  

  The maximum relative value for each compound is indicated in bold. All data were acquired 48 h 
after thawing. Unless otherwise noted, means are based on data from all three elephants. [CF = cen-
trifuged and fi ltered; CFNMP = non-musth centrifugation pellet introduced; CFMP = musth centrifu-
gation pellet introduced; CFA = autoclaved centrifugation pellet introduced; CFF = feces introduced] 
  a A dash indicates non-detectable or inadequate amount for accurate integration,  b  N  = 1, c  N  = 2  
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urine with the following additions made before aging: autoclaved musth urine cen-
trifugation pellet (CFA) or fresh African elephant fecal bacteria (CFF) . 

  The results in Table  6.1  show the following: 

•    The compounds of maximum abundance in general were nonan-2-one and 
4-methylphenol  

•   No compound exhibited its maximum abundance in either non-musth urine, 
the centrifuged and fi ltered musth urine, or the centrifuged and fi ltered 
musth urine to which the autoclaved centrifugation pellet was added (indeed, 
the largest number of undetected compounds was clearly for the CF non-musth 
samples)  

•   With the exception of pentan-2-one, the maximum abundance for the alkan-2- 
ones was evident in the CFMP samples  

•   The only compounds exhibiting maximum abundance in the CFNMP were four 
alkan-2-ols  

•   In all cases, the combined abundance of an alkan-2-one and the corresponding 
alkan-2-ol was highest in the CMFP samples  

•   For all musth compounds, the abundance was higher in the CFF samples than in 
the CF or the CFA samples    

         Table 6.2     Comparison of selected compounds in musth and non- musth   urine of a male Asian 
elephant under various conditions. The data are derived from peak areas from GC-MS total ion 
chromatograms normalized to the value for non-musth CFNMP octan-2-one, the compound of 
lowest abundance a    

 Non-musth  Musth 

 Compound  CF  CFNMP  CFMP  CF  CFA  CFF  CFNMP  CFMP 

 Heptan-2-one  4.03  3.39  15.7  13.8  13.0   37.9   18.6  13.1 
 Heptan-2-ol  –  –  –  –  –   3.93   –  2.15 
 Octan-2-one  4.84  1.00   46.2   –  –  15.2  3.40  7.16 
 Octan-2-ol  –  –  16.9  –  –  –  –  – 
 Acetophenone  16.4  20.2  12.0  58.6  68.7   264   73.8  52.6 
 4-Methylphenol  –  –   2890   207  419  269  1050  1210 
 Nonan-2-one  –  –  53.7  3.23  2.43   253   140  241 
 Nonan-2-ol  –  –  11.3  2.44  5.67  2.43  43.2   53.4  
 1-Phenylpropan-2-one  –  –  –  123  0.81   139   22.1  71.5 
 Decan-2-one  –  –   54.3   –  –  –  4.40  – 
 Decan-2-ol  –  –  –  –  –  –  –  – 
 4-Ethylphenol  –  –  –  –  5.31   19.9   –  1.81 
 Undecan-2-one  –  –  –  –  -  15.8   40.7   24.5 
 Undecan-2-ol  –  –  –  –  –  –  3.72   7.08  

   a A dash indicates non-detectable or inadequate amount for accurate integration 
 The maximum relative value for each compound is indicated in bold. All data were acquired 48 h 
after thawing. [CF = centrifuged and fi ltered; CFNMP = non-musth centrifugation pellet intro-
duced; CFMP = musth centrifugation pellet introduced; CFA = autoclaved centrifugation pellet 
introduced; CFF = feces introduced]  
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  The results in Table  6.2  show the following: 

•    The compounds of maximum abundance were nonan-2-one and 4-methylphenol.  
•   Most compounds exhibited their maximum abundance in musth urine samples; 

however three compounds exhibited maximum abundance in the non-musth 
CFMP samples.  

•   The largest number of maximum compound abundances were in the musth CFF 
samples.     

6.3.3     Relative Abundance of Medium- and Long-Chain Fatty 
Acids in Aged Elephant Urine 

 As will be detailed in the Discussion, we believe that  the    exogenously   produced 
urinary alkan-2-ones are the result of bacterial metabolism of fatty acids, and that 
the alkan-2-ols are derived by reduction of the alkan-2-ones. The urine samples 
were analyzed on the day of thawing from −70 °C and were kept at the ambient 
temperature until the sixth day after thawing and analyzed once more. As shown 
in Table  6.3 , 10 fatty acids were identifi ed. The highest abundance for each acid 
is bolded.

6.3.4         African Elephant Urinary Proteins 

 Alignment of  the   L. africana  (G3SMX8) and  E. maximus  (Q6B3Z0; Lazar et al. 
 2004 ) albumin sequences from the UniProt database showed sequence homology of 
over 99 % between the two species. A glycoprotein (a uromodulin; Devuyst et al. 
 2005 ) from African elephant urine was also sequenced (accession number G3SN28).   

6.4     Discussion 

6.4.1     Introduction 

 As previously stated, Rasmussen and Wittemyer ( 2002 ) found that a series of 
alkan-2- ones were present in higher concentration in the urine of wild African 
elephants in musth when compared to non-musth urine. Rasmussen and co-work-
ers also found volatile ketones emanating from the temporal gland orifi ces (prior to 
drainage), temporal gland secretions (TGS), breath, and urine of captive and wild 
musth Asian elephants (Rasmussen et al.  1990 ; Perrin et al.  1996 ; Rasmussen and 
Perrin  1999 ). Similar sets of alkan-2-ones and the corresponding alcohols were 
present in higher abundances in musth urine of captive African elephants, and the 
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abundances increased exogenously when the urine was aged at the ambient tem-
perature (Goodwin et al.  2012 ). 

 Musth Asian males were also found to exhibit a large elevation of serum triglyc-
erides and the lipase that catalyzes their hydrolysis to fatty acids and glycerol, lead-
ing to speculation that the alkan-2-ones are derived from fatty acids (Rasmussen 
 1999 ; Rasmussen and Perrin  1999 ). If this hypothesis is supported, then two ques-
tions naturally arise: (1) By what biochemical pathway are the alkan-2-ones synthe-
sized from fatty acids? (2) Why are serum levels of fatty acids and urine levels of 
alkan-2-ones particularly elevated during musth? Both questions are addressed 
below, as is the role of bacteria in the continued urinary production of alkan-2-ones 
and the corresponding alkan-2-ols exogenously as the urine ages.  

6.4.2      Biosynthesis of Alkan-2-Ones from Fatty Acids 
During Musth 

 Adrenalin (epinephrine) induces increased mobilization and lipolysis (hydrolysis) 
of adipose tissue triglycerides during exercise (Okuda  1975 ; Horowitz  2003 ). 
Analogously, malnutrition and untreated diabetes generate a need for energy derived 
from metabolism of stored triglycerides to replace energy normally supplied by 
carbohydrate metabolism (Miaskiewicz et al.  1989 ; Stryer  1995 , p 612; Arner 
 1995 ). At such times some acetyl CoA, the usual end product of fatty acid metabo-
lism, is diverted from the citric acid cycle to be used in biosynthesis (“ketogenesis”) 
of the so-called ketone bodies (acetoacetate, acetone (propan-2-one), and 
β-hydroxybutyrate), which appear in the urine. Ketogenesis begins via condensa-
tion of two acetyl CoA subunits to produce acetoacetyl CoA, which is subsequently 
transformed into acetoacetate. β-Hydroxybutyrate and acetone are produced from 
acetoacetate by carbonyl reduction and decarboxylation, respectively (McClatchey 
 2002 , p 526–527; Nelson and Cox  2008 , p 666–667). Thus, metabolism by this 
secondary pathway can explain the increased production of propan-2-one by musth 
elephants. 

 Butan-2-one synthesis can occur in an analogous manner via condensation of 
acetyl CoA with propionyl CoA, a residue of catabolism of fatty acids with an odd 
number of carbon atoms (Stryer  1995 , p 612); yet this type of process may not 
fully account for the biosynthesis of higher ketone homologs. The production of 
higher homologs of propan-2-one in plants via decarboxylation of β-keto acids 
was proposed long before the chemistry of “ketone body” formation was well 
understood (Dakin  1908 ). Much later, Rhodes et al. ( 1982 , p 39) detected alkan-2-
ones in the urine of diabetic rats and proposed their genesis from “decarboxylation 
of keto acids, in a manner similar to the well-known formation of acetone” (from 
acetoacetate). This was also demonstrated to be the likely pathway by which 
alkan-2-ones are generated by microorganisms from milk fats in cheese 
(McSweeney and Sousa  2000 ). Interestingly, some of propan-2-one’s higher 
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homologs (pentan-2-one, heptan- 2-one, nonan-2-one, and several branched-chain, 
low-molecular-weight alkan-2-ones) have been detected as volatile metabolites in 
normal and diabetic human urine, possibly arising by the β-keto acid decarboxyl-
ation pathway (Zlatkis et al.  1973 ; Mills and Walker  2001 ). 

 Rasmussen and Perrin ( 1999 ) were the fi rst to suggest that high levels of propan-
2- one and a few other ketones in the breath of Asian elephants in musth were 
indicative of lipid catabolism. Rasmussen also proposed that decanoic acid might 
be converted into nonan-2-one, a compound identifi ed in the temporal gland 
 secretion of an Asian elephant in musth (Rasmussen et al.  1990 ; Rasmussen and 
Krishnamurthy  2000 ). In this and similar studies, nonan-2-one was invariably the 
third most abundant urinary alkan-2-one, with only propan-2-one and butan-2-one 
being present in higher concentrations (Rasmussen and Wittemyer  2002 ). 
Analogously, Novotny and co-workers ( 2007 ) found heptan-2-one to be a uri-
nary chemical signal in female mice ( M. musculus domesticus ), and attributed 
its metabolic origin and that of similar compounds to fatty acid oxidation 
(see also Zhang et al.  2008 ). 

 Fatty acid metabolism (“the β-oxidation pathway”) usually proceeds via a β-keto 
thioester which reacts with CoASH in a retro-Claisen condensation to provide one 
equivalent of acetyl CoA and a thioester which has been shortened by two carbons, 
and this process is repetitive (Scheme  6.1 , primary pathway; Stryer  1995 , p 605–
611; Kunau et al.  1995 ; Laposata  1995 ; Bhaumik et al.  2005 ). However, when suf-
fi cient energy cannot be produced from carbohydrate metabolism (as with diabetes, 
malnutrition, or excessive exercise), unusually large quantities of stored triglycer-
ides are hydrolyzed and released from adipocytes into the bloodstream as fatty 
acids. Elevated adrenaline and androgen levels also initiate mobilization of stored 
fatty acids into the bloodstream. When fatty acid concentrations overwhelm the 
ability of the normal catabolic production of acetyl CoA to keep up, a secondary 
pathway is activated. This process involves hydrolysis of the intermediary β-keto 
thioester to a β-keto acid which decarboxylates to produce an alkan-2-one with one 
less carbon (Scheme  6.1 , secondary pathway). Because successive iterations of the 
primary pathway can produce a series of β-keto acids each two carbons shorter than 
its predecessor, a series of alkan-2-ones can result by the secondary pathway from 
metabolism of long-chain fatty acid precursors. The fatty acids or triglycerides can 
be of dietary origin, or may be synthesized in vivo from acetyl CoA (Stryer  1995 , 
p 614–618; Laposata  1995 ).

   There is good experimental evidence for the operation of this secondary path-
way (Scheme  6.1 ) to produce alkan-2-ones (and thence reduction to the corre-
sponding alkan-2-ols; Scheline  1973 ; Schulz and Dickschat  2007 ), notably in the 
catabolism of milk fatty acids by microorganisms to give a characteristic fl avor and 
odor to certain cheeses (Lawrence and Hawke  1966 ; Kinsella and Hwang  1976a ,  b ; 
McSweeney and Sousa  2000 ; Marilley and Casey  2004 ). Additionally, this path-
way for biosynthesis of alkan-2-ones from fatty acids has been demonstrated to be 
operative in a wild tomato species (Fridman et al.  2005 ) and marine arctic bacteria 
(Dickschat et al.  2005 ). 
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 We suggest that the secondary biosynthetic pathway (Scheme  6.1 ) is followed for 
the production of alkan-2-ones and alkan-2-ols endogenously in elephants, and is fol-
lowed exogenously as well in the urine via bacterial fermentation of fatty acids. It is 
likely followed in other mammals as well. For example, in the breeding season the 
urine of the male brown antechinus ( Antechinus stuartii ), a small Australian marsu-
pial, contains a series of alkan-2-ones (hexan-2-one, octan-2-one, nonan-2- one, 
decan-2-one, and undecan-2-one) that are not present in the urine of females or cas-
trated males (Toftegaard et al.  1999 ). The brown antechinus is one of only a few mam-
mals (all in the Dasyuridae and Didelphidae families) in which the males die after one 
breeding season (i.e., they are semelparous). The cause of death is the deleterious 
effect of unabated high levels of cortisol and testosterone (Naylor et al.  2008 ).  

6.4.3      Proximate Causes of Elevated Fatty Acid and Alkan-2 - 
one Levels During Musth 

 A study on male moose ( Alces alces ) in rut provides experimental fi ndings that are 
relevant to understanding certain aspects of elephant musth (Miquelle  1990 ). Mature 
male moose cease feeding completely (hypophagia) for about 2 weeks during their 
rutting period, and a similar appetite suppression is common for the rut in males of 

  Scheme 6.1    Two pathways for fatty acid metabolism via β-oxidation       
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other ungulate species (Coblentz  1976 ). During the rut, male moose use urine marks 
to attract female conspecifi cs, and possibly to induce ovulation (Miquelle  1991 ). 
The peak timing of hypophagia coincides with maximum urine marking. A com-
mon proposal for elephants during musth is that decreased feeding and the resultant 
weight loss result from a high expenditure of energy as males search for and breed 
females, therefore having little time for foraging (Barnes  1982 ; Poole  1989 ). 
Miquelle ( 1990 ) found that during the rut, male moose spend approximately 45 % 
of their time standing inactive, and therefore have abundant free time to eat should 
they so desire. He proposed the following (p 150): “… hypophagia is a byproduct of 
a physiological process associated with scent-urination.” There are good reasons to 
suggest that this physiological process is the increase in serum androgen concentra-
tions and subsequent metabolism of an abundance of lipids as discussed below. 

 The androgen dependence of the chemical composition of male rodent urine 
during scent marking has been conclusively demonstrated (Roberts  2001 ). The 
increased mobilization of fatty acids into the bloodstream during moose rut and 
elephant musth is likely stimulated by the elevated level of androgens as well. This 
phenomenon has been proposed for elephants (Poole  1989 ; Rasmussen and Perrin 
 1999 ) and is well documented in humans (Kartin et al.  1944 ; Chioléro et al.  1997 ). 
Elevated androgen levels can lead to increased serum fatty acid concentrations 
through de novo lipogenesis from acetyl CoA, as well as from mobilization and 
lipolysis of stored triglycerides from adipose tissue (Swinnen and Verhoeven  1998 ; 
Saleh et al.  1999 ). Therefore it is reasonable to propose that male elephants 
decrease foraging and lose weight during musth not merely because they are busy 
pursuing females, but also due to elevated androgens and subsequent catabolism of 
triglycerides. In fact, Poole ( 1989 , p 147) notes that captive Asian elephants have 
been reported to “lose weight during musth even when they are chained and given 
normal rations of food” (Deraniyagala  1955 ).  

6.4.4     The Role of Bacteria in Chemical Signals of Elephant 
Musth 

 What we know:

•    The ability of bacteria to produce alkan-2-ones and alkan-2-ols has been demon-
strated previously (Dickschat et al.  2005 ; Schulz and Dickschat  2007 ), as well as 
in our preliminary studies when we inoculated urine with pure strains of bacteria 
(Goodwin, unpublished).  

•   There are bacteria in elephant urine (Sects.  6.2.4  and  6.2.5 ; Fig.  6.1 ).
•      Musth male elephant urine has elevated levels of alkan-2-ones and alkan-2-ols 

compared to non-musth urine (Rasmussen and Wittemyer  2002 ; Goodwin et al. 
 2012 ; Tables  6.1  and  6.2 ).  

•   The abundance of these urinary ketones increases exogenously as the urine ages 
(Goodwin et al.  2012 ).  
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•   The exogenous production these compounds can be stopped by centrifuging 
(10–15,000 ×  g  for 2 min) and fi ltering (0.22 μm sterilizing fi lter to remove insol-
ubles, including microbes) (Tables  6.1  and  6.2 ; Fig.  6.1 ).  

•   We can restore the exogenous production of these compounds by reintroducing 
the centrifugation pellet (unless the pellet is autoclaved fi rst) and by inoculation 
with feces.  

•   The ability of microbes to convert fatty acids to alkan-2-ones and alkan-2-ols has 
been demonstrated (Lawrence and Hawke  1966 ; Kinsella and Hwang  1976a ).  

•   Elephant urine contains fatty acids (Table  6.3 ).  
•   Elephant urine contains albumin (Sects.  6.2.7  and  6.3.4 ).      

6.5     Conclusion 

  In Sects.   6.4.2  and  6.4.3  we discussed proximate causes for higher levels of serum 
fatty acids during elephant musth, and how this could lead to the higher levels of 
alkan-2-ones and alkan-2-ols in musth urine. We also proposed that as the expelled 

  Fig. 6.1     Cultures of 
bacteria   from musth urine. 
 Upper left : Untreated 
musth urine;  lower left : 
centrifuged and fi ltered, 
musth pellet reintroduced; 
 upper right : centrifuged 
and fi ltered;  lower right : 
centrifuged and fi ltered, 
autoclaved pellet 
reintroduced       
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urine aged, bacterial metabolism of urinary fatty acids leads to the observed increase 
in abundance of these ketones and alcohols. An obvious explanation for higher 
levels of alkan-2-ones and alkan-2-ols in musth urine versus non-musth urine would 
be that the concentrations of their fatty acid precursors are higher in musth urine, 
but that is not evident from the data in Table  6.3  (although a larger data set might be 
more revealing). There is yet another compelling explanation, as discussed below. 

 We propose that the fermentation hypothesis (Albone  1984 ) is operative in 
chemical signaling of elephant musth. Of particular interest for the present study is 
Albone’s prescient statement that one function of microbial systems in mammalian 
scent production requires time modulation of fermentation product composition: 
“… as in signaling the occurrence of a particular physiological state in a mammal. 
The mammal is able to control the fermenting system by varying substrate composi-
tion and availability, and providing that microorganisms are present which have 
adapted to utilize the new substrate, the response in terms of signal production will 
be rapid” (Albone et al.  1977 , p 38). Theis et al. ( 2013 , p 19835) suggest a general 
“symbiotic hypothesis,” the explanatory potential of which is “limited only by the 
capacity of hosts’ social and physiological circumstances to alter the structure of 
their symbiotic microbial communities in ways that consequently affect hosts’ odor 
profi les in signaling-relevant ways.” 

 Thus elephants in musth may have a urinary microbial community that is somehow 
different from that when not in musth. This could explain why adding a musth urine 
centrifugation pellet (presumably containing bacteria) to  centrifuged and fi ltered  
musth and non-musth urine generally results in higher abundances of alkan-2-ones 
and alkan-2-ols than does addition of a non-musth centrifugation pellet (Tables  6.1  
and  6.2 ). It is also reasonable to propose that bacterial communities in elephant urine 
derive, at least in part, from the distal urethra, periurethral area, and/or the penile 
sheath (Spainea et al.  2000 ). Of interest in this regard is that of the two bacteria men-
tioned in Sect.  6.2.5 , one matched most closely in the BLAST search to  Micrococcus 
xinjiangensis , and the other to  Staphylococcus sp . These are common types of skin 
bacteria (James et al.  2013 ). 

 So what directions might this fi eld of research go in the future? Consider a recent 
review on microbially produced chemical signals in animals, in which Ezenwa and 
Williams ( 2014 , p 3) stated the following”: Mammals are the most-studied taxon in 
terms of microbial-based olfactory signaling, yet evidence from this group is still 
rather weak in two respects. First, only in a few cases have cause and effect rela-
tionships been established. Second, the specifi c microbes involved are typically 
unknown.” These authors state, in specifi c reference to our elephant research 
(Goodwin et al.  2012 ), that “… captive individuals could be used to test for effects 
of microbial addition on receiver behavior.” Thus behavioral bioassays could be 
devised in which responses to centrifuged and fi ltered elephant urine are compared 
to responses to untreated urine, and also to study whether responses change as the 
urine samples age. Additionally, as all of the selected ketones and alcohols are com-
mercially available, mixtures of these could be bioassayed. In addition, the bacte-
rial communities in elephant urine can be thoroughly surveyed as recently 
demonstrated with hyena secretions (Theis et al.  2013 ). In preliminary studies we 
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have observed the ability of pure bacterial strains isolated from elephant urine to 
produce alkan-2-ones and alkan-2-ols when introduced to centrifuged and fi ltered 
elephant urine (Goodwin, unpublished), thus this avenue of research also deserves 
further attention. 

 The fi eld of microbial chemical ecology is burgeoning as evidenced by a special 
issue of the  Journal of Chemical Ecology  (2013, 39:807–1054), yet none of the 
excellent articles contained therein focused on the role of microbes in mammalian 
chemical signaling. Many years ago Albone et al. ( 1977 , p 35) wrote the following: 
“Although it has long been known that microorganisms are, at least partially, 
responsible for odor, such as axillary odor and halitosis, or breath odor, in man, 
only recently has it been suggested that microbially- derived odors might assume a 
chemical signifi cance in mammals.” Much has changed in the ensuing years as 
procedures, techniques, and instrumentation have improved dramatically, and as 
microbiologists, behavioral ecologists, chemists, and others have contributed new 
knowledge regarding the role of microbes in mammalian semiochemistry. We are 
glad that the majestic elephants and their tiny symbionts have a role to play in this 
fast-moving and fascinating fi eld of research.   
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    Chapter 7   
 Age-Related Variation in the Scent Pouch 
Bacterial Communities of Striped Hyenas 
( Hyaena hyaena )       

       Kevin     R.     Theis     ,     Arvind     Venkataraman    ,     Aaron     P.     Wagner    , 
    Kay     E.     Holekamp    , and     Thomas     M.     Schmidt   

7.1           Introduction 

7.1.1     Fermentation Hypothesis for Animal Chemical 
Communication 

 Animals  ubiquitously   associate with microbes (Gilbert et al.  2012 ; McFall-Ngai 
et al.  2013 ), and one way these microbes can benefi t their host animals is by con-
tributing to their behavioral phenotypes (Archie and Theis  2011 ; Ezenwa et al. 
 2012 ). The fermentation hypothesis for animal chemical communication suggests 
that components of animals’ chemical signals include metabolic products of their 
symbiotic microbes and that variation in these signals, both among and within ani-
mal species, is due in part to underlying variation in the structures of their odor-
producing microbial communities (Albone et al.  1974 ; Gorman et al.  1974 ; Albone 
and Perry  1975 ; Gorman  1976 ; Albone  1984 ; Archie and Theis  2011 ). The hypoth-
esis was originally proposed in the 1970s to explain the mechanistic origin of chem-
ical signals among mammals that communicate with secretions from specialized 
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integumental scent glands, but, due in large part to diffi culties inherent in accurately 
characterizing host-associated microbial communities, evaluations of this hypoth-
esis have historically been ambiguous (Archie and Theis  2011 ). Specifi cally, the 
observed diversity and variation in scent gland bacterial communities could not 
account for the observed variation in scent gland odor profi les (Archie and Theis 
 2011 ). However, contemporary advances in molecular, culture-independent survey 
methods are affording researchers the capacity to more effectively characterize the 
structure of bacterial communities inhabiting mammalian scent glands, stimulating 
renewed interest in evaluating and further developing the fermentation hypothesis 
(Archie and Theis  2011 ; Douglas and Dobson  2013 ; Ezenwa and Williams  2014 ). 
As predicted by the hypothesis, it is becoming clear that adult mammalian scent 
glands are typically populated by odor-producing bacteria (Archie and Theis  2011 ), 
that the structures of scent gland bacterial communities can vary with chemically 
signaled host traits (Sin et al.  2012 ; Theis et al.  2012 ,  2013 ; Leclaire et al.  2014 ), 
and that the bacterial and odor profi les of scent gland secretions can covary (Theis 
et al.  2013 ). Therefore, these contemporary studies are beginning to provide empiri-
cal data in support of the fermentation hypothesis for chemical signaling among 
scent-marking mammals.  

7.1.2     The Development of Scent Gland Bacterial Communities 

  A  comprehensive   understanding of any biological phenomenon, including the fer-
mentation hypothesis, requires specifi c understanding of its phylogeny, function, 
mechanism, and ontogeny. The development of the scent gland bacterial communi-
ties of mammals remains poorly understood. Specifi cally, we do not yet know how 
these symbiotic communities are acquired and maintained nor whether these com-
munities exhibit general patterns of development across mammalian clades. 

 Available data are limited but they suggest that mammals are not typically born 
with fully functional scent glands (Algard et al.  1966 ; Buesching et al.  2003 ; Theis 
et al.  2008 ; Sin et al.  2012 ). Instead, the morphology, physiology, and endocrinol-
ogy of these glands appear to develop over time. For example, in Syrian hamsters 
( Mesocricetus auratus ), fl ank scent organs increase in size and begin to produce 
sebum (i.e., the lipid-rich foundation of mammalian scent secretions) as an indi-
vidual sexually matures (Algard et al.  1966 ). In European badgers ( Meles meles ) 
and spotted hyenas ( Crocuta crocuta ), similar patterns exist, as younger juveniles 
typically do not produce sebum in their subcaudal scent organs, older juveniles 
often produce appreciable volumes of sebum, and sexually mature individuals con-
sistently produce substantial volumes of sebum in their scent organs (Matthews 
 1939 ; Buesching et al.  2003 ; Theis et al.  2008 ; Sin et al.  2012 ). This maturation 
process likely has important ramifi cations for the development of the scent gland 
bacterial communities of mammals (Theis et al.  2008 ; Sin et al.  2012 ). 

 The development of mammalian scent gland bacterial communities is probably a 
complex process that is both multifactorial and combinatorial. Potential host factors 
include the morphology, physiology, endocrinology, and immunology of developing 
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scent organs, and potential bacterial infl uences include the metabolic phenotypes 
and competitive exclusivity of the organs’ original colonizers, their current bacterial 
community members, and the environmental bacteria to which they are continu-
ously being exposed. The possible sources of environmental bacteria include the 
physical environments the juvenile mammals inhabit, the conspecifi cs with whom 
they share space and interact (e.g., mothers, kin, social partners), and other areas of 
the juveniles’ own bodies (e.g., intestine, general skin surface) (Palmer et al.  2007 ; 
Archie and Theis  2011 ; Capone et al.  2011 ; Funkhouser and Bordenstein  2013 ). 

 A general model for the development of scent gland bacterial communities, 
adapted from prior germane discussions of the fermentation hypothesis (Albone and 
Perry  1975 ; Theis et al.  2008 ; Sin et al.  2012 ), posits that as juvenile mammals’ 
scent glands begin producing sebum, the environments these glands afford symbi-
otic microbes dramatically change, and they are increasingly colonized by bacteria 
to which they are exposed. These opportunistic bacteria capitalize on the new habi-
tats and persist until bacterial types that typically inhabit mammals’ scent glands 
come into contact with and subsequently colonize the glands. This process is facili-
tated by developing scent glands being exposed to bacteria that inhabit the respec-
tive scent glands of adult conspecifi cs, which can occur through juveniles and adults 
sharing the same spaces, coming into repeated physical contact, and/or juveniles 
overmarking the scent marks of adults (Buesching et al.  2003 ; Theis et al.  2008 ; Sin 
et al.  2012 ). Scent overmarking of adults’ marks in particular could ensure that 
juveniles’ scent glands are inoculated with and effectively colonized by the appro-
priate bacterial types (Albone and Perry  1975 ; Theis et al.  2008 ). Once the appropri-
ate mature communities are established in scent glands, it is posited that their 
composition will become more stable and resistant to new colonizers (Sin et al. 
 2012 ), due to both host physiological and immunological infl uence and effective 
competitive exclusion by members of mature scent gland bacterial communities, as 
appears to be the case in other animal organs (McFall-Ngai et al.  2013 ). As such, the 
transmission of bacteria through scent overmarking among age classes is expected 
to be primarily unidirectional, from adults to juveniles. This general developmental 
model predicts that (1) the scent gland bacterial communities of juvenile and adult 
conspecifi cs should differ, (2) these communities should be more variable (i.e., 
exhibit greater dispersion) among juveniles than among adults, and (3) the structure 
of bacterial communities in the scent glands of adults should predict the composi-
tion of communities in the scent glands of juveniles. 

 Here we characterize age-related variation in the scent pouch bacterial commu-
nities of juvenile, young adult, and adult striped hyenas ( Hyaena hyaena ) and pre-
liminarily interpret our fi ndings in the context of this general developmental model.   

7.1.3     Scent Pouch Bacterial Communities of Striped Hyenas 

  Striped hyenas are   medium-sized carnivores found throughout North and East 
Africa and the Middle East (Holekamp and Kolowski  2009 ; Wagner  2013 ). Their 
social behavior is poorly understood but it appears that adults can be solitary, live 
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in small family groups, establish monogamous pair bonds, or form polyandrous 
social groups comprised of one female and several males (Wagner et al.  2007 , 
 2008 ; Holekamp and Kolowski  2009 ; Wagner  2013 ). Regardless, striped hyenas 
are largely behaviorally solitary, as they typically forage and feed alone, and 
direct interactions in other behavioral contexts appear to occur infrequently as 
well (Wagner et al.  2007 ,  2008 ; Holekamp and Kolowski  2009 ; Wagner  2013 ). 
Juvenile hyenas begin accompanying their mothers on foraging trips and can 
begin weaning as early as 6 months (Wagner  2013 ). Sexual maturity occurs at 
2–3 years, with males and females being sexually size monomorphic. Striped 
hyenas have only a modest signaling repertoire, but they do appear to rely heavily 
on the odorous secretions of their subcaudal scent pouches for communication 
(Holekamp and Kolowski  2009 ; Wagner  2013 ). They extrude their scent pouches 
when greeting conspecifi cs, and they frequently scent mark when traveling, pre-
sumably to maintain spacing between competitors and potentially to facilitate 
reproductive advertisement (Wagner  2013 ). When scent marking (i.e., “pasting”), 
hyenas typically drag their extruded scent pouches across grass stalks, leaving 
behind secretions (i.e., “pastes”) that can persist in the environment as active 
chemical signals for upward of a month (Mills  1990 ). The major volatile constitu-
ents of striped hyena pastes are carboxylic acids, aldehydes, lactones, and sulfur 
compounds (Buglass et al.  1990 ). We recently showed that the pastes of young 
adult and adult striped hyenas are densely populated with fermentative, odor- 
producing bacteria and that the bacterial and odor profi les of pastes covary, sug-
gesting that variation in paste bacterial communities infl uences paste odor profi les 
(Theis et al.  2013 ). In the current study, we show that paste bacterial communities 
differ between juvenile and adult striped hyenas, that juveniles’ bacterial com-
munities are much more variable than those of adults, and that bacterial commu-
nity data are consistent with the hypothesis that the paste bacterial communities 
of adult hyenas can serve as consistent sources of bacteria for juveniles’ develop-
ing scent glands.   

7.2     Materials and Methods 

7.2.1     Sample Collection 

 Paste secretions  were   collected directly from the scent pouches of 39 anesthetized 
hyenas in the Laikipia (2001–2003) and Shompole (2007–2009) regions of Kenya. 
Each sampled hyena was anesthetized with Telazol (6.5 mg/kg) or a mixture of 
ketamine HCl (3.6 mg/kg) and medetomidine HCl (0.06 mg/kg), delivered from a 
blowpipe or air rifl e after the hyena had been confi ned in a soft-catch foothold or 
cage trap (Wagner et al.  2007 ). The collected secretions were placed in sterile cryo-
genic vials, stored in liquid nitrogen, and transported to Michigan State University, 
where they remained frozen at −80 °C until analysis. 

K.R. Theis et al.



91

 The sampled hyenas included juveniles ( N  = 8; 6 months–1 year), young adults 
( N  = 9; 1–3 years), and adults ( N  = 22; 3+ years). Age class assignments were based 
on known dates of birth or estimates from body measurements, weight, and tooth 
wear patterns (Wagner et al.  2008 ). Young adults were not yet reproductively active 
but were presumably on the verge of being so. Many of the samples, particularly 
those from young adults and adults, were included in a previous study evaluating 
differences between the bacterial and odor profi les of spotted and striped hyena 
pastes and assessing covariance between the bacterial and odor profi les of pastes in 
these two species (Theis et al.  2013 ). However, the current study incorporates new 
samples from six additional young striped hyenas (fi ve juveniles, one young adult), 
enabling us to characterize and compare the bacterial communities in the scent 
pouches of juvenile, young adult, and adult hyenas, a subject not addressed in the 
previous study.  

7.2.2     Sample Preparation and Next-Generation Sequencing 

 DNA was  extracted   from paste sample aliquots (0.07 ± 0.02 g) using MO BIO 
UltraClean fecal DNA kits. During this process, we did not observe any age-
related variation in the consistency, texture, or color of striped hyena pastes—all fell 
within a beige to yellow spectrum. 16S rRNA genes in extractions were amplifi ed 
using two broadly conserved, degenerate primers targeting the gene’s V6–V4 vari-
able regions (1046R: 5′-CGACRRCCATGCANCACCT-3′; 518F: 5′-CCAGCAG
CYGCGGTAAN-3′). The PCR program included an initial dissociation step of 94 
°C for 3 min, followed by 30 cycles of 94 °C for 30 s (denaturing), 60 °C for 45 s 
(annealing), and 72 °C for 1 min (extending) and a fi nal extension step of 72 °C for 
2 min. During amplifi cation, unique molecular bar codes were incorporated into 
amplicons to permit multiplex sequencing of samples (Binladen et al.  2007 ). 
Samples were amplifi ed in triplicate and subsequently pooled to minimize potential 
PCR bias, and non-template controls (all negative) were run for each bar-coded 
primer pair. Amplicons were purifi ed using solid-phase reversible immobilization 
(AMPure XP beads) and quantifi ed using an Invitrogen high-sensitivity Quant-iT 
dsDNA assay kit. Samples were then pooled at equimolar concentrations and 
sequenced using 454 GS FLX Titanium and GS Junior instruments at the Marine 
Biological Laboratory in Woods Hole and Michigan State University.  

7.2.3     Sequence Analysis 

 The  454   run fi les were processed using mothur software, v 1.27.0 (Schloss et al. 
 2009 ), as described previously (Theis et al.  2013 ). Briefl y, individual 16S rRNA 
gene sequences were discarded if they (1) contained any ambiguous base calls, 
(2) did not have perfect bar code and primer matches, (3) had a homopolymer run 
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greater than eight bases, (4) had an average quality score of less than 35 using a 
sliding window of 50 bases, (5) contained fewer than 233 bases, or (6) were deemed 
chimeric by mothur’s uchime tool (Schloss et al.  2011 ). All remaining sequences 
were binned into  operational taxonomic units (OTUs)   using mothur’s average 
neighbor clustering algorithm and a 97 % sequence similarity cutoff. Taxonomic 
classifi cation of OTUs was determined using the Ribosomal Database Project’s 
classifi er tool (trainset9) within mothur and an 80 % confi dence threshold (Wang 
et al.  2007 ; Claesson et al.  2010 ). 

 Samples were subsampled to the depth of the least-represented sample (2173 
sequences). The resultant data set contained 681 OTUs, 378 of which were single-
tons. The complete and subsampled data sets for this study, including detailed con-
sensus taxonomy assignments, have been provided as supplementary material 
(Theis_etal_dataset1.xlsx). There was no correlation between the exact mass, to the 
nearest thousandth of a gram, of paste aliquots from which DNA was extracted and 
the number of OTUs recovered among any of the age classes or within the study 
overall (Spearman rank correlation; adult: rs = 0.17,  p  = 0.45, young adult: rs = −0.23, 
 p  = 0.56, juvenile: rs = −0.47,  p  = 0.25, overall: rs = −0.13,  p  = 0.42). With one excep-
tion (hyena HSYM112; Good’s coverage = 92 %), the bacterial communities sam-
pled from pastes had Good’s coverage values exceeding 98 % and exhibited 
asymptotic rarefaction curves when plotted on equally scaled axes (unpublished 
results). These data indicate that, even with subsampling, thorough sample coverage 
was achieved in this study.  

7.2.4     Bacterial Community Analyses 

 Similarities  in   composition and structure among sampled bacterial communities 
were characterized using Jaccard and Bray-Curtis similarity indices, respectively 
(Hammer  2011 ). Before calculating Bray-Curtis indices, OTU count data were log 10  
( x  + 1) transformed to temper the infl uences of highly prominent OTUs on analyses 
(Ramette  2007 ). That being said, analyses based on Bray-Curtis values yielded the 
same outcomes when we used the proportional abundances of OTUs in the com-
plete data set and untransformed count data in the subsampled data set (unpublished 
results). As reported previously (Theis et al.  2013 ), there was no effect of sex on the 
composition or structure of paste bacterial communities among adult striped hye-
nas, nor was there any effect of sex among young adults or juveniles (unpublished 
results). Therefore, sex was not considered in the analyses presented here. 

 Similarity and dispersion among the paste bacterial communities of juvenile, 
young adult, and adult hyenas were visualized via nonmetric multidimensional 
scaling (nMDS) plots and statistically evaluated using analyses of similarity 
(ANOSIM) and permutational tests for homogeneity of multivariate dispersions 
(PERMDISP), respectively (Clarke  1993 ; McCune and Grace  2002 ; Anderson  2006 ). 
All  ANOSIM   and  PERMDISP   analyses were conducted using 9999 permutations. 
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Bonferroni corrections were not applied to permutational analyses of planned 
comparisons (Hammer  2011 ). All visual and statistical analyses were completed 
using PAST software, v 2.17 (Hammer et al.  2001 ; Hammer  2011 ), except for 
PERMDISP analyses which were completed using the PERMDISP2 executable 
(Anderson  2006 ) and heat map analyses which were generated using the Matrix2png 
tool (Pavlidis and Noble  2003 ).  

7.2.5     Neutral Model Analysis 

 Transmission  of   bacteria from adult to juvenile scent pouches could potentially 
occur via  adults   and juveniles occupying shared spaces, coming into direct physical 
contact with one another, and/or juveniles overmarking the scent marks of adults. 
The neutral theory of community ecology is a convenient way to preliminarily test 
whether the composition of scent pouch bacterial communities among juveniles is 
consistent with transmission of these community members from adult pouches. 
This theory suggests that the composition of a local species pool (here juvenile 
scent pouches) is the product of random dispersal of species from a regional species 
pool (here adult scent pouches) and ecological drift (Hubbell  2005 ; Sloan et al. 
 2006 ). We implemented the theory by employing a previously described neutral 
model (Sloan et al.  2006 ; Morris et al.  2013 ; Venkataraman et al.  2015 ). In this 
model, the relative abundance of an OTU in adult scent pouch bacterial communi-
ties was used to calculate the probability of detecting that OTU in juvenile scent 
pouches due to dispersal and ecological drift. Ninety-fi ve percent binomial propor-
tion confi dence intervals were constructed around these predicted probabilities. 
The empirically observed probability for each OTU was calculated as the number 
of juvenile scent pouches in which the OTU was detected out of the total number of 
juvenile scent pouches surveyed. In order to test the statistical signifi cance of the 
neutral model, the root-mean-square error between the observed and modeled prob-
abilities was calculated (RMSE actual ). Next, we randomized the observed and mod-
eled probabilities 1000 times and calculated the RMSE for each randomization 
(RMSE simulated ). This set of 1000 simulated RMSEs provided a null distribution 
against which the RMSE actual  could be compared. If the RMSE actual  falls within the 
range of simulated RMSEs, then we conclude that the neutral model was unable to 
predict the observed juvenile scent pouch bacterial community composition 
( p  > 0.001). Conversely, if the RMSE actual  is lower than the minimum RMSE simulated , 
we conclude that the neutral model cannot be rejected ( p  < 0.001) and proceed to 
interpret the model’s fi ndings. In this case, OTUs within the 95 % confi dence inter-
vals were viewed as being neutrally distributed in juvenile scent pouches and thus 
theoretically consistent with dispersal from adult pouches. OTUs that fell outside 
the upper and lower confi dence intervals were deemed over- and under- represented, 
respectively, in juvenile scent pouches, given the abundances of these OTUs in 
adult pouches.  
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7.2.6     IACUC Approval 

 Our research,    described in Animal Research Protocol IACUC 05/14-087-00, was 
approved most recently on April 29, 2014, by the Institutional Animal Care and Use 
Committee at Michigan State University, and complies with Kenyan Law.   

7.3     Results and Discussion 

7.3.1     Taxonomic Characterization of Scent Pouch Bacterial 
Communities 

 The majority  of   bacteria inhabiting striped hyena scent pouches could not be classi-
fi ed at the phylum level using a conservative 80 % confi dence threshold (Table  7.1 ) 
(Wang et al.  2007 ; Claesson et al.  2010 ). However, as discussed previously (Theis 
et al.  2013 ), the closest characterized relatives of these bacteria are fermentative 
anaerobes in the phylum Firmicutes. Of the pouch bacteria that were confi dently 
classifi ed at the phylum level, Firmicutes were the most abundant (Table  7.1 ). 
Within this phylum, the genus  Peptoniphilus  was typically present at modest levels 
in pouches regardless of age class.  Anaerococcus  and  Lactobacillus  were highly 
abundant in the pouches of a few juveniles, as was  Propionibacterium  (phylum 
Actinobacteria).  Bacteroides  and  Porphyromonas  (both phylum Bacteroidetes) and 
 Fusobacterium  (phylum Fusobacteria) were highly abundant in the pouches of a 
few young adults.  Porphyromonas  was widely present, but not abundant, in the 
pouches of adults.

   This apparent taxonomic variation among age classes could have importance for 
the fermentation hypothesis for striped hyena chemical communication because lin-
ear and branched short-chain fatty acids are primary volatile constituents of striped 
hyena pastes (Buglass et al.  1990 ; Theis et al.  2013 ), and members of these bacterial 
genera are known to typically produce these volatiles (Archie and Theis  2011 ; Theis 
et al.  2012 ). Although short-chain fatty acids are only one group of compounds 
potentially providing semiochemical information in mammalian scent gland secre-
tions, they are widely hypothesized to do so (Burger  2005 ). In fact, the production 
of short-chain fatty acids by bacteria in mammalian scent glands fi gured promi-
nently in Martyn Gorman’s and Eric Albone’s initial writings on the fermentation 
hypothesis (Albone et al.  1974 ; Gorman et al.  1974 ). Notably, symbiotic bacteria 
are the primary source of short-chain fatty acids in other animal organs as well, 
including the human large intestine and axillae (den Besten et al.  2013 ; Fredrich 
et al.  2013 ; James et al.  2013 ; Sharon et al.  2014 ; Troccaz et al.  2015 ). However, it 
is important to note that animal hosts, including striped hyenas, likely contribute to 
their own odor profi les indirectly by provisioning and modulating their odor- 
producing symbiotic microbial communities and directly by producing other odor-
ants themselves.  

K.R. Theis et al.



95

    Table 7.1    Phylum- and genus-level classifi cation of bacteria inhabiting the scent pouches of 
juvenile, young adult, and adult striped hyenas   

 Bacterial 
phylum 

 Percentage of 
sequences in 
phylum (# of 
OTUs)  Genera recovered within phylum 

 Juvenile hyenas ( N  = 8) 
 Firmicutes  36.19 ± 18.93 

(103) 
  Anaerococcus ,  Blautia ,  Clostridium sensu stricto , 
 Clostridium XI ,  Clostridium  XIVb,  Faecalibacterium , 
 Fastidiosipila ,  Finegoldia ,  Lachnospiracea incertae sedis , 
 Lactobacillus ,  Peptoniphilus ,  Peptostreptococcus , 
 Staphylococcus  

 Actinobacteria  13.59 ± 21.88 
(11) 

  Bifi dobacterium ,  Corynebacterium ,  Propionibacterium  

 Proteobacteria  0.10 ± 0.10 (13)   Aquabacterium ,  Bradyrhizobium ,  Moraxella ,  Ralstonia , 
 Sutterella  

 Bacteroidetes  0.09 ± 0.24 (10)   Bacteroides ,  Parabacteroides ,  Prevotella  
 Fusobacteria  0.01 ± 0.03 (2)   Fusobacterium  
 Chlorofl exi  0.01 ± 0.02 (1)  …. 
 Unclassifi ed  50.02 ± 32.50 

(64) 
 …. 

 Young adult hyenas ( N  = 9) 
 Firmicutes  23.89 ± 8.72 

(208) 
  Allobaculum ,  Anaerococcus ,  Anaerovorax ,  Bacillus , 
 Blautia ,  Clostridium sensu stricto ,  Clostridium XI , 
 Clostridium XIVb ,  Clostridium XVIII ,  Coprobacillus , 
 Faecalibacterium ,  Fastidiosipila ,  Finegoldia ,  Holdemania , 
 Lachnospiracea incertae sedis ,  Lactobacillus ,  Moryella , 
 Oscillibacter ,  Peptoniphilus ,  Streptococcus  

 Bacteroidetes  4.69 ± 9.79 (60)   Adhaeribacter ,  Alistipes ,  Bacteroides ,  Hymenobacter , 
 Mucilaginibacter ,  Odoribacter ,  Ohtaekwangia , 
 Parabacteroides ,  Porphyromonas ,  Prevotella , 
 Rhodocytophaga ,  Segetibacter  

 Fusobacteria  1.44 ± 4.31 (8)   Fusobacterium  
 Proteobacteria  0.48 ± 1.36 (51)   Altererythrobacter ,  Aminobacter ,  Anaerobiospirillum , 

 Bordetella ,  Desulfovibrio ,  Methylobacterium ,  Microvirga , 
 Phenylobacterium ,  Pseudomonas ,  Ralstonia ,  Roseomonas , 
 Skermanella ,  Sphingomonas ,  Steroidobacter ,  Sutterella , 
 Telluria  

 Actinobacteria  0.09 ± 0.24 (15)   Arthrobacter ,  Cryptosporangium ,  Geodermatophilus , 
 Nocardioides ,  Propionibacterium  

 TM7  0.02 ± 0.05 (3)  TM7  incertae sedis  
 Acidobacteria  0.01 ± 0.03 (2)  Gp4 
 Spirochaetes  <0.01 ± 0.02 (1)   Treponema  
 Unclassifi ed  69.37 ± 21.59 

(96) 
 …. 

(continued)
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7.3.2     Age-Related Diversity in Scent Pouch Bacterial 
Communities 

 The  alpha   diversity (i.e., OTU richness and evenness) of scent pouch bacterial com-
munities did not vary among juvenile, young adult, and adult striped hyenas (Table 
 7.2 ). Instead, alpha diversity was largely invariable. The only exception was the 
pouch bacterial community of the young adult hyena HSYM112, which contained 
291 OTUs—no other sampled community contained more than 80 OTUs.

   The beta diversity, or the composition (i.e., who is there) and structure (i.e., in 
what relative abundances), of scent pouch bacterial communities did vary with age 
(Fig.  7.1  and Table  7.3 ). The differences between juveniles and adults were robust 

Table 7.1 (continued)

 Bacterial 
phylum 

 Percentage of 
sequences in 
phylum (# of 
OTUs)  Genera recovered within phylum 

 Adult hyenas ( N  = 22) 
 Firmicutes  23.06 ± 8.35 

(139) 
  Anaerococcus ,  Clostridium sensu stricto ,  Faecalibacterium , 
 Fastidiosipila ,  Peptoniphilus ,  Staphylococcus  

 Bacteroidetes  0.50 ± 1.25 (11)   Porphyromonas  
 Proteobacteria  0.01 ± 0.02 (4)   Aquabacterium ,  Ralstonia ,  Sphingomonas  
 Fusobacteria  <0.01 ± 0.01 (1)  …. 
 Unclassifi ed  76.42 ± 8.05 

(110) 
 …. 

  Taxonomic classifi cations of operational taxonomic units (OTUs) were determined using the clas-
sify.otu command in mothur and a conservative confi dence threshold of 80 % (Wang et al.  2007 ; 
Claesson et al.  2009 ). Genera in bold type were notably widespread or abundant in the pastes of 
the respective age class. Percentage data are presented as means ± SD  

   Table 7.2    The diversity (i.e., richness and evenness) of scent pouch bacterial communities does 
not consistently vary among juvenile, young adult, and adult striped hyenas   

 Age group 
 Sample 
size 

 Number of 
OTUs 

 Chao1 
richness 

 Shannon 
index 

 Simpson 
index (1 −  D ) 

 Juveniles  8  44.3 ± 15.9  105.6 ± 41.8  1.74 ± 0.46  0.72 ± 0.12 
 Young adults  9  78.7 ± 76.5  197.1 ± 236.5  2.23 ± 0.60  0.79 ± 0.06 
   (w/o HSYM112)  (8)  (52.1 ± 15.5)  (115.0 ± 45.7)  (2.02 ± 0.13)  (0.77 ± 0.03) 
 Adults  22  47.4 ± 6.6  93.1 ± 32.0  1.99 ± 0.17  0.75 ± 0.07 
 Kruskal-Wallis test   H  = 2.17, 

 p  = 0.34 
  H  = 2.85, 
 p  = 0.24 

  H  = 3.23, 
 p  = 0.20 

  H  = 0.79, 
 p  = 0.67 

   (w/o HSYM112)  ( H  = 1.18, 
 p  = 0.55) 

 ( H  = 1.70, 
 p  = 0.43) 

 ( H  = 2.78, 
 p  = 0.25) 

 ( H  = 0.47, 
 p  = 0.79) 

  We provide diversity indices and statistical analyses for young adults with and without data from 
hyena HSYM112 included because this hyena’s paste sample contained an abnormally high num-
ber (291) of operational taxonomic units (OTUs). Index data are presented as means ± SD  
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  Fig. 7.1    Variation in  scent pouch bacterial communities   among juvenile, young adult, and adult 
striped hyenas. ( a ) Heat map illustrating variation in the relative abundances of prominent opera-
tional taxonomic units (OTUs) among age classes. Raw count data were log transformed before 
plotting. The scale bar refl ects these transformed values, with corresponding raw count values 
provided in  parentheses . The prominent OTUs include those whose minimum average abundance 
was 25 in any of the age classes, as well as those which were part of the core adult scent pouch 
bacterial community (indicated with an  asterisk ). ( b ) Venn diagram showing the degree to which 
paste OTUs were shared among age classes. For those OTUs which were unique to a specifi c age 
class, we have indicated the number of them that were singletons in  parentheses . The vast majority 
of sequences in this study (92.6 %) clustered into OTUs that were shared among all age classes. ( c ) 
An nMDS plot illustrating variation in the structure (i.e., Bray-Curtis similarity index) of paste 
bacterial communities among age classes. The stress of the plot, seemingly refl ecting strong simi-
larities among the bacterial communities of older hyenas, was 0.1725.  Black circles ,  gray trian-
gles , and  white squares  indicate juveniles, young adults, and adults, respectively. We note the 
position of the community for hyena HSYM112, the only young adult whose scent pouch bacterial 
community was noticeably different from the typical bacterial community of adult striped hyenas       
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( R  = 0.6; Table  7.3 ). We did not observe differences between juveniles and young 
adults, and the differences between young adults and adults were very modest 
( R  = 0.2; Table  7.3 ). Although there were many OTUs that were unique to juveniles, 
young adults, and adults, these OTUs were primarily rare community members, 
often singletons (Fig.  7.1b ). Variation among age classes instead appeared to be 
driven primarily by the presence of a core scent pouch bacterial community in 
adults. Specifi cally, there were 12 OTUs that were present in all 22 adult scent 
pouches, and these OTUs accounted for 92.91 ± 2.13 % of the sequences obtained 
from adult samples (Fig.  7.1a ). This is remarkable considering that these adult hye-
nas inhabited two regions of Kenya separated by 250 km. Notably, nine of the core 
adult scent pouch OTUs were also present in the pouches of all sampled young 
adults, and the remaining three were present in all but one young adult pouch. 
Among young adults, these OTUs accounted for 83.56 ± 27.52 % of analyzed 
sequences. However, among juveniles, only 3 of the core adult OTUs were present 
in all sampled scent pouches, and the 12 adult core OTUs accounted for only 
63.28 ± 41.77 % of analyzed sequences. Although longitudinal data will ultimately 
be required for verifi cation, these current data are consistent with the hypothesis 
that the acquisition of mature scent gland bacterial communities is a predictable 
ontogenetic process for mammals (Sin et al.  2012 ).

        Table 7.3    Bacterial communities in the scent pouches of juvenile striped hyenas differ in 
composition and structure from those in the pouches of adults   

 Composition (Jaccard index)  Structure (Bray-Curtis index) 

 ANOSIM: age 
 Global effect   R   = 0.34,   p   = 0.0002    R   = 0.37,   p   = 0.0001  
 Juvenile vs. young 
adult 

  R  = 0.06,  p  = 0.1457   R  = 0.10,  p  = 0.0633 

   (w/o HSYM112)  ( R  = 0.07,  p  = 0.1318)  ( R  = 0.09,  p  = 0.0817) 
 Juvenile vs. adult   R   = 0.57,   p   = 0.0001    R   = 0.57,   p   = 0.0001  
 Young adult vs. adult   R   = 0.18,   p   = 0.0310    R   = 0.24,   p   = 0.0118  
   (w/o HSYM112)  ( R  = 0.12,  p  = 0.0981)  ( R  = 0.18,  p  = 0.0353) 
 PERMDISP: age 
 Global effect   p   = 0.0024    p   = 0.0035  
 Juvenile vs. young 
adult 

 0.55 ± 0.03, 0.50 ± 0.04,  p  = 0.2641  0.44 ± 0.07, 0.32 ± 0.06, 
 p  = 0.2180 

   (w/o HSYM112)  (0.55 ± 0.03, 0.46 ± 0.02, 
 p  = 0.0176) 

 (0.44 ± 0.07, 0.26 ± 0.02, 
 p  = 0.0350) 

 Juvenile vs. adult   0.55 ± 0.03, 0.45 ± 0.01,  
 p   = 0.0001  

  0.44 ± 0.07, 0.22 ± 0.01,  
 p   = 0.0001  

 Young adult vs. adult   0.50 ± 0.04, 0.45 ± 0.01,  
 p   = 0.0497  

  0.32 ± 0.06, 0.22 ± 0.01,  
 p   = 0.0008  

   (w/o HSYM112)  (0.46 ± 0.02, 0.45 ± 0.01, 
 p  = 0.7028) 

 (0.26 ± 0.02, 0.22 ± 0.01, 
 p  = 0.0426) 

  We present results of analyses of similarity (ANOSIM) and distance-based tests for homogeneity 
of multivariate dispersions (PERMDISP) using spatial medians and permutations of the least-
absolute- deviation residuals. For the latter, respective distances from spatial medians are reported 
as means ± SE  
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7.3.3         Age-Related Variation (i.e., Dispersion) in Scent Pouch 
Bacterial Communities 

 The scent pouch  bacterial    communities of juvenile striped hyenas not only differed 
from those of adults in composition and structure, they were also far more variable 
(Fig.  7.1a, c  and Table  7.3 ). Excluding data from HSYM112, the aforementioned 
outlier, the scent pouch bacterial communities of juveniles were also more variable 
than those of young adults (Table  7.3 ). Similar patterns were found in the scent 
pouch bacterial communities of European badgers (Sin et al.  2012 ). Furthermore, 
these patterns among hyenas and badgers are comparable to observed patterns in the 
development of the human intestinal microbiome, as despite high variation among 
infant gut bacterial communities, they typically exhibit a more adult-like phenotype 
by 1–3 years of age (Palmer et al.  2007 ; Yatsunenko et al.  2012 ). As Palmer and 
colleagues ( 2007 ) explain, if a symbiotic microbial community is functionally 
important to its host, its development toward a stereotypical adult phenotype should 
be under strong selective pressure. The data on striped hyenas and European bad-
gers suggest that their mature scent pouch bacterial communities represent highly 
specifi c, functionally integrated units.  

7.3.4     Potential Transmission of Bacteria from Adult 
to Juvenile Scent Pouches 

 Whereas juvenile paste bacterial communities are variable, those of adults are 
highly specifi c and invariable (Fig.  7.1a, c  and Table  7.3 ). As discussed above, a 
primary way by which this highly specifi c phenotype is hypothesized to develop 
among scent-marking mammals in general is via transmission of scent gland bacte-
rial community members from adults to juveniles via shared space, direct physical 
contact, and/or scent overmarking (Buesching et al.  2003 ; Theis et al.  2008 ; Sin 
et al.  2012 ). We used the neutral community model to preliminarily test this hypoth-
esis by specifi cally asking if the random dispersal of bacteria from adult scent 
pouches could theoretically explain the composition of bacterial communities in 
juvenile pouches. The neutral model was statistically signifi cant ( p  < 0.001; Fig. 
 7.2 ), indicating that we cannot currently reject the research hypothesis given the 
available data. Seventy-three percent of the 16S rRNA gene sequences recovered 
from juvenile pouches belonged to neutrally distributed OTUs. Importantly, 8 of the 
12 OTUs that are part of the core scent pouch bacterial communities of adults were 
consistent with being neutrally distributed in juvenile from adult pouches. No OTUs 
were over-represented in the juvenile scent pouch and very few appeared to be 
under-represented, and even then only modestly so (Fig.  7.2 ). Our neutral model 
does include ecological drift explicitly as a neutral process in addition to dispersal, 
but we do not believe that ecological drift is having a pronounced effect here because 
scent pouch bacterial communities have very large population sizes (Orrock and 
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Watling  2010 ). Moving forward, we must experimentally test, for example, through 
the use of genetically labeled symbionts (Cabello et al.  2005 ), that bacteria are 
indeed being horizontally transmitted from adult to juvenile scent pouches.

7.4         Conclusions and Future Directions 

 Like the scent pouches of young adult and adult striped hyenas, those of juveniles 
are primarily populated by fermentative bacteria from known odor-producing 
clades, suggesting that juveniles’ symbiotic bacteria can infl uence their odor pro-
fi les. Nevertheless, the composition and structure of bacterial communities in the 
scent pouches of juveniles are different from, and more variable than, those of com-
munities inhabiting the scent pouches of adults. Adult striped hyenas exhibit a core 
scent pouch bacterial community. These bacterial types are less widespread and 
abundant among juveniles. However, neutral modeling suggests that adult scent 
pouches could be a consistent source of bacterial types for the developing pouches 
of juveniles. These preliminary analyses are consistent with the hypothesis that 
striped hyena scent pouch bacterial communities converge on a species-typical, 
mature phenotype (Theis et al.  2008 ; Sin et al.  2012 ). Longitudinal sampling of 
individuals through ontogeny is required to verify that, regardless of their initial 
composition and structure, scent pouch bacterial communities do all culminate in 
what appears to be a highly stereotyped adult phenotype. Longitudinal sampling 
would also permit us to determine if there are predictable successional trajectories 
in the development of scent pouch bacterial communities in this species.     

  Fig. 7.2    Results of a neutral model analysis suggesting that the relative abundance of adult scent 
pouch bacterial community members predicts the membership of juvenile bacterial communities. 
Given that almost all of the operational taxonomic units (OTUs) shared between adult and juvenile 
scent pouches appear neutrally distributed, the model is consistent with the hypothesis that expo-
sure to adult scent pouch bacterial communities, via shared space, physical contact, and/or scent 
overmarking, could be suffi cient to largely explain the membership of juvenile scent pouch bacte-
rial communities       
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    Chapter 8   
 Bacterial Communities Associated with Junco 
Preen Glands: Preliminary Ramifi cations 
for Chemical Signaling       

       Danielle     J.     Whittaker      and     Kevin     R.     Theis   

8.1            Introduction 

 Renewed interest in the role of  symbiotic bacteria   in animal behavior—and particularly 
in producing chemical signals—has led to new insights and questions about the 
evolution of animal communication and host-symbiont coevolution (Archie and 
Theis  2011 ). The fermentation hypothesis for chemical recognition, fi rst proposed 
in the 1970s (Albone et al.  1974 ; Gorman et al.  1974 ), suggests that symbiotic bac-
teria in mammalian scent glands produce volatile odorants that are used as recogni-
tion cues by the host animals and that variation in these bacterial communities 
contributes to variation in the animal scents. Support for this hypothesis has been 
demonstrated in several mammalian species, including spotted hyenas (Theis et al. 
 2012 ,  2013 ), meerkats (Leclaire et al.  2014 ), European badgers (Sin et al.  2012 ), 
North American porcupines (Roze et al.  2010 ), and greater sac-winged bats (Voigt 
et al.  2005 ). This hypothesis has rarely been applied outside of mammals and 
insects, although studies in birds and other taxa suggest that bacteria are present in 
glands related to chemical signaling (Ezenwa and Williams  2014 ). In this chapter, 
we explore whether symbiotic bacteria may play a role in manufacturing chemical 
signals in a songbird, the dark-eyed junco. 
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  Chemical communication   among birds, especially songbirds, is a long-neglected 
area of study due primarily to the persistent belief that most birds have little to no 
sense of smell. However, recent studies have revealed a potentially signifi cant role 
for intraspecifi c chemical communication in avian behavior (Caro and Balthazart 
 2010 ). The best-studied source of volatile odors in birds is preen oil secreted by the 
uropygial or “preen” gland, the largest exocrine gland in most birds (Jacob and 
Ziswiler  1982 ). While preening, birds spread preen oil on their feathers, which pro-
tects them in a number of ways, including enhancing their insulative capacity, main-
taining feather condition, and defense against pathogenic bacteria and fungi (Jacob 
and Ziswiler  1982 ; Moyer et al.  2003 ; Giraudeau et al.  2010 ). Symbiotic bacteria 
associated with the gland appear to provide some of these services, by producing 
antimicrobial compounds that help protect against feather-degrading bacteria and 
other pathogenic microbes (Shawkey et al.  2003 ; Martín-Vivaldi et al.  2009 ,  2010 ; 
Soler et al.  2010 ). Preen oil also emits volatile and semivolatile compounds that 
contribute to a bird’s odor profi le and thereby potentially function in communica-
tion (Mardon et al.  2010 ; Whittaker et al.  2010 ). These compounds vary among bird 
species (Soini et al.  2013 ), and within species, they can vary with individual identity 
(Mardon et al.  2010 ; Whittaker et al.  2010 ), sex (Soini et al.  2007 ; Whittaker et al. 
 2010 ), age (Shaw et al.  2011 ), and breeding condition (Whittaker et al.  2011b ). In 
some bird species, they also reliably predict genetic and social reproductive success 
(Whittaker et al.  2013 ) and provide information about the relative quality of male 
rivals (Amo et al.  2012 ). Therefore, preen oil compounds may fi gure prominently in 
avian mate competition and choice. Importantly, many of these compounds, which 
include linear alcohols, methyl ketones, and carboxylic acids, are known to be end 
products of bacterial metabolism in other environments (Madigan et al.  2010 ; Agler 
et al.  2011 ), suggesting that the fermentation hypothesis for chemical recognition 
could explain the presence of these compounds in preen oil. 

 To our knowledge, no studies have yet tested whether bacteria play a role in 
avian chemical communication. However, several researchers have described rela-
tionships between preen glands and bacteria, including the effects of preen oil on 
feather-degrading bacteria, for example, in house fi nches (Shawkey et al.  2003 ), and 
benefi cial bacteria found in breeding European hoopoe (Martín-Vivaldi et al.  2010 ) 
and wood hoopoe (Law-Brown and Meyers  2003 ) preen glands. Experimental work 
demonstrated that symbiotic bacteria in hoopoe uropygial glands produce preen oil 
volatile compounds with potent antimicrobial properties, though that study did not 
identify the symbiotic bacteria (Martín-Vivaldi et al.  2010 ). Shawkey and col-
leagues ( 2006 ) characterized the bacterial assemblages found on the plumage of 
several bird species and suggested that bacteria unique to the crested auklet could be 
a potential source for that species’ distinctive tangerine odor, but did not explore 
potential links between auklet bacteria and odors (Hagelin et al.  2003 ; Shawkey 
et al.  2006 ). In this chapter, we bring together data on bacteria and preen oil volatile 
compounds in the context of chemical communication in a songbird. 

 One of the best characterized  songbird   chemical communication systems is that 
of the dark-eyed junco ( Junco hyemalis ), a widespread North American sparrow 
whose behavior, ecology, and physiology are well understood (Nolan et al.  2002 ). 
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Thirty-nine volatile and semivolatile compounds have been identifi ed in junco preen 
oil, 17 of which varied seasonally or differed in relative concentration between the 
sexes and were selected for further research in subsequent studies: linear alcohols 
1-decanol through 1-octadecanol, methyl ketones 2-undecanone through 
2- pentadecanone, and carboxylic acids dodecanoic acid, tetradecanoic acid, and 
hexadecanoic acid (Soini et al.  2007 ; Whittaker et al.  2010 ). These 17 compounds 
vary with many aspects of junco biology, including population of origin, sex, hor-
mone levels, and reproductive success (Soini et al.  2007 ; Whittaker et al.  2010 , 
 2011b ,  2013 ). Furthermore, juncos are able to detect and differentiate among preen 
oil odors from different individuals, sexes, and species (Whittaker et al.  2009 , 
 2011a ). These qualities make preen oil volatiles reliable candidate cues for mate 
assessment and choice, yet their mechanism of production remains unknown. 

 To begin evaluating whether the fermentation hypothesis for chemical recogni-
tion can account for variation in junco odor profi les, here we characterize the bacte-
rial communities associated with the preen glands of breeding adult dark-eyed 
juncos and determine whether the taxa present would logically contribute to junco 
chemical signals. We compare diversity in bacterial community composition and 
structure among nesting pairs and between sexes. Finally, we consider the ramifi ca-
tions of our fi ndings for future studies of chemical communication, mate choice, 
and kin recognition in birds.  

8.2     Methods 

   We sampled  the   preen gland bacterial communities of wild adult Carolina dark-
eyed juncos ( J. h. carolinensis ) at Mountain Lake Biological Station in Pembroke, 
VA. In this region of the Appalachian Mountains, juncos are primarily altitudinal 
migrants, moving down into the valleys during the winter and returning to higher 
elevations to breed. Males typically arrive on the breeding grounds in March, with 
females arriving about 2 weeks later (Nolan et al.  2002 ). Juncos are socially monog-
amous, typically forming pair bonds that are maintained throughout the breeding 
season (May to August). Juncos also demonstrate appreciable levels of extra-pair 
fertilization, with about 28 % of all offspring being sired by a male other than their 
mother’s social mate (Ketterson et al.  1997 ; Gerlach et al.  2012 ). Juncos display 
biparental care, with females incubating the eggs and brooding the hatchlings, and 
both pair mates provisioning the young (Nolan et al.  2002 ). 

 Throughout May 2012, we identifi ed junco nests during egg laying or incubation 
and monitored them through the nestling phase to fl edging (day 11 or 12 post- 
hatching). On the morning of fl edging day, we captured the adult female and male 
at the nest using mist nets. For this study, we captured 25 juncos from 13 nests (one 
nest did not have an attendant male). From each junco, we sampled the bacterial 
communities associated with the preen gland by rubbing the tip of the gland using a 
sterile cotton swab. This rubbing motion mimics the birds’ own preen oil collection 
behavior when preening and is similar to that used to stimulate preen oil secretion 
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for collection in capillary tubes (Whittaker et al.  2010 ). This collection method 
ensured that our samples included a small amount of preen oil and microbes from 
inside and outside the gland, which represent the mixture that birds collect on their 
bills in preparation for preening. We stored the samples at −80 °C until analysis. 

 We extracted DNA from the bacteria on swabs using  MO BIO PowerSoil ®    DNA 
isolation kits (MO BIO Laboratories, Inc., Carlsbad, CA). We followed the manu-
facturer’s recommended protocol, except we added an initial 10 min saturation step 
during which the swab bathed in bead solution within the bead tube, and we subse-
quently vigorously vortexed the bead tube for 1 min before removing the swab and 
proceeding to the step in which solution 1 is added. Each DNA extraction yielded a 
discernible band, consistent with 16S rDNA, on an agarose gel following PCR 
amplifi cation of the 16S rRNA gene. Aliquots of the original DNA extractions were 
provided to the Michigan State University Research Technology Support Facility’s 
Genomics Core, where the V4 region of the 16S gene was targeted for sequencing 
on the Illumina MiSeq platform. Sample preparation, sequencing, and preliminary 
quality fi ltering were completed using previously published protocols (Caporaso 
et al.  2011 ,  2012 ). 

 We processed the MiSeq run fi les using mothur software, v. 1.31.2 (Schloss et al. 
 2009 ; Kozich et al.  2013 ). Specifi cally, we removed all sequences that (1) contained 
any ambiguous base calls, (2) had homopolymer runs longer than eight bases, (3) 
did not start and end at our specifi c V4 primer positions when aligned to the Silva 
bacterial database, (4) were deemed chimeric by mothur’s uchime tool, or (5) were 
classifi ed as originating from mitochondria, chloroplasts, archaea, eukaryotes, or 
other nonbacterial sources using the Ribosomal Database Project’s trainset9_032012 
(Wang et al.  2007 ; Claesson et al.  2009 ). This process revealed that the preen sam-
ple of one male junco was not successfully sequenced, so data from this sample 
were discarded. Each of the 24 remaining samples were subsampled to a depth of 
6000 sequences, and these sequences were binned into operational taxonomic units 
(OTUs) using mothur’s average neighbor split-clustering algorithm and a 97 % 
sequence similarity cutoff. We then removed all singleton and doubleton OTUs 
from the data set and derived a consensus taxonomy for each of the remaining OTUs 
using a conservative 80 % confi dence threshold (Claesson et al.  2009 ). 

 We generated a Clearcut cladogram, v 1.0.9, in mothur to illustrate the phyloge-
netic and taxonomic relationships among the prominent (i.e., widespread) OTUs in 
samples (Sheneman et al.  2006 ). We then used this information in conjunction with 
data on the typical production of volatiles by bacterial taxa, available through the 
mVOC database (Lemfack et al.  2014 ), to determine whether the prominent OTUs 
associated with junco preen glands are likely to manufacture any of the 17 volatile 
compounds of interest. Variation in the OTU profi les of samples among nests and 
between sexes was visualized via two-dimensional, principle coordinates analyses 
(PCoA) and statistically evaluated using nonparametric MANOVA with 10,000 per-
mutations (Anderson  2001 ). We conducted these analyses using Dice and Bray- 
Curtis similarity indices, refl ecting similarities in bacterial community membership 
and structure, respectively (Hammer  2011 ). Community membership addresses the 
shared presence or absence of OTUs, while community structure further considers 
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similarities in their relative abundances. Prior to conducting community structure 
analyses, OTU abundance data were log10 ( x  + 1) transformed (Ramette  2007 ). All 
analyses were completed using PAST software, v 2.17 (Hammer et al.  2001 ; 
Hammer  2011 ).    

8.3     Results and Discussion 

  Our   preliminary bacterial survey suggests that junco preen glands, like mammalian 
scent glands, harbor diverse communities of symbiotic odor-producing bacteria. 
Figure  8.1  shows a cladogram of the most common OTUs found in our samples. 
Sixteen OTUs were unclassifi ed, while 18 were assigned to 16 genera in the phyla 
Actinobacteria, Firmicutes, and Proteobacteria (classes Alphaproteobacteria, 
Betaproteobacteria, and Gammaproteobacteria). Several of these genera were previ-
ously found on the plumage of seabirds, chickens, and songbirds, including 
 Staphylococcus ,  Enterococcus ,  Pseudomonas , and  Acinetobacter ;  Burkholderia  
was found on the plumage of chickens and auklets (Shawkey et al.  2005 ,  2006 ). 
 Enterococcus  was also found in the preen glands and secretions of hoopoes and 
wood hoopoes (Martín-Vivaldi et al.  2009 ; Law-Brown and Meyers  2003 ). These 
fi ndings suggest that these genera may be commonly found on birds, as they are on 
mammals.

   Most of the bacterial genera associated with junco preen glands contain species 
that are known odor producers (Balkwill et al.  2006 ; Ezaki et al.  2006 ; Towner 
 2006 ; López del Castillo-Lozano et al.  2008 ; Blom et al.  2011 ; Latorre-Moratalla 
et al.  2011 ; Filipiak et al.  2012 ; Spraker et al.  2014 ). Most notably,  Burkholderia  
and  Pseudomonas , which can survive in a wide variety of habitats and utilize diverse 
nutrients, including oils (Haas and Défago  2005 ; Mahenthiralingam et al.  2005 ), 
can produce 9 of the 17 volatile compounds of interest (53 %) in juncos. Most of 
these nine volatile compounds are known to be produced by multiple species within 
each genus (e.g., nine species of  Burkholderia  and fi ve species of  Pseudomonas  
produce 2-tridecanone, Table  8.1 ). Thus, even without species-level identifi cation in 
this study, the available data suggest that  Burkholderia  and  Pseudomonas  are strong 
candidates for the production of volatile compounds involved in junco chemical 
communication. We have begun efforts to successfully cultivate and metabolically 
characterize these bacteria from junco preen oil to directly test this hypothesis.

   Not all of the identifi ed genera contain odor producers, or at least they are not 
known to produce volatile compounds described in junco preen oil. However, 
while mammalian scent glands are specialized for a single purpose, secretions 
from avian preen glands perform diverse functions in addition to chemical signal 
production, including parasite defense, feather protection, and thermoregulation. 
Several genera associated with junco preen glands have documented antifungal 
( Arthrobacter ,  Burkholderia ,  Pseudomonas ) or antibacterial ( Methylobacterium , 
 Enterococcus ,  Pseudomonas ) effects (Fernando et al.  2005 ; Haas and Défago  2005 ; 
Green  2006 ; Jones and Keddie  2006 ; Soler et al.  2008 ; Groenhagen et al.  2013 ), 
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  Fig. 8.1    Clearcut, relaxed neighbor-joining cladogram of the most common operational taxo-
nomic units (OTUs) associated with junco preen glands. All OTUs listed were found in at least 50 
% of birds sampled; those marked with  asterisks  were found in at least 75 % of the birds sampled. 
Taxonomic assignments were made using the Ribosomal Database Project’s classifi er tool in 
mothur, with an 80 % confi dence threshold       
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and  Burkholderia  and  Pseudomonas  species are also used for biocontrol in agricul-
ture and in bioremediation to clean up pollutants (Haas and Défago  2005 ; 
Mahenthiralingam et al.  2005 ). Therefore, these bacteria may be providing other 
valuable services to their junco hosts. 

  Although   male and female juncos have signifi cantly different volatile profi les 
(Whittaker et al.  2010 ), we did not fi nd a consistent effect of sex on bacterial com-
munity composition or structure (NPMANOVA,  N  = 22, df = 1, Dice:  F  = 0.858, 
 p  = 0.7713, Bray-Curtis:  F  = 0.8024,  p  = 0.8511). Instead, paired males and females 
clustered together (Fig.  8.2 ). Similarly, in a study of captive zebra fi nches 
( Taeniopygia guttata ), bacteria applied to the feathers of one zebra fi nch were found 
in the cloaca of its pair mate 24 h later, most likely transmitted via copulation 
(Kulkarni and Heeb  2007 ). Humans—and their pet dogs—living in the same house-
hold have signifi cantly more similar skin microbiomes than those living in different 
households (Song et al.  2013 ), and individual human microbiomes quickly colonize 
the individual’s surroundings (Lax et al.  2014 ). Since we collected our samples in 
May, near the beginning of the breeding season, our data suggest that adult birds 
that spend time in close physical proximity or have frequent contact may develop 
similar microbial communities in a fairly short period of time.

   Previous studies have suggested that preen oil volatile compounds may be impor-
tant for mate recognition and assessment, as they vary with species, sex, and indi-
vidual identity (Soini et al.  2007 ; Mardon et al.  2010 ; Whittaker et al.  2010 ), and 
they predict reproductive success in juncos (Whittaker et al.  2013 ). These volatiles 
may also be important for recognizing kin (Leclaire et al.  2012 ) and one’s home nest 
or burrow (Bonadonna and Bretagnolle  2002 ; Caspers and Krause  2010 ). Cross 
infection of symbiotic microbes between mates and between parents and offspring 
may contribute to the development of a recognizable, “signature” home scent 
(Archie and Theis  2011 ).  

   Table 8.1    A count of how many species of   Burkholderia    and   Pseudomonas    have been found to 
emit junco volatile compounds   

  # of species producing compound  

 Volatile compound   Burkholderia    Pseudomonas  

 1-Decanol  0  4 
 1-Dodecanol  0  1 
 1-Heptadecanol  0  4 
 2-Undecanone  21  6 
 2-Dodecanone  1  0 
 2-Tridecanone  9  5 
 2-Pentadecanone  1  0 
 Dodecanoic acid  7  1 
 Tetradecanoic acid  5  3 
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  Fig. 8.2     Principal coordinates analyses (PCoA)   illustrating nest-specifi c variation in the ( a ) com-
position and ( b ) structure of bacterial communities associated with junco preen glands.  Symbol 
shape  and  color  are indicative of nest identity. Statistical reports are for one-way NPMANOVA 
( N  = 22, df = 10)       
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8.4     Conclusion 

 To our knowledge, this is the fi rst study to examine avian microbiomes in the 
context of chemical signaling. Previous studies of symbiotic bacteria on birds’ skin, 
feathers, or glands have focused on microbes that produce benefi cial, antibacterial 
substances (e.g., Martín-Vivaldi et al.  2010 ) or on pathogenic microbes, especially 
feather-degrading bacteria (e.g., Shawkey et al.  2003 ; Saranathan and Burtt  2007 ; 
Saag et al.  2011 ). Our study suggests that the fermentation hypothesis for chemical 
recognition, originally formulated for mammals, may apply to a much broader 
range of taxa and opens new pathways for research. Future studies should evaluate 
covariance between preen gland bacterial communities and odors, the effect of 
manipulating bacterial communities on odor profi les, and the extent to which sub-
sequent changes in odor profi les infl uence birds’ behavioral responses to preen oil. 
They should also further elucidate the effect of social behavior on the transmission 
of preen gland bacterial communities and determine the extent to which preen gland 
bacterial communities differ from those associated with other avian organs.     
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    Chapter 9   
 Age-Related Effects on Individual 
Discrimination Among Meadow Voles, 
 Microtus pennsylvanicus        

       Michael     H.     Ferkin     ,     Christian     T.     Vlautin    , and     Lyndsey     M.     Pierson   

9.1            Introduction 

 For many terrestrial mammals, scent marks can indicate the senders or scent donor’s 
presence in an area (Brown and Macdonald  1985 ) and its phenotype (Roberts  2007 ; 
Wyatt  2014 ; Ferkin  2015 ). Being able to discriminate between the scent marks of 
conspecifi cs would allow receivers to avoid or seek out an interaction with particu-
lar individuals (Thom and Hurst  2004 ). Discriminating between conspecifi cs could 
be as simple as an individual learning the identity of a familiar scent donor, habitu-
ating to its unique mark, and subsequently becoming more attentive to the scent 
marks of unfamiliar donors (Halpin  1986 ; Hurst and Beynon  2004 ; Johnston  2008 ; 
Kaur et al.  2014 ). For example, the amount of time golden hamsters (  Mesocricetus 
auratus )   spent sniffi ng the scent mark of an individual receiver decreased with each 
exposure to that receiver’s scent marks. Later, when the hamsters were exposed to 
the scent mark of that same individual and the scent mark of a novel conspecifi c, 
they spent more time sniffi ng the scent mark of the novel conspecifi c. This fi nding 
suggests hamsters behave as if the scent marks of conspecifi cs were individually 
distinct (Johnston  1993 ,  2003 ; Todrank et al.  1998 ; Heth et al.  1999 ; Johnston and 
Bullock  2001 ; Mayeaux and Johnston  2002 ). Similar results were obtained in other 
studies using somewhat different methods in house mice,   Mus musculus    (Ferkin and 
Li  2005 ); Mongolian gerbils,   Meriones unguiculatus    (Halpin  1974 ,  1980 ); prairie 
voles,   Microtus ochrogaster    (Newman and Halpin  1988 ; Tang-Martinez and Bixler 
 2009 ); meadow voles,  M. pennsylvanicus  (Ferkin et al.  1999 ); ring-tailed lemurs, 
  Lemur catta    (Mertl  1975 ); chipmunks,   Tamias striatus    (Keevin et al.  1981 ); 
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common marmosets,   Callithrix jacchus    (Smith  2006 ); Turkish hamsters ,  
  Mesocricetus brandti    (Heth et al.  1999 ); and dwarf hamsters,   Phodopus campbelli    
(Lai and Johnston  1994 ). 

 Studies that examined  whether                                    scent marks convey individually distinct informa-
tion have focused on younger adult rodents as subjects. This may be problematic in 
that older adult rodents may not respond to scent marks in the same manner as 
would younger adult rodents. It has been well established that older adult rodents 
may have lowered olfactory sensitivity compared to younger adult rodents 
(Thompson and Spencer  1966 ; Gallagher and Rapp  1997 ; Wilson and Stevenson 
 2006 ), which may affect their ability to distinguish between scent marks of different 
senders. It is also possible that older rodents will have impairments that cause them 
to fail to learn, consolidate, or recollect the identity of conspecifi c scent donors 
(Doty and Kamath  2014 ). 

 Recent work has examined the effects of aging in meadow voles,  Microtus penn-
sylvanicus . Meadow voles are weaned at 18–21 days of age, become sexually 
mature at 2 months of age, and can live up to 24 months in the wild (Tamarin et al. 
 1984 ; Keller  1985 ; Pugh, Ferkin, and Tamarin unpubl. data). We have discovered 
that aging affects scent marking and responses to scent marks among male and 
female meadow voles (Ferkin and Leonard  2008 ; Ferkin  2010 ). Male voles that 
were 10–13 months old spent more time self-grooming than did 2–9-month-old 
male voles when they were exposed to the odors of a sexually receptive female 
(Ferkin and Leonard  2008 ). Age of the female did not affect the amount of time 
female voles spent self-grooming when they were exposed to the odors of an adult 
male conspecifi c (Ferkin and Leonard  2008 ). Self-grooming increases the odor fi eld 
around voles and enhances the attractiveness of the groomer’s scent mark to oppo-
site-sex conspecifi cs (Ferkin et al.  1996 ). In contrast to self-grooming, younger 
adult males deposited more scent marks but fewer over-marks in areas scent marked 
by a sexually receptive female than did older males (Ferkin  2010 ). Again, age did 
not alter the scent marking and over-marking responses of female voles (Ferkin 
 2010 ). Scent marking allows voles to indicate their phenotype and presence in an 
area (Ferkin  2011 ,  2015 ). Over-marking occurs when two or more scent marks 
overlap (Johnston et al.  1994 ,  1995 ; Ferkin  2011 ). As a whole, the results suggest 
that for meadow voles the effects of aging on self-grooming, scent marking, and 
over-marking differ between males and females (Ferkin and Leonard  2008 ; Ferkin 
 2010 ) and that each type of odor-related behavior may have its own vulnerability to 
the effects of aging. The observations also suggest that older males may have more 
mating opportunities than do younger males (Ferkin  1999 ). Such a speculation is 
not consistent with models that predict how aging affects the behavior of short-lived 
animals, such as rodents. The central prediction for short-lived animals is that mat-
ing success and fi tness favor younger adult rodents over older adult rodents 
(Boonstra  1994 ). The converse is predicted for the effects of aging on reproduction 
long-lived species such as primates (Promislow  1991 ; Rose  1991 ). 

 The fi rst aim of the present study was to test the hypothesis that aging affects the 
ability of meadow voles to discriminate between the scent marks of two different 
same-sex donors that share a similar phenotype. The second aim was to test the 
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hypothesis that aging affects the ability of meadow voles to discriminate between 
the scent marks of an opposite sex and a same-sex scent donor. To test the fi rst the 
hypothesis, we compared the amount of time that voles in four different age groups 
(2–3-month-old, 5–7-month-old, 10–12-month-old, and 15–18-month-old) spent 
investigating the scent marks of 5–7-month-old conspecifi cs during a habituation/
test task. To test the second hypothesis, we compared the amount of time that voles 
in the four age groups spent investigating the scent mark of a male conspecifi c and 
that of a female conspecifi c in an odor preference test.  

9.2     Materials and Methods 

9.2.1     Animals 

  Meadow vole subjects were housed in the animal care facility at the University of 
Memphis, Memphis TN, USA. The colony consisted of meadow voles originally 
captured in Pennsylvania, Kentucky, and Ohio, USA. Every 18–24 months, the 
voles in the colony were mated with captured free-living voles. Meadow voles used 
in the present study were born and raised under long photoperiod (14:10 h, L:D, 
lights on at 0700 h CST). Female meadow voles are induced ovulators and do not 
undergo regular estrous cycles (Milligan  1982 ; Keller  1985 ). Female meadow voles 
reach sexual maturity between 1 and 2 months of age and males reach sexual matu-
rity by 2 months of age (Nadeau  1985 ). In the present study, all male and female 
voles were sexually receptive; females were not currently pregnant or lactating. All 
voles used in this study were capable of reproducing and were not reproductively 
senescent (Ferkin unpubl. data). 

 All voles used in this study were weaned between 19 and 21 days of age, housed 
with littermates until 33–36 days of age, and thereafter housed singly in clear plastic 
cages (18 × 12.5 × 10 cm). Cages contained cotton nesting material, water, and food 
(Laboratory Rodent Diet #8640, Harlan Teklad, Madison, WI, USA).   

9.2.2     Age Classes 

  Subjects were 2–3-month-old, 5–7-month-old, 10–12-month-old, and 15–18-month- 
old voles. Similar age groups have been used in other studies of odor-related 
behavior among meadow voles (Ferkin  1999 ,  2010 ; Ferkin and Leonard  2008 ). 
These four age groups roughly encompass the range of ages of most of the conspe-
cifi cs that adult meadow voles will encounter in free-living populations (Sheridan 
and Tamarin  1988 ; Tamarin et al.  1984 ). The 2–3-month-old, 5–7-month-old, and 
10–12-month-old voles encompass the adult cohorts found in free-living vole pop-
ulations (Tamarin et al.  1984 ). The 2–3-month-old voles represent those individuals 
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that have recently passed through puberty (Nadeau  1985 ); we consider these voles 
as being young adults (Ferkin  1999 ). The 5–7-month-old voles represent those 
individuals that are sexually mature, and in fi eld populations are greatest in number 
(Tamarin et al.  1984 ). The 10–12-month-old voles represent those individuals that 
are sexually mature and have not yet reached senescence (Slade  1995 ). In fi eld 
populations, these voles may have been born late in the previous breeding season, 
overwintered, and survived to mate again the following spring (Tamarin et al.  1984 ; 
Negus and Berger  1988 ; Sheridan and Tamarin  1988 ). The 15–18-month-old voles 
are also sexually mature, have not yet reached senescence (Slade  1995 ), and repre-
sent those voles that may have been born early in the previous breeding season, 
overwintered, and survived to mate again the following spring. Ten- to 18-month- 
old voles make up the smallest proportion of the population among free-living 
voles, approximately 5–10 % of the population (Tamarin et al.  1984 ; Sheridan 
and Tamarin  1988 ; Pugh et al. unpubl. data). In the present study, the 2–3-month-
old voles were sexually receptive (Keller  1985 ), but sexually naïve. The 5–7-month-
old voles, the 10–12-month-old voles, and the 15–18-month-old voles were sexually 
experienced (Keller  1985 ; Nadeau  1985 ), having sired or delivered a litter 3–8 
weeks before being used in this study. Thus, all the voles used in this study were 
reproductively active, capable of mating and producing offspring.   

9.2.3     Habituation Phase 

  In this study, we used a habituation/test task that had previously been used to test 
individual discrimination meadow voles (Ferkin et al.  1999 ), golden hamsters 
(Johnston  1993 ; Johnston et al.  1993 ), and house mice (Ferkin and Li  2005 ). The 
habituation/test task involves two phases with the habituation being the fi rst phase 
and the test being second phase. All testing was conducted from April to August 
2013 between 0830 and 1330 h (CST). 

 During the habituation phase, subjects were given four 5-min exposures to glass 
slides containing the single scent mark of an individual (donor A). The scent mark 
of donor A was placed on in the surface of a clean, clear glass, microscope slide 
(7.62 cm × 2.54 cm) by rubbing the slide gently across the anogenital region of the 
donor vole for 3–5 s. The scent mark was placed vertically in the center of the slide. 
The scent mark was 1.5–2.4 cm long and 0.5–1.0 cm wide. The glass slide was 
suspended by a clean wire hook and clasp 1 cm above the substrate in the subject 
vole’s home cage, against the wall opposite the animal’s nest, and always in the 
same location in the cage. We used a new glass slide and fresh anogenital area scent 
marks for each presentation during this phase. The inter-exposure interval between 
the four successive exposures during the habituation phase was 5 min. Thus, the 
habituation phase consisted of an initial 5-min exposure, a 5-min interval, a second 
5-min exposure with a new slide containing the scent mark of the same donor as 
the fi rst, another 5-min interval, and so forth. The habituation phase ended after the 
fourth 5-min presentation of the slide containing the scent marks of donor A to the 
subject. Subjects in all experiments were exposed to a unique combination of scent 
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donors. The subjects and scent donors were unrelated and subjects were not familiar 
with donor A prior to the habituation phase. 

 We recorded the amount of time subjects spent licking or sniffi ng (nose within 
1 cm) the scent mark of donor A during each of the four presentations during the 
habituation phase. We used a two-way repeated measures analysis of variance (fac-
tors: sex and habituation exposures) followed by a Holm-Sidák multiple compari-
son test to determine if male and female subjects spent signifi cantly more time 
investigating the scent mark of donor A on the fi rst exposure than it did on the fourth 
exposure. Signifi cant differences were accepted at alpha = 0.05. A signifi cant 
decrease in investigation time between the fi rst and fourth exposure would indicate 
that the subject habituated to the scent mark of donor A (Johnston  1993 ; Johnston 
et al.  1993 ; Ferkin et al.  1999 ; Ferkin and Li  2005 ).   

9.2.4     Test Phase 

  The test phase began 5 min after the completion of the habituation phase. During the 
test phase, subjects were presented with a slide containing the scent mark of donor 
A and a scent mark of another individual, donor B. The scent marks were placed on 
a new microscope slide that was divided vertically into three equal sections: two end 
sections and a middle section. Each section of the slide was 2.54 cm wide. One end 
section of the slide contained the scent mark from donor A. The other end section 
contained the scent mark from donor B. The placement of the scent marks from 
donor A and donor B on the left or right side of the slide was alternated. Each scent 
placed on the slide was approximately 24 cm long and 0.8 cm wide. The middle 
section contained no scent marks. The test slide was placed in the same location in 
the subject vole’s home cage as were the slides used during the habituation phase. 

 We compared the amount of time that male and female subjects investigated the 
scent mark of donor A and that of donor B. We used a two-way repeated measures

analysis of variance (factors: sex and scent donor (donor A vs. donor B)) fol-
lowed by a Holm-Sidák multiple comparison test to determine if male and female 
subjects spent signifi cantly more time investigating the scent mark of donor B than 
that of donor A. Signifi cant differences in investigation time were accepted at 
 α  = 0.05. We considered that the voles viewed the scent marks as being different if 
they spent signifi cantly more time investigating the mark of donor B compared to 
donor A (Ferkin et al.  1999 ; Ferkin and Li  2005 ).   

9.2.5     Stimulus Scent Marks 

  The anogenital area mark of a scent donor served as the stimulus during both phases 
of this experiment. Anogenital area marks are deposited by voles in runways and 
paths (Ferkin  2011 ) and are sexually discriminable (Ferkin et al.  1999 ), containing 
secretions from the vole’s urogenital region glands and tissues, as well as its feces 
and urine (Ferkin and Johnston  1995 ).  
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9.2.5.1     Experiment 1 

  Subjects were selected from the four age groups: 2–3-month-old voles, 5–7-month- 
old voles, 10–12-month-old voles, and 15–18-month-old voles. We used 12 differ-
ent males and 12 different females as subjects from each age group. Male subjects 
were exposed to the scent marks of two different female donors and female subjects 
were exposed to the scent marks of two different male donors. Eighteen female and 
16 male 5–7-month-old voles provided the anogenital area scent marks and served 
as donor A or donor B. Male and female scent donors were not used as subjects in 
this experiment. We selected 5–7-month-old voles as scent donors because they are 
the most abundant age class of adults in free-living populations of meadow voles 
(Sheridan and Tamarin  1988 ; Tamarin et al.  1984 ; Pugh, Ferkin, Seamon, and 
Tamarin unpubl. data) and most likely to have their scent marks encountered by 
conspecifi cs.   

9.2.5.2     Experiment 2 

  The methods for experiment 2 were the same as detailed in experiment 1 with these 
notable exceptions. Male subjects ( n  = 12 per age group) were exposed to the scent 
marks of two different male donors and female subjects ( n  = 12 per age group) were 
exposed to the scent marks of two different female donors. Fifteen female and 16 
male 5–7-month-old voles provided the anogenital area scent marks. The subjects 
and scent donors used in this experiment were not used in experiment 1.   

9.2.5.3     Experiment 3 

  Our previous work has shown that 2–3-month-old, 5–7-month-old, and 10–12-month- 
old male and female meadow voles can discriminate between the scent marks of 
male and female conspecifi cs, spending signifi cantly more time investigating the 
anogenital area scent marks of opposite-sex conspecifi cs than those of same-sex 
conspecifi cs (Ferkin and Johnston  1995 ; Ferkin  1999 ,  2011 ). However, it is not 
known if 15–18-month-old voles can distinguish between the scent mark of a male 
and that of a female conspecifi c. Thus, we recorded the amount of time that 
15–18-month-old male and female voles spent during a 5-min test investigating the 
anogenital area scent mark of male donor and that of a female donor. Seventeen 
( n  = 9 females and  n  = 8 males) 5–7-month-old voles served as scent donors. The 
scent donors were unfamiliar and unrelated to the subjects. Subjects were 16 male 
and 16 female 15–18-month-old voles. The subjects and scent donors were not used 
in experiments 1 or 2. 

 The testing procedure was identical to the test phase used during experiments 1 
and 2, except that here, the subject was presented with a microscope slide contain-
ing the scent mark of an unfamiliar male and the scent mark of an unfamiliar female 
donor. The test began when the slide was placed into the cage of the subject vole. 
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Each slide was used in only one trial and discarded. The placement of the scent 
marks from the male and female donor on the left or right side of the slide was 
alternated. We used paired  t -tests to determine if statistically signifi cant differences 
( p  < 0.05) existed in the amount of time voles spent investigating the scent mark of 
an unfamiliar male or that of an unfamiliar female donor.     

9.3     Results 

9.3.1     Experiment 1: Exposure to Scent Marks of Opposite-Sex 
Conspecifi cs 

  Across the four exposures during the habituation phase, 2–3-month-old voles ( F  3, 

30  = 23.81,  p  < 0.001), 5–7-month-old voles ( F  3, 30  = 42.98,  p  < 0.001), and 
10–12-month-old voles ( F  3, 30  = 58.43,  p  < 0.001) spent different amounts of time 
investigating the scent marks of donor A (Fig.  9.1a–c ). Additionally, 2–3-month- 
old, 5–7-month-old, and 10–12-month-old male and female voles spent signifi -
cantly more time investigating the mark of donor A on the fi rst exposure than they 
did on the fourth exposure (Holm-Sidák multiple comparisons,  p  < 0.05; Fig.  9.1a–c ). 
In contrast, 15–18-month-old male and female voles spent similar amounts of time 
investigating the scent marks of donor A across the four exposures ( F  3, 30  = 0.82, 
 p  = 0.49; Fig.  9.1d ).

   During the test phase, 2–3-month-old ( F  1, 20  = 13.88,  p  < 0.001), 5–7-month-old 
( F  1, 20  = 22.41,  p  < 0.001), and 10–12-month-old male and female voles ( F  1, 20  = 20.43, 
 p  < 0.001) spent more time investigating the scent mark of donor B, the novel indi-
vidual, than that of donor A, the familiar individual (Fig.  9.1a–c ). In contrast, 
15–18-month-old male and female voles spent similar amounts of time investigat-
ing the scent mark of donor A and that of donor B ( F  3, 30  = 1.68,  p  = 0.19; Fig.  9.1d ).   

9.3.2     Experiment 2: Exposure to Scent Marks of Same-Sex 
Conspecifi cs 

  Across the four exposures during the habituation phase, 2–3-month-old voles ( F  3, 

30  = 33.54,  p  < 0.001), 5–7-month-old voles ( F  3, 30  = 39.16,  p  < 0.001), and 
10–12-month-old voles spent different amounts of time investigating the scent mark 
of donor A ( F  3, 30  = 58.43,  p  < 0.001; Fig.  9.2a–c ). Additionally, 2–3-month-old, 
5–7-month-old, and 10–12-month-old voles spent more time investigating the scent 
marks of donor A on the fi rst exposure than they did on the fourth exposure (Holm- 
Sidák multiple comparisons,  p  < 0.05; Fig.  9.2a–c ). In contrast, 15–18-month-old 
male and female voles spent similar amounts of time investigating the scent marks 
of donor A across the four exposures ( F  3, 30  = 1.22,  p  = 0.31; Fig.  9.2d ).
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  Fig. 9.1    ( a – d ) The amount of time (s) ± SEM spent investigating the scent mark of an  opposite- 
sex conspecifi c  (s) during the exposure phase and during the test phase of a habituation task by ( a ) 
2–3-month-old, ( b ) 5–7-month-old, ( c ) 10–12-month-old, and ( d ) 15–18-month-old voles. 
Histograms capped with a different  letter  indicate signifi cant differences ( p  < 0.001) during the fi rst 
and fourth exposure.  Asterisks  (***) denote signifi cant differences ( p  < 0.001) in the amount of 
time voles spent investigating the scent marks of the two donors during the test phase       

   During the test phase, 2–3-month-old voles ( F  1, 20  = 13.88,  p  < 0.001), 5–7-month- 
old voles ( F  1, 20  = 22.41,  p  < 0.001), and 10–12-month-old voles ( F  1, 30  = 17.04, 
 p  < 0.001) spent more time investigating the scent mark of donor B (novel) than that 
of donor A (familiar) (Fig.  9.2a–c ). However, 15–18-month-old voles spent similar 
amounts of time investigating the scent marks of donor A and donor B ( F  1,20  = 0.96, 
 p  = 0.33; Fig.  9.2d ).   

9.3.3     Experiment 3: Discrimination of the Sexes 

  Fifteen- to 18-month-old male ( t  15  = 2.81,  p  = 0.01) and 15–18-month-old female 
voles ( t  15  = 3.08,  p  = 0.007) spent signifi cantly more time investigating the scent 
mark of an opposite-sex conspecifi c than that of a same-sex conspecifi c. Fifteen- to 
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18-month-old male voles spent 8.81 ± 0.55 s (mean ± SEM) and 5.58 ± 0.53 s inves-
tigating the scent marks of a female and that of a male conspecifi c, respectively. 
Fifteen- to 18-month-old female voles spent 7.72 ± 0.55 s and 4.39 ± 0.47 s investi-
gating the scent marks of a male and that of a female conspecifi c, respectively.    

9.4     Discussion 

 The fi rst aim of the present study was to test the hypothesis that  aging affects   
whether meadow voles can identify differences between the scent marks of two 
same-sex conspecifi cs. In experiment 1, we found that 2–3-, 5–7-, and 10–12-month- 
old voles habituated to the scent marks of an opposite-sex conspecifi c (donor A) and 

  Fig. 9.2    ( a – d ) The amount of time (s) ± SEM spent investigating the scent mark of a  same-sex 
conspecifi c  (s) during the exposure phase and during the test phase of a habituation task by ( a ) 
2–3-month-old, ( b ) 5–7-month-old, ( c ) 10–12-month-old, and ( d ) 15–18-month-old voles. 
Histograms capped with a different  letter  indicate signifi cant differences ( p  < 0.001) during the fi rst 
and fourth exposure.  Asterisks  (***) denote signifi cant differences ( p  < 0.001) in the amount of 
time voles spent investigating the scent marks of the two donors during the test phase       
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later, during the test phase, they could distinguish between the familiar scent donor 
(donor A) and the novel scent donor (donor B). Similar results were obtained in 
experiment 2, when we found that 2–3-, 5–7-, and 10–12-month-old voles habitu-
ated to the scent marks of a same-sex conspecifi c (donor A) and later, during the test 
phase, discriminated between the familiar scent donor (donor A) and the novel scent 
donor (donor B). Thus, 2–12-month-old meadow voles behaved as if the scent 
marks of the two same-sex donors or two opposite-sex donors were individually 
distinct. Similar results and interpretations were obtained in studies that examined 
individual discrimination among 3–10-month-old prairie voles, house mice, 
Mongolian gerbils, and golden hamsters (Halpin  1980 ; Johnston et al.  1993 ; Tang- 
Martinez and Bixler  2009 ; Ferkin and Li  2005 ). In contrast, in experiments 1 and 2, 
we discovered that 15–18-month-old meadow voles did not habituate to the scent 
mark of a same-sex conspecifi c or an opposite-sex conspecifi c (donor A) and later 
could not distinguish between scent mark of the familiar scent donor (donor A) and 
that of the novel donor (donor B). Thus, the present results support the hypothesis 
that age of a vole affects its ability to distinguish between the scent marks of two 
same-sex conspecifi cs. Specifi cally, 15–18-month-old voles may not be able to 
identify differences in the scent marks between a novel and a familiar same-sex 
conspecifi c. 

 We do not  know   why 15–18-month-old voles failed to habituate to the scent 
mark of a conspecifi c and later could not discriminate between the scent marks of 
the familiar donor and a novel donor, whereas younger adult voles could habituate 
and later make such discriminations. It is possible that 15–18-month voles need 
more than four 5-min exposures to the scent mark of a conspecifi c before it habitu-
ates to it. Shukitt-Hale et al. ( 2001 ) showed that 22–24-month-old, senescent male 
rats could habituate over an extended period to objects they encountered repeatedly 
in their arenas but were less likely to respond to novel objects placed in their arena. 
Somewhat similar results were found in a study showing that younger but not older 
adult house mice could habituate to familiar features and objects in their physical 
environment (Brennan et al.  1984 ). It is possible that in our study, 15–18-month-old 
voles like aged male rats have impairments in perception, processing, or memory, 
which prevent them from habituating to a familiar scent mark or object in their 
environment (Brennan et al.  1984 ; Matzel et al.  2011 ; Doty and Kamath  2014 ). It is 
also possible that 15–18-month-old voles cannot form individual representations of 
the scent marks of conspecifi cs, which can be formed by 3–13-month-old voles (i.e., 
Johnston and Bullock  2001 ). 

 Failure to discriminate between  same-sex conspecifi cs   may have profound 
effects on the behavior, survival, and fi tness of 15–18-month-old voles. For exam-
ple, 15–18-month-old male female and male voles may no longer be able to 
 discriminate between residents and intruders, familiar and unfamiliar conspecifi cs, 
and kin and non-kin or may not be motivated to do so (Ferkin  2011 ,  2015 ). Thus, 
15–18-month-old voles may be less likely to identify or respond to changes in their 
social environment, particularly with respect to their failure to identify differences 
among the scent marks of same-sex conspecifi cs. Such impairment in olfactory 
discrimination may also increase potentially costly interactions with same-sex 

M.H. Ferkin et al.



131

competitors (Ferkin  2011 ). Aging studies on other rodents have reported that aged 
individuals may become more prone to risky or costly situations (Markowska et al. 
 1989 ; Matzel et al.  2011 ; Shao and Lee  2014 ). 

 The second aim of the study was to determine whether 15–18-month-old voles 
could distinguish between the scent mark of a male donor and that of a female 
donor. In experiment 3, 15–18-month-old male and female voles could discriminate 
between scent marks of a male conspecifi c and a female conspecifi c, spending more 
time investigating the scent mark of the opposite-sex donor to that of the same-sex 
donor. This fi nding is interesting in that previous work has shown that aging had a 
greater effect on the attractiveness of scent marks produced by male voles and their 
responses to the scent marks of a sexually receptive female conspecifi c than it did 
on female voles. Aging did not appear to affect the attractiveness of the scent marks 
of females to males or in the responses of females to the scent marks of male voles. 
Specifi cally, 10–13-month-old male voles produced scent marks that were more 
attractive to females compared to those produced by 2–9-month-old voles (Ferkin 
 1999 ). In addition, 10–12-month-old male but not female voles spent more time 
self-grooming when they encountered the odors of a sexually receptive,  opposite- 
sex conspecifi c   relative to the amount of time that 2–9-month-old voles spent self- 
grooming (Ferkin and Leonard  2008 ). In contrast, 2–3-month-old voles deposited 
more scent marks than older male voles in areas scent marked by a sexually recep-
tive female conspecifi c. However, 5–7-month-old and 10–12-month-old male voles 
over-marked a higher proportion of the marks of females than did 2–3-month-old 
male voles (Ferkin  2010 ). From these observations, we can adduce that each type of 
odor-related behavior may have its own vulnerability to the effects of aging and that 
these effects differ between male voles and female voles. 

 Discriminating between familiar and unfamiliar conspecifi cs would provide ben-
efi ts related to an individual’s survival and fi tness (Manning  1985 ; Kokko  1998 ; 
Beck and Powell  2000 ). Failure to do so may reduce the survival of 15–18-month- 
old voles if they encounter the scent marks of two same-sex conspecifi cs that are 
their competitors but increase the fi tness of 15–18-month of voles if they encounter 
the scent marks of two opposite-sex conspecifi cs. Older, adult male voles also pro-
duce scent marks that are more attractive to those of younger males to females, and 
they behave in a manner that increases their ability to locate females than do younger 
male voles (Ferkin  1999 ,  2010 ,  2011 ; Ferkin and Leonard  2008 ). Indeed, older male 
voles may have more opportunities to mate than do younger male voles (Ferkin 
 1999 ,  2010 ; Ferkin and Leonard  2008 ) because they have lower residual reproduc-
tive value (i.e., Fischer et al.  2008 ). Similarly, older female voles may be more 
experienced mothers and they may provide more maternal care compared to younger 
female voles (McGuire and Novak  1984 ; Sabau and Ferkin  2013 ). As a whole this 
suggest that for 15–18-month-old voles, the ability to identify a mate may outweigh 
their inability to discriminate between two same-sex conspecifi cs for 15–18-month- 
old voles. 

 Our present fi ndings add to a literature suggesting that the  odor-related behaviors   
of meadow voles do not fi t neatly into the predictions for short-lived animals (Ferkin 
 1999 ,  2010 ,  2011 ,  2015 ; Ferkin and Leonard  2008 ). It seems that each of the 
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 odor-related behaviors that have been studied, which includes self-grooming, 
over- marking, scent marking, and individual discrimination, has its own vulnerability 
to the effects of aging (Boonstra  1994 ). A more parsimonious model should incor-
porate the tactics that older and younger adult meadow voles use to communicate 
and respond to conspecifi cs (Ferkin  2011 ,  2015 ). Such models can be developed 
from existing models life history tradeoffs (i.e., Partridge and Endler  1987 ; Manning 
 1985 ; Kokko  1998 ) and modifi ed to include the costs and benefi ts associated with 
discriminating among conspecifi cs for that species. Such life history characteristics 
that may infl uence age-related effects on individual discrimination should include 
the mating system and social system of the species in question, demography of the 
population, and the spatial and temporal distribution of conspecifi cs in that popula-
tion (Tamarin et al.  1984 ; Sheridan and Tamarin  1988 ). 

 During most of the  breeding season  , meadow voles do not share nests with  same- 
sex conspecifi cs  . Female meadow voles are territorial, whereas males wander 
through large home ranges that encompass the territory of one of more females 
(Madison  1980 ). Thus, voles may have more interactions with opposite-sex rather 
than same-sex conspecifi cs. It is possible that 15–18-month-old voles have even 
fewer interactions with conspecifi cs, especially if they have reduced aerobic capac-
ity, which could reduce their locomotor activity, running speed, and their ability to 
escape or avoid risky interactions (Ricklefs et al.  1996 ; Rezende et al.  2006 ; Boraty 
and Koteja  2009 ). In this case, 15–18-month-old voles may no longer need to dis-
tinguish between scent marks of same-sex competitors because they do not interact 
with them regularly. Thus, it is not a stretch to hypothesize that in species in which 
conspecifi cs have frequent and repeated social interactions with nearby conspecif-
ics, such as prairie voles (McGuire et al.  1990 ), older individuals may be more 
likely to continue to encounter the scent marks of the same conspecifi cs. This would 
allow them to continue to discriminate between their scent marks and those of unfa-
miliar conspecifi c (Ferkin  2011 ,  2015 ).     
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    Chapter 10   
 Putative Pheromone of the Indian Crestless 
Porcupine,  Hystrix brachyura        

       Biswatosh     Ghosh    ,     Mousumi     Poddar-Sarkar     ,     Sibdas     Ray    , 
and     Ratan     Lal     Brahmachary    

10.1            Introduction 

 Two of the three Indian porcupine species,   Hystrix indica    (Kerr 1792) and the 
smaller   Hystrix brachyura    (Linn. 1758) have become endangered in North and 
South Bengal. Even in the jungle, they usually emerge from their holes only after 
dusk (Sankhala  1993 ). In the last few decades the number of both  H. indica  and 
 H. brachyura  has been drastically reduced even in the rural areas, where they inhabit 
the rocky regions and make burrows under stones and rocks (Raha  2012 ). 

 Most of the behavioral studies of porcupines have focused on new world porcu-
pines (Curtis and Kozicky  1944 ; Morris and Aarde  1985 ; Roze  1989 ,  2009 ; Ilse and 
Hellgren  2001 ). Although much is known about the reproductive behavior and odor 
communication of American porcupine,   Erethizion dorsatum    (Shadle  1946 ; Edwin 
and Shadle  1953 ; Brown and Macdonald  1985 ), we know little about odor com-
munication, the sources of chemical cues, and their chemical composition  about 
      H. indica  and  H. brachyura . These endangered porcupines generally use urine and 
sometimes feces to mark their territory, for indicating their presence to potential 
mates, and possibly to defend against  predators  and conspecifi cs (Poddar-Sarkar 
et al.  2011 ; Raha et al.  2015 ). Thus, the goal of this present paper is to provide 
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preliminary observations of odor communication in  H. brachyura  by examining 
scent marking, the sources of chemical cues, and continuing the study of the chemi-
cal composition of these scents.  

10.2     Materials and Methods 

10.2.1     Observations of Behavior 

  We observed a total of fi ve individual animals (three males and two females) and the 
behavior was video-taped between 2011 and 2014 across different seasons of the 
year with different sex combinations. Each observation was recorded for 2–3 h. All 
observations occurred during the day although porcupines are nocturnal, at the 
Gorchumuk Rehabilitation Center (GRC: 22°20.886′N and 88°04.379′E), near 
Kolkata under Zoo Authority of West Bengal where the animals are familiar with 
human beings (Fig  10.1 ). We were allowed to observe the porcupines shortly after 
dawn and shortly before dusk.   

10.2.2     Chemical Analysis of Urine Samples 

  Urine deposited by the porcupines on the soil was aspirated into separate air-tight 
glass vials containing Hexane (Hx), Dichloromethane (DCM) and Acetonitrile 
(ACN). The urine samples were then brought into the laboratory under ice and 
stored at −20 °C for subsequent analyses. 

 Hx and DCM extract of the urine samples of both the sexes were subjected to two 
different  Gas chromatography-mass spectrometry (GCMS)   instruments attached 
with two different columns for identifi cation of polar and non-polar low boiling 
volatiles with double verifi cation. ACN extracts were utilized for analysis of com-
paratively less volatile, high boiling compounds with the aid of High Performance 
Liquid Chromatography (HPLC; Agilent, 1260 infi nity series, USA). Solvents used 
for extraction were purchased from E. Merck, India (HPLC grade). The column 
temperature for Elite 5-MS attached in Perkin Elmer Clarus 600C GCMS was pro-
grammed at 50 °C for 2 min hold, then 80–280 °C with ramping at 5 °C/min and the 
column temperature for HP5-MS attached with Agilent GC-MS Agilent 
Technologies, GC-7890A, MS-5975C, USA was maintained at 70 °C for 1 min, 
then 70–190 °C with ramping at 5 °C/min, then 10 min hold, then again 190–260 °C 
with ramping at 4 °C/min with a fi nal 5 min hold. In both the cases, fl ow of carrier 
gas was 1 ml/min. Compounds were identifi ed by comparing the  Relative Retention 
Time (RRT)   and by considering the MS fragmentation database available by NIST 
and scrutinizing the MS fragmentation pattern. 
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 For HPLC, we used ACN extracts of both male and female urine sample. HPLC 
system was attached with Zorbax SB-C18 column (4.6 × 150 mm, 3.5 μm) and 
equipped with Diode Array Detector. Gradient of two mobile phases: methanol (A) 
and water with 0.02 % aqueous H 3 PO 4  (B) were set at: 25 % A + 75 % B for 5 
min → 30 % A + 70 % B for 10 min → 45 % A + 55 % B for 30 min→ and 80 % 
A + 20 % B for 45 min. The injection volume was 20 μl. The fl ow rate of the sol-
vents was kept at 0.4 ml/min. Scanning of analytes at 275 nm provided a compre-
hensive output. In addition to the above procedure, peaks were also compared with 
the absorption spectra of the standards run under same condition (Sigma, USA; 
ChromaDex, USA). 

 Chloroform phase separated out by Bligh and Dyer’s method ( 1959 ) was sub-
jected to  Thin Layer Chromatography (TLC)   for fractionation of different putative 
fi xative lipid classes present in male and female urine (Poddar-Sarkar  1996 ). The 
solvent we used for run was hexane: diethyl ether: acetic acid (90:10:1.5 v/v) (Stahl 
 1965 ). Spots were identifi ed after spraying with 0.2 % 2,7-dichloro- fl uorescein in 
ethanol (Christie  2003 ) after comparison with standards (Sigma, USA).    

  Fig. 10.1    Location of  Dung   heap Site (DS), site of Urination (U) and the area of interest for 
Sniffi ng (Sn1 and Sn2) with respect to the Main Hole (MH), Auxiliary Hole (AH) and Water basin 
(W) in a hexagonal enclosure. SL-Slab of stone above the main hole. (Figure not to scale)       
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10.3     Results and Discussion 

10.3.1     Observations of Behavior 

  We discovered that  H. brachyura  deposited feces and urine at specifi c non-random 
locations of their enclosure. We observed males to sniff and lick the urine of the 
females and vice versa, suggesting that it may be a source of chemical cues. 
Porcupines also sniffed the quills of conspecifi cs ( Fig .  10.2 ), a behavior observed by 
Raha ( 2012 ). It is interesting to note that just after urination male porcupines moist-
ened both the quills of the lower hind part of their body and their tail quills with 
urine accumulated on the soil, after which the quills were shaken vigorously to scat-
ter urine around the spot. Previous work has shown that porcupines use their hollow 
quills to carry water back to their burrow (Corbett  1953 ). Li et al. ( 1997 ) and Roze 
( 2006 ) suggested that a specialized patch of skin on lower back, called rosette may 
be the possible source of ( R )-δ-decalactone, the warning odor of New world porcu-
pines. Our preliminary fi ndings suggest that the specialized long-barbed quills  may 
facilitate the dispersal of cresol, the putative pheromonal component of old world 
porcupine. 

  Fig. 10.2    Sniffi ng of tail quills (inset-tail quill)       
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10.3.2         Chemical Composition 

  GCMS analysis of Hx extract of a female urine sample revealed fi ve major peaks. 
Phenylacetylene (MW 102), Cresol (MW 108) and Phenol (MW 94) were convinc-
ingly identifi ed.  The            molecular ion 102 and fragments 101, 76, 75, 50 suggest the 
presence of phenylacetylene. Phenol tautomerizes to the keto form resulting into  
cation radical 66, a ketone 28 and a very small peak 65. In the sample Hx of male 
urine the same procedure revealed cresol, benzaldehyde (MW 106) and methyl 
cyclohexane (MW 98) (Fig.  10.3 ). DCM extract revealed only one peak of cresol in 
GCMS. As isomeric compounds have specifi city in pheromone signalling for many 
animals ranging from insects to mammals (Silverstein  1979 ; Mori  1996 ), we used 
HPLC to identify  p - and  o -cresol, separately (Fig.  10.4 ). We could not identify 
other compounds from the HPLC chromatogram. TLC analysis of the urine sample, 
however, revealed the presence of triglyceride (TAG), diglyceride (DAG). As a 
whole, our fi ndings suggest a probable biogenetic pathway. This pathway begins 

  Fig. 10.3    Mass fragmentation pattern of  cresol, benzaldehyde and methyl-cyclohexane present in 
urine samples         
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with cyclohexane (which, being very volatile, is unlikely to be detected), whose 
biochemical oxidation leads to phenol in one route, and subsequent methylation 
yields methyl cyclohexane in another route which further results (via toluene) into 
benzaldehyde and  o - and  p -cresol.

    We found that the smell of urine of  H. brachyura  was similar to that of standard 
cresol. Būda et al. ( 2012 ) discussed the importance of  p -cresol as a pheromone in 
the urine of mare but  p -cresol occurs in both male and female porcupine. This sub-
stance has been found to be a sexual attractant in the urine of mares during estrus 
(Būda et al.  2012 ).  p -cresol and  m -cresol have been identifi ed as major volatile 

  Fig. 10.4     HPLC of ACN extract of urine   of female and male porcupine showing P =  p -cresol and 
O =  o -cresol. U1–U9 peaks were unidentifi ed but present in different amount in chromatograms of 
both female and male       
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 components from the temporal gland secretion of African elephant  Loxodonta 
africana  (Adams et al.  1978 ; Wheeler et al.  1982 ). The primary component respon-
sible for the aposematic behavior of new world porcupine was identifi ed as ( R )-δ-
deca lactone (Li et al.  1997 ). Urine deposited on soil carries a smell to our nose even 
~30 min later but pure cresol dropped on soil is not perceptible after ~5 min. 
Different classes of neutral lipid like TAG, DAG may be natural fi xatives for volatile 
molecules found in the urine of porcupines, which is similar to that found in the 
urine of Bengal tigers (Brahmachary and Dutta  1981 ; Poddar-Sarkar  1996 ). These 
fi xatives may increase the half-life of putative chemical cues (Poddar-Sarkar  1996 ).       
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    Chapter 11   
 Chemical Cues, Hibernation 
and Reproduction in Female Short-Beaked 
Echidnas ( Tachyglossus aculeatus setosus ): 
Implications for Sexual Confl ict       

       Rachel     L.     Harris     ,     Elissa     Z.     Cameron    ,     Noel     W.     Davies    , and     Stewart     C.     Nicol   

11.1           Introduction 

11.1.1     Seasonality of Reproductive Signals 

   Communication is  vital   for coordinating reproduction in many sexually- reproducing 
vertebrates (Andersson  1994 ; Bradbury and Vehrencamp  2011 ). In seasonal breed-
ers, signals and cues related to reproduction (i.e. plumage, coloration, behavior, 
odor) tend to vary seasonally with reproductive state, thereby minimizing signaling 
costs (Gosling et al.  2000 ; Zala et al.  2004 ) and ensuring potential mates are not 
attracted at inappropriate times (Andersson  1994 ; Johansson and Jones  2007 ; Uhrig 
et al.  2012 ).  Temporal changes in signaling activity   and changes in composition 
may vary not only by season, but also show different patterns depending on the type 
of signal modality, since cost and information content may vary by signal type 
(Candolin  2003 ; Wyatt  2003 ). Here, we focus on olfactory (chemical) cues, the 
primary mode of communication in many mammals (Wyatt  2003 ). 

 Seasonality in mate-attracting signals and reproductive physiology might be par-
ticularly strong in animals which undergo periods of torpor or hibernation, as they 
have a reduced active period during which mate-locating, courtship and  reproduction 
can occur. Along with depressing metabolic rate and body temperature (Geiser 
 2004 ,  2011 ), torpor and hibernation down-regulate ordinary behavior patterns 
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(Wimsatt  1969 ), endocrine system and reproductive organ function (Hudson and 
Wang  1979 ) and probably also inhibit signaling activity, since the size and activity 
of scent glands are under endocrine control (Ebling  1977 ). In most hibernating spe-
cies, mating follows a period of euthermia which allows time for gonadal develop-
ment, spermatogenesis and scent gland development (Dark  2005 ). However, winter 
torpor and mating activity are closely timed or even overlap in some vertebrates 
(Thomas et al.  1979 ; Boyles et al.  2006 ; Shine  2012 ), suggesting signal production 
may occur even when body temperature and metabolic rate are reduced (e.g. Parker 
and Mason  2009 ). However, garter snakes (LeMaster and Mason  2002 ) and some 
hibernating mammals (Exner et al.  2003 ; Blumstein et al.  2004 ) may overwinter in 
groups, so could use visual cues to locate potential mates once they have rewarmed. 
The effects of hibernation on mammalian chemical signals have not been directly 
investigated.    

11.1.2     The Monotremes 

  Little is known  about   chemical signals in the egg-laying mammals (Order 
Monotremata), which comprise three genera including the platypus, short-beaked 
echidna and critically endangered long-beaked echidnas of New Guinea. 
Monotremes possess a unique mosaic of reptilian and mammalian reproductive 
characteristics (i.e. egg-laying, milk producing; Griffi ths  1978 ) and diverged from 
the therian line approximately 161–271 million years ago (Phillips et al.  2009 ), 
hence they have been described as the ‘ultimate mammalian out-group’ (Nicol 
 2003 ). Reproduction in platypus and short-beaked echidnas is characterised by a 
distinct breeding season: after a short gestation period, females lay a single egg 
(usually two in platypus), and eggs hatch after ~10–11 days of incubation (Griffi ths 
 1978 ; Morrow and Nicol  2012 ). After an initial stage where the neonate(s) remains 
with the mother and feeds on milk, both platypus and short-beaked echidnas leave 
their young in purpose-built ‘nursery burrows’ while the mother is away on foraging 
trips (Hawkins and Battaglia  2009 ; Morrow and Nicol  2012 ). In short-beaked echid-
nas, the egg is laid into a rudimentary pouch formed by hypertrophy of the mam-
mary glands (Griffi ths  1978 ; Morrow and Nicol  2012 ), and there is variation in the 
timing of nursery burrow use among different geographic subspecies (reviewed by 
Morrow and Nicol  2012 ; Nicol  2013 ).   

11.1.3     Echidna Olfaction and Mating Behavior 

  The short-beaked echidna ( Tachyglossus aculeatus ; ‘echidna’) is the most common 
extant species of monotreme and is found throughout mainland Australia, Tasmania, 
several offshore islands and parts of New Guinea (Griffi ths  1978 ; Augee  2008 ). 
Echidnas are sometimes described as ‘primitive’ (Nicol  2013 ), but their relatively 
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large brain and complex olfactory structures suggest a large olfactory repertoire and 
signifi cant brain capacity and memory (Ashwell  2013 ; Nicol  2013 ). In particular, 
anatomical and behavioral features suggest olfaction plays a key role in coordinat-
ing echidna reproduction and social behavior (reviewed by Harris  2014 ). Echidnas 
show a high degree of nocturnal activity (Nicol et al.  2004 ), use odor cues to locate 
food (Griffi ths  1978 ), have large, well-developed olfactory sense organs (Home 
 1802 ; Broom  1895 ; Griffi ths  1978 ; Schneider  2011 ) and a large olfactory bulb 
(Ashwell  2006 ; Nicol  2013 ). Both sexes have putative scent glands located in the 
cloaca and at the base of the spurs on the hind feet, although the spurs themselves 
are only retained in adult males (Harris et al.  2012 ). Scent-marking behavior (clo-
aca: Dobroruka  1960 ; Boisvert and Grisham  1988 , spur: Morrow  2013 ) and sea-
sonal variation in chemical composition (Harris et al.  2014 ) suggest these secretions 
are important for reproduction. In particular, echidna mating behavior appears 
strongly driven by male responses to female odor cues. Both sexes produce a strong 
odor during the mating season (Semon  1899 ; Nicol et al.  2004 ), and males are 
attracted to female scent (Rismiller  1992 ; Harris  2014 ). Rismiller ( 1992 ) suggested 
females may produce a ‘pheromone’ to attract males, although chemical analyses 
suggest changes in a suite of compounds are more important for signaling reproduc-
tive status to conspecifi cs (Harris et al.  2012 ,  2014 ). There is signifi cant variation in 
mating behavior across geographic subspecies (Morrow et al.  2009 ) and therefore 
chemical cues may have different roles in coordinating reproduction across the 
echidna’s distribution.  

11.1.4     Tasmanian Echidna Mating Behavior and Odor 

 Tasmanian echidnas ( T. a. setosus ) are highly seasonal (Nicol and Andersen  2007 ; 
Nicol and Morrow  2012 ) and there is asynchrony in the timing of hibernation and 
reproduction between the sexes (Morrow and Nicol  2009 ; Nicol and Morrow  2012 ). 
Males and females hibernate for several months of the year, emerging prior to the 
winter breeding season (June–September). During hibernation, body temperature 
may fall to within 1 °C of substrate temperature (Nicol and Andersen  2002 ; Morrow 
et al.  2009 ). Both sexes are promiscuous (Morrow et al.  2009 ; Morrow and Nicol 
 2009 ) and females do not breed every year (Nicol and Morrow  2012 ), resulting in 
intense intra-male competition for access to reproductive females (Morrow et al. 
 2009 ). Males emerge from hibernation before females and are able to locate and 
mate with females that are still hibernating (Morrow and Nicol  2009 ). Hibernating 
females are usually completely concealed and use a variety of shelter sites (e.g. 
inside hollow logs, woodpiles, tussocks, or dug into soil; Nicol and Andersen  2002 ). 
Furthermore, echidnas at our study site do not use the same hibernaculum each year 
and often hibernate 0.5–1 m or more below the soil surface (unpubl. data), so female 
location cannot be predicted by males. In the absence of other cues, males seem to 
use odor to locate females (Harris et al.  2012 ), suggesting females produce an 
attractive odor while hibernating. Furthermore, non-reproductive females (sexually 
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mature but not breeding in a given year) tend to hibernate through the mating season 
and emerge in mid-September (Nicol and Andersen  2002 ; Nicol and Morrow  2012 ), 
not usually disturbed by males (Harris  2014 ; Morrow  2013 ). Females are in better 
body condition (heavier) in reproductive than non-reproductive years (Nicol and 
Morrow  2012 ; Sprent et al.  2012 ) and only reproductive females seem to undergo 
estrous cycles (Morrow  2013 ). Although it might be expected that males could dis-
criminate between females based on odor, reproductive females continue to attract 
males and mate during pregnancy (Morrow  2013 ; Harris  2014 ), suggesting males 
are unable to distinguish between pregnant and non-pregnant females. 

 To understand why reproductive female echidnas are attractive to males, even 
when hibernating or pregnant, we used a combination of organic chemical analyses, 
behavioral observations, urogenital smears (presence of spermatozoa confi rmed 
mating) and external temperature loggers to investigate variations in female chemi-
cal cues during hibernation and the mating season in a free-living population. 
Female odor varies between hibernation and the mating season (Harris et al.  2014 ), 
but it is unclear whether odor composition and attractiveness changes during hiber-
nation or after emergence, and what cues (e.g. temperature, photoperiod) might 
trigger such a change. No previous published studies have directly quantifi ed 
changes in female chemical profi les during hibernation or pregnancy in a mono-
treme. We predicted that (1) female chemical profi les would change during hiberna-
tion; (2) reproductive and non-reproductive female profi les would differ, thereby 
allowing males to locate reproductive females; and (3) females would show changes 
in chemical profi les before, during and after fertilization.    

11.2     Methods and Materials 

11.2.1     Study Site and Animals 

   Fieldwork was conducted in the southern midlands of Tasmania (42° 28′ S, 142° 14′ E) 
between January 2010 and September 2012, encompassing three hibernating and 
mating seasons. Details of the site, fi eldwork procedures and animal identifi cation 
are described elsewhere (Nicol et al.  2011 ; Harris et al.  2012 ). A total of 35 female 
echidnas were sampled during the study period, including 18 sexually mature 
female echidnas which were fi tted with RF tracking transmitters (RI-2C; Holohil, 
Canada) to allow serial sampling and monitoring. Ten females were monitored for 
consecutive years. Small external temperature loggers (i-Button, DS1992 L, Maxim 
Integrated Products Inc., Sunnyvale, California) were attached to transmitters and 
recorded temperature every hour (±0.5 °C). Loggers recorded events such as 
immergence and emergence from hibernation, periodic arousals, the entry of a 
male into a cold female hibernaculum, females entering nursery burrows and egg-
laying (Nicol and Andersen  2002 ,  2006 ; Morrow and Nicol  2009 ). Radio-tracked 
animals were monitored weekly and sampled approximately monthly, and up to 
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three times per week during the mating season (June–September), when reproduc-
tive females were found in mating aggregations (Morrow et al.  2009 ). Additional 
females ( n  = 17) were sampled opportunistically after being found walking around 
the property or in close proximity to radio-tracked males (e.g. in a mating aggrega-
tion); data from these females were included in our analyses where appropriate. 
Animals were captured by hand and samples (e.g. urogenital smears, odorant and 
blood samples) were collected while the animal was under light inhalation anesthe-
sia. Body temperature ( T  b ) was measured by gently advancing a thermocouple 
probe approximately 3 cm into the cloaca. Animals were weighed (±0.01 kg) and 
returned to their place of capture after recovering from the anesthetic.    

11.2.2     Odorant Sample Collection and Chemical Analyses 

  We followed previously described procedures for collecting and analyzing odorants 
(Harris et al.  2012 ). We concentrated our analyses on the volatile and nonvolatile 
components of female cloacal scent gland secretions: females scent-mark using 
their cloaca (Dobroruka  1960 ; Boisvert and Grisham  1988 ; Beard et al.  1992 ); free- 
ranging males show interest in female cloacal odor during the mating period (Harris 
 2014 ); and cloacal secretion composition varies between sexes and seasons (Harris 
et al.  2014 ). We collected cloacal swabs ( N  = 209 samples from 35 individuals) and 
cloacal wax secretions ( N  = 113,  n  = 28), all samples were stored in individual glass 
vials on ice while in the fi eld (up to 8 h), then at −20 °C until analysis. Cloacal 
swabs were analyzed by thermal desorption followed by combined GC-MS using a 
Varian CP-3800 benchtop gas chromatograph (Varian, Palo Alto, CA, USA) and 
1200L triple-quadrupole mass spectrometer (Varian, Palo Alto, CA, USA) or Bruker 
300-MS TQ mass spectrometer (Bruker, Preston, Victoria, Australia). The Varian 
instrument was replaced by the Bruker instrument during the study, but all tempera-
ture programs and scanning conditions were held constant. Thermal desorption of 
cloacal swabs involves minimal interference with the sample (McLean et al.  2012 ) 
and was used primarily to describe changes in relatively ‘volatile’ compounds (b.p. 
<300 °C). Cloacal wax secretion samples were extracted in chloroform and deriva-
tised to form TMS ethers, thereby improving peak separation of relatively ‘non- 
volatile’ scent components, then analyzed by GC-MS. All wax secretion analyses 
were performed using the same Varian GC and Bruker MS instruments described 
above. Relative abundance data were calculated for compounds occurring in >5 % 
of all samples analyzed (cloacal swabs  n  = 68 compounds; cloacal wax  n  = 56 com-
pounds; Supplementary Table  11.1 ), using Varian instrument software (MS Data 
Review version 6.41). Components included short and long-chain fatty acids, ste-
rols, methyl and ethyl esters of fatty acids, phenolics, terpenoids, aldehydes and 
sulphur and nitrogen-containing compounds (Supplementary Table  11.1 ; Harris 
et al.  2014 ).   
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11.2.3     Mating Activity and Estimating Timing of Pregnancy 

   Motion-activated cameras (Scoutguard SG550, HuntingCamOnline, Gadsden, SC, 
USA; Reconyx PC800, Holmen, WI, USA) were set up outside the entrances of 
female hibernacula prior to each mating season (Morrow and Nicol  2009 ). Females 
were selected for monitoring with cameras based on their relative body condition 
prior to entering hibernation and breeding activity in the previous year, if known. 
Cameras were used to record male behavior outside female hibernacula and their 
time of entry. Cameras were in continuous operation, collecting videos and still 
photos, and used an infra-red fl ash at night. Memory cards were downloaded every 
3–7 days and batteries replaced fortnightly. Time stamps on recorded footage con-
fi rmed timing of events recorded by external temperature loggers. Non-reproductive 
females were not routinely monitored using cameras, but checked at least fort-
nightly for signs of male disturbance (e.g. hibernacula dug up, female moved loca-
tion or in mating aggregation). 

 We used the presence and condition of spermatozoa collected from the female 
reproductive tract to confi rm recent mating activity. Spermatozoa were recovered by 
collecting a urogenital smear, which was then stained and examined microscopi-
cally (Morrow and Nicol  2009 ), usually within 1–2 days of collection. Sperm col-
lected immediately after mating have at least four curves or ‘waves’ along their 
length; after 4–5 days sperm have fewer curves and begin to fragment (Morrow and 
Nicol  2009 ). Date of egg-laying was estimated from temperature logger data: egg- 
laying coincides with a distinct trough or peak in otherwise stable temperatures 
recorded while female echidnas were in nursery burrows (Morrow and Nicol  2012 ). 
Gestation in Tasmanian echidnas is approximately 21 euthermic days (Nicol and 
Morrow  2012 ), so the date of fertilization, and therefore timing of pregnancy, could 
be estimated once date of egg-laying was known. This estimate was supported by 
the presence of fresh sperm in the female’s reproductive tract within 2 days of the 
estimated date of fertilization.    

11.2.4     Data Selection and Statistical Analyses 

  Females were classifi ed as ‘reproductive’ or ‘non-reproductive’ in a given year, 
depending on their body condition and observed mating activity (Nicol and Morrow 
 2012 ). Twelve females (10 with radio-transmitters, 2 opportunistically) were moni-
tored for multiple years, giving a total of 18 reproductive and 9 non- reproductive 
years of odorant sample data. Since females show signifi cant variation in physiolog-
ical condition between years, temperature and behavioral data collected from the 
same individuals in different years were treated as if they were different animals 
(i.e. statistically independent; Sprent et al.  2012 ). Within years, we categorized ani-
mal activity at the time of sampling according to individual behavior and physiol-
ogy, e.g. in mating aggregation with males or alone, euthermic (active,  T  b  ≈ 32 °C) 
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or hibernating (slow movement,  T  b  well below normal 32 °C; Sprent et al.  2012 ). 
The maximum number of samples collected from a single individual was 26 cloacal 
swabs and 20 wax secretions. We included additional temperature and camera data 
collected prior to the study period (2008–2009; Morrow  2013 ) in our analyses 
where available. 

 Female chemical profi les were compared using mixed model permutational mul-
tivariate analysis of variance (PERMANOVA; Anderson  2001 ). Cloacal swab and 
wax secretion samples were analyzed as two separate datasets. Chemical relative 
abundances for each dataset were square-root transformed and converted into Bray- 
Curtis matrices prior to the distance-based PERMANOVA analyses. The overall 
detectable composition of cloacal swab samples varies signifi cantly between mass 
spectrometers (but has minimal effect on main factors such as sex or seasonal dif-
ferences, see Harris et al.  2014 ). We included ‘Year’ (fi xed) and ‘Animal ID’ (ran-
dom) in all tests, to allow for multiple samples from individuals, sometimes over 
multiple years. We have not directly tested the effect of mass spectrometer due to 
sample size restrictions, but this effect should be approximated by ‘Year’, since 
most samples collected in a given year were also analyzed by the same instrument. 
We excluded interactions involving Year or Animal ID as the data were too sparse 
to test them reliably (Anderson et al.  2008 ). PERMANOVA  P -values were obtained 
using 9999 permutations of residuals under a reduced model with Type I (sequen-
tial) sums of squares (Anderson et al.  2008 ) using Primer version 6 (Clark and 
Warwick  2001 ) with the PERMANOVA add-on package (Anderson et al.  2008 ). 
Signifi cance was set at  α  < 0.05 for all statistical tests. Reported values are means 
with standard deviations unless specifi ed. 

 First, we compared body condition, timing of hibernation, mating activity and 
chemical profi les in reproductive and non-reproductive females (i.e.  between  years). 
Specifi cally, we tested for differences in chemical profi les between reproductive 
and non-reproductive females prior to and during stages of hibernation, including 
during the mating season when males locate hibernating reproductive females. 
Body mass at the time of sampling was converted to a percentage of the long-term 
mean (mass%, calculated using at least 3 years of adult body mass data) as an indi-
cator of body condition (Nicol and Morrow  2012 ; Sprent et al.  2012 ). Females may 
re-enter hibernation after fertilization (Morrow and Nicol  2009 ; Nicol and Morrow 
 2012 ) and samples collected from hibernating, pregnant females were excluded 
from analyses. 

 Next, we compared chemical profi les and mating activity with the timing of 
hibernation and pregnancy only in reproductive females (i.e.  within  years). 
Differences in chemical profi les between reproductive females which were 
 hibernating or euthermic and in mating aggregations or alone during the mating 
season were compared using PERMANOVA. This analysis also includes data from 
opportunistically sampled females found in mating aggregations ( n  = 15). 
Differences in female chemical profi les during pregnancy were compared by cate-
gorizing odorant samples according to gestation stage, as inferred from external 
temperature logger data, mating activity and presence/absence of spermatozoa: ‘fer-
tilization’ (±2 days); ‘mid-gestation’ (3–11 days post-fertilization); ‘late gestation’ 
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(12–20 days post- fertilization, or just prior to entry into a nursery burrow, whichever 
occurred fi rst); and ‘nursery’ (female in a plugged nursery burrow, egg either in 
pouch or detected via ultrasound in utero; for methods see Morrow  2013 ). Some 
females also showed mating activity and subsequently re-entered hibernation up to 
several weeks prior to fertilization (range: 5–41 days,  n  = 5); samples from these 
females were categorized as ‘pre-fertilization.’    

11.3     Results 

11.3.1     Inter-annual Differences in Female Body Condition, 
Hibernation and Chemical Profi les 

  Reproductive females were in better body condition (mass%) than non-reproductive 
females prior to entering hibernation (January–March; reproductive females 
mean ± standard deviation: 116.7 ± 9.6 %,  n  = 17; non-reproductive females: 
104.6 ± 9.2 %,  n  = 8; two-tailed  t -test for unequal variances,  t  1,14  = 3.04,  P  < 0.01) and 
during the breeding season (June–September; reproductive females: 104.4 ± 7.2 %, 
 n  = 19; non-reproductive females: 95.7 ± 9.1 %,  n  = 7; two-tailed  t -test for unequal 
variances,  t  1,9  = 2.27,  P  < 0.05). There was no difference in the mean date that females 
entered hibernation (range: 17 February–16 April,  N  = 30; reproductive females: 19 
March ± 11.1 days,  n  = 20; non-reproductive females: 15 March ± 16.8 days,  n  = 10; 
 t -test for unequal variances,  t  1,13  = 0.59,  P  > 0.5; Fig.  11.1 ). There was no detectable 
difference in chemical profi les between reproductive and non-reproductive females 
prior to or during hibernation, including during the mating season when males 
entered hibernacula of reproductive females (Table  11.1 ). 

11.3.2         Mating Activity and Emergence from Hibernation 

  All camera traps set up over reproductive females in the 2010–2012 breeding sea-
sons recorded at least one male entering the female’s hibernaculum ( n  = 6). Cameras 
also recorded males outside a reproductive female’s hibernaculum, but not entering, 
on several occasions in the weeks prior to a male actually entering her hibernaculum 
(echidna 2957, Fig.  11.1a ). Digging activity was not observed outside the hiber-
nacula of non-reproductive females, and males were never recorded entering hiber-
nacula of non-reproductive females, except for one female where cameras recorded 
individual males outside on several occasions, although they did not enter the 
female’s hibernation chamber (echidna 6865, 2010 and 2011; Fig.  11.1b ). 

 Male entry into female hibernacula coincided with a distinct, abrupt increase in 
temperature recorded by the loggers attached to the females’ transmitters (Fig.  11.1  
inset d) clearly distinguishable from a normal periodic arousal (Fig.  11.1  inset c). 
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These temperature patterns were used to calculate when a male entered female 
hibernacula for 12 additional reproductive females with complete temperature data 
and observed mating activity, but which were not closely monitored with cameras 
(2008–2012). Reproductive females hibernated for 108 ± 17.5 days (range: 70–154 
days,  n  = 20) before being disturbed by a male entering their hibernaculum (mean 
date: 3 July ± 16.1 days (range: 4 June–31 July,  n  = 20). The mean number of days 

  Fig. 11.1     Temperature records   from external temperature loggers attached to ( a ) reproductive 
female (echidna 2957) in 2012 and ( b ) non-reproductive female (echidna 6865) in 2011. Symbols: 
 inverted open triangle  males recorded by cameras outside female hibernacula but did not enter; 
 inverted fi lled triangle  males entered the female’s hibernaculum (reproductive female only).  Grey 
lines : soil temperature (Bureau of Meteorology data).  Inset : detail showing difference in tempera-
ture changes during a normal periodic arousal ( c ) and when male enters female hibernacula ( d ) 
over a 7-day period       
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since the female’s last periodic arousal to when a male entered the hibernaculum 
was 10.1 ± 5.2 (range: 1–25 days,  n  = 20). Mean recorded temperature in the 48 h 
prior to a male entering female hibernacula was 7.25 ± 1.22 °C (range: 4.96–9.38 
°C;  N  = 960 temperature readings,  n  = 20 individuals). The minimum external tem-
perature for non-reproductive females was 5.1 ± 1.79 °C (range: 2.1–9.2 °C,  n  = 10) 
recorded on 22 July ± 5.9 days (range: 11–31 July,  n  = 10). Non-reproductive females 
hibernated for 184 ± 24.0 days (range: 137–217 days) and emerged on 15 
September ± 13.7 days (range: 31 August–10 October,  n  = 10).   

11.3.3     Intra-annual Differences in Chemical Profi les 
in Reproductive Females 

  Chemical profi les in reproductive females varied by hibernation stage (Table  11.1 ). 
Subsequent pair-wise tests showed profi les changed signifi cantly when females 
entered hibernation (i.e. ‘pre-hibernation’ was different from ‘mid’ and ‘late’ hiber-
nation; all  P  < 0.05, except for cloacal wax secretion comparison between ‘pre-’ and 
‘mid-hibernation’ were not signifi cantly different,  P  = 0.06), but there were no sig-
nifi cant changes  during  hibernation (i.e. ‘mid’ and ‘late’ hibernation were not dif-
ferent; all  P  > 0.1). 

    Table 11.1    Results of PERMANOVAs  comparing   chemical profi les of odorants collected from 
reproductive and non-reproductive adult female echidnas during different stages of hibernation   

 Sample  Term  df  SS  MS  Pseudo- F    P  (perm) 

 Cloaca swab  Year   2  12,802  6401  5.05   0.0001  
 Hibernation a    2  6365  3182  2.89   0.0006  
 BreedYear   1  2252  2252  1.21  0.2879 
 Animal ID (BreedYear)  20  27,432  1372  1.31   0.0207  
 Hibernation a  BreedYear   2  2016  1008  0.96  0.4874 
 Residuals  70  73,555  1051  –  – 

 Cloaca wax 
secretion 

 Year   2  424   212  2.20   0.0081  
 Hibernation a    2  559   279  4.19   0.0002  
 BreedYear   1  75.9    76  0.56  0.8485 
 Animal ID (BreedYear)  11  1347   122  2.15   0.0001  
 Hibernation a  BreedYear   2  135    67  1.18  0.2957 
 Residuals  17  967    57  –  – 

  ‘BreedYear’ indicates whether the female was reproductive or non-reproductive in a given calen-
dar year. Signifi cant results in bold type. Sample sizes: cloacal swab ( n  = 98), cloacal wax ( n  = 36) 
  a Odorants categorized as: ‘pre-hibernation’ (active, euthermic,  T  b  ≈ 32 °C, prior to entering hiber-
nation, usually January–March), ‘mid-hibernation’ (in deep hibernation for approximately 2 
months, slow response to touch, low  T  b , usually April–May), and ‘late hibernation’ (in deep hiber-
nation during the mating season, slow response to touch, low  T  b , June–July)  
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 A total of 86 mating aggregations, comprising one female in close proximity to 
one or more males (max: 4), were found over the three mating seasons between 2010 
and 2012 (mean date: 30 July ± 20.1 days; range: 12 June–6 September). The female 
was accessible in 69 mating aggregations, and females were torpid ( T  b  < 28 °C) in 15 
(22 %) of these aggregations. Chemical profi les varied signifi cantly between torpid 
and euthermic females during the mating season, but there were no differences 
between females which were alone or in mating aggregations (Table  11.2 ). 

11.3.4        Chemical Profi les and Mating Activity During 
Pregnancy 

  Fertilization occurred on 20 July ± 15.7 days (range: 26 June–18 August,  n  = 16); 
egg-laying occurred on 11 August ± 14.9 days (range: 17 July–7 September,  n  = 16). 
All reproductive females monitored after fertilization were found in mating aggre-
gations during pregnancy ( N  = 16,  n  = 11 individuals; Fig.  11.2 ). One female (echidna 
4815 in 2011) was found accompanied by two males just 2 days prior to egg-laying. 
Nine females mated up to 14 days after estimated fertilization (mating was con-
fi rmed by presence of fresh sperm in the females’ reproductive tracts). There were 
no signifi cant changes in volatile or nonvolatile scent components between females 
at the time of fertilization compared with females which showed mating activity 
several weeks prior to fertilization, nor during different stages of pregnancy or at 
egg-laying (Table  11.3 ). 

   Table 11.2    Results of PERMANOVAs comparing chemical profi les of odorants collected from 
 reproductive female echidnas   which were alone or in mating aggregations (‘Mating’), and torpid 
or euthermic (‘Temperature’)   

 Sample  Term  df  SS  MS  Pseudo- F    P  (perm) 

 Cloaca swab  Year   2  21,997  10,999  6.07   0.0001  
 Mating   1  1160  1160  1.00  0.4211 
 Temperature   1  3882  3882  3.59   0.0013  
 Animal ID  25  37,535  1501  1.48   0.0035  
 Mating* temperature   1  1420  1420  1.40  0.1870 
 Residuals  58  58,764  1013  –  – 

 Cloaca wax 
secretion 

 Year   2  3711  1856  11.43   0.0001  
 Mating   1  235  235  1.92  0.0641 
 Temperature   1  290  290  2.53   0.0217  
 Animal ID  20  3322  166  1.60   0.0062  
 Mating* temperature   1  72  72  0.69  0.6821 
 Residuals  44  4577  104  –  – 

  Signifi cant results in bold type. Sample sizes: cloacal swab ( n  = 89), cloacal wax ( n  = 70)  
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  Fig. 11.2    Observed mating activity relative to reproductive state (prior to fertilization, during 
pregnancy and during egg incubation in nursery burrow) in female short-beaked echidnas.  Shaded 
areas  indicate gestation stage categories used for  PERMANOVA analyses  . Symbols:  fi lled circle  
mating aggregation, sperm recovered from female reproductive tract;  open circle  mating aggrega-
tion, old sperm recovered;  fi lled triangle  mating aggregation, female not accessible;  star  male 
digging activity outside nursery burrows (data from Harris and Nicol  2014 ).  Dashed line : mean 
date of egg-laying (21.5 days after fertilization; data from Morrow and Nicol  2012 ; Nicol and 
Morrow  2012 ). Note break in  x -axis scale as females sampled more than 5 days prior to the time 
of fertilization re-entered hibernation after mating       
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11.4          Discussion 

11.4.1     Hibernation, Reproductive State and Odor Cues 

  During hibernation, body temperature and metabolic rate decreases and non- 
essential body functions shut down (Hudson and Wang  1979 ; Dark  2005 ; Geiser 
 2011 ). We have previously found that chemical signal production in echidnas also 
appears to shut down during hibernation, since both sexes produce less cloacal wax 
secretion during hibernation (Harris et al.  2014 ), odor profi les in females vary 
depending on  T  b  and secretion composition does not change after entering hiberna-
tion (this study). We previously suggested females may produce a pheromone or 
attractive odor cue during late hibernation (Harris et al.  2012 ), but our present 
results do not support this hypothesis. The duration of hibernation varied widely 
between individual reproductive females (range: 70–154 days), as did the date that 
males entered reproductive female hibernacula (range: 3 June–31 July). These 
observations suggest photoperiod, prolonged exposure to low temperatures and 
metabolic changes during hibernation do not cause predictable changes in female 
signal composition which attracts males. Our results contrast with those studies on 
amphibians and reptiles, which describe qualitative and quantitative increases in 
female pheromone production in response to prolonged exposure to low tempera-
tures during winter torpor (reviewed by Parker and Mason  2009 ). This difference is 
probably a refl ection of fundamental differences between hibernation in endotherms 
and low temperature dormancy in ectotherms, but there are no similar published 
mammalian studies for comparison. In echidnas, odor production could continue 
during hibernation (but not necessarily change in composition), through, for example, 
microbial activity (Alberts  1992 ). The time at which males enter female hibernacula 
might therefore be driven by when female scent accumulates to a threshold level of 
intensity or attractiveness which males can detect (e.g. Schöne and Tengö  1981 ). 

   Table 11.3    Results of PERMANOVAs comparing chemical profi les of odorants collected from 
 reproductive   female echidnas during different stages of gestation, ranging from prior to fertilization 
through to pregnancy and egg-laying (total fi ve categories, details in main text), and torpid or 
euthermic (temperature)   

 Sample  Term  df  SS  MS  Pseudo- F    P  (perm) 

 Cloaca swab  Year   2  14,245  7122  4.65   0.0001  
 Gestation   4  4659  1165  1.03  0.4185 
 Animal ID  10  17,221  1722  1.66   0.0033  
 Residuals  45  46,641  1037  –  – 

 Cloaca wax secretion  Year   2  2471  1236  7.35   0.0001  
 Gestation   4  708   177  1.40  0.1103 
 Animal ID  10  1899   190  1.68   0.0066  
 Residuals  34  3852   113  –  – 

  Signifi cant results in bold type. Sample sizes: cloacal swab ( n  = 62), cloacal wax ( n  = 51)  
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Although some mammals do show overlap between hibernation and reproduction 
(e.g. torpor during pregnancy; see Geiser and Brigham  2012 ), very few show over-
lap between mating and hibernation. In some vespertilionid bats, males mate with 
torpid females (Boyles et al.  2006 ), but possible links between olfactory cues and 
hibernation have not specifi cally been investigated. Consequently, the broader infl u-
ence of hibernation on chemical signals, and their potential role in mating activity 
during hibernation, remains unclear. 

 In many vertebrates, odor advertises female body condition and males prefer 
scent from heavier females or those more likely to be receptive in the near future 
(e.g. reptiles, Cooper and Pèrez-Mellado  2002 ; LeMaster and Mason  2002 ; Shine 
et al.  2003 ; Bryant et al.  2011 ; mammals, Swaisgood et al.  2002 ; Ferkin et al.  2004 ; 
Fernández-Vargas et al.  2008 ). We observed several differences between female 
echidnas of different reproductive states, consistent with previous studies. In breed-
ing years, females were in better body condition (Nicol and Morrow  2012 ; Sprent 
et al.  2012 ) and males entered their hibernacula (Morrow and Nicol  2009 ; Nicol and 
Morrow  2012 ), while non-breeding females were generally not disturbed by males 
and hibernated throughout the winter breeding season, emerging in spring (Nicol 
and Andersen  2002 ; Nicol and Morrow  2012 ). Although reproductive females prob-
ably have developed follicles prior to entering hibernation (Morrow  2013 ), we 
found no detectable differences in odor profi les between reproductive and non- 
reproductive females, and have no evidence that reproductive females scent mark 
their hibernacula prior to entering hibernation. Alternatively, males could target 
reproductive females by fi rst using sex-specifi c odor differences to locate hibernat-
ing females (Harris et al.  2014 ), then variations in signal  intensity  to assess repro-
ductive status, not measured here. For example, reproductive females could have 
greater fat reserves and hence more fat-derived scent components in their cloacal 
secretions (e.g. sterols, fatty acids; Supplementary Table  11.1 ), thereby contributing 
to a more intense odor signal and facilitating discrimination by males. Field data 
indicate echidnas are capable of such discrimination, as males do not simply enter 
every female hibernaculum they fi nd: males were recorded outside the hibernacula 
of non-reproductive females (this study; Morrow  2013 ); and outside the hibernacu-
lum of a reproductive female several times in the weeks prior to a male actually 
entering. Signal intensity (or absolute amount) of overall chemical cues or specifi c 
pheromones are important for conspecifi c response to female odor in many insects 
(e.g. Carlson et al.  1984 ; Carrière and McNeil  1990 ; Iyengar et al.  2001 ; reviewed 
by Johansson and Jones  2007 ), although there are few examples in vertebrates (e.g. 
Kopena et al.  2011 ; Apps  2013 ). Male-female interactions prior to entering hiberna-
tion could also be important for assessing female readiness to breed: males could 
use individual-specifi c odor cues (this study; Harris et al.  2014 ) to later recognize 
and target hibernating females in reproductive condition. Similarly, male 13-lined 
ground squirrels  Spermophilus tridecemlineatus  assess female reproductive status 
and prioritize later courtship behavior towards estrous females, potentially requiring 
signifi cant cognitive ability (Schwagmeyer  1995 ; Schwagmeyer et al.  1998 ). 

 Females continued to attract males and mate during pregnancy, consistent with 
Morrow ( 2013 ), but we found no detectable changes in female odor profi les prior to 
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or at the time of fertilization, or during pregnancy. Fertility in female echidnas, 
although apparently not advertised in odor, has several important infl uences on male 
and female mating behavior. Females of several species show extended sexual recep-
tivity during pregnancy, including primates (Heistermann et al.  2001 ; Engelhardt 
et al.  2007 ; Fürtbauer et al.  2011 ), rodents (Huck et al.  1982 ; Jeppsson  1986 ; Exner 
et al.  2003 ) and carnivores (Packer and Pusey  1983 ). Since fertilization is not possi-
ble, polyandrous mating during non-fertile stages probably serves functions other 
than reproduction (Fürtbauer et al.  2011 ), or perhaps male ability to assess female 
reproductive status is imperfect. Many of the possible explanations for female pro-
miscuity (reviewed by Wolff and Macdonald  2004 ), such as sperm competition or 
guarding against male infertility, do not account for multi-male mating during preg-
nancy when paternity has already been determined. Although it has previously been 
suggested that pregnant female echidnas may ‘trade-up’ and mate with a male of 
higher genetic quality (Morrow and Nicol  2009 ), females do not abort their preg-
nancy despite mating with additional males (Morrow  2013 ). Males provide no paren-
tal care, and females do not gain benefi ts such as territories or nuptial gifts from 
mating (Morrow  2013 ). One explanation for mating during pregnancy in echidnas is 
to confuse paternity as a counter-strategy to possible male infanticide behavior (Harris 
and Nicol  2014 ). Males of many species use mating history as a proxy for likelihood 
of paternity and are therefore less likely to kill offspring belonging to females that the 
male has previously mated with (Hrdy  1979 ; Ebensperger  1998 ; Fürtbauer et al. 
 2011 ). We suggest female echidnas could benefi t from multi-male mating by confus-
ing paternity among males (Ebensperger  1998 ; Wolff and Macdonald  2004 ), thereby 
decreasing the risk of infanticide to her offspring. Infanticide is feasible in echidnas, 
since females experience a high degree of male harassment throughout the mating 
period, and rates of offspring mortality during the egg-incubation stage are high 
(Morrow and Nicol  2012 ). Males enter and cause signifi cant damage to nursery bur-
rows (Harris and Nicol  2014 ), which would disrupt the stable thermal environment 
essential for offspring survival and development (Morrow and Nicol  2012 ), exposing 
the egg or young to cold external temperatures (Harris and Nicol  2014 ). 

 If chemical signals reliably signal reproductive physiology (Johansson and Jones 
 2007 ), why then do female echidnas show no changes in chemical profi les before, 
during or after fertilization and into late pregnancy, as seen in other species (e.g. 
Jemiolo et al.  1987 ; Chase-Crawford and Drea  2015 ) ?  It is possible that changes in 
female profi les were not detected because of a lack of statistical power, but we 
detected consistent differences in volatile and nonvolatile secretion components 
associated with year, individual identity and  T  b . Alternatively, cues of female fertil-
ity may be present in ratios of specifi c combinations of compounds (Apps  2013 ), or 
in spur secretions, which were not investigated here. Direct, causal links between 
reproductive hormones and odor cues are diffi cult to demonstrate, but estrogen 
increases scent-marking behaviour ( Oryctolagus cuniculus , Hudson et al.  1990 ) and 
female attractiveness ( Microtus pensylvanicus , Ferkin et al.  2004 ;  Thamnophis sir-
talis parietalis , Mendonça and Crews  2001 ; Mason and Parker  2010 ), even inducing 
female sex pheromone production in male conspecifi cs ( Thamnophis sirtalis pari-
etalis , Parker and Mason  2012 ). Conversely, progesterone decreases scent-marking 
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behavior and attractiveness (Johnston  1980 ; Molteno et al.  1998 ). In echidnas, 
estrogen levels are below standard detection thresholds (Dean  2000 ), but progester-
one levels become elevated during pregnancy (Nicol et al.  2005 ; Morrow  2013 ), and 
Tasmanian echidnas appear to be induced ovulators (Morrow and Nicol  2009 ). 
Since males are attracted to females regardless of reproductive state, if there are 
odor changes associated with fertilization or pregnancy, male echidnas may also 
have diffi culty detecting them.   

11.4.2     Odor Cues and Sexual Confl ict 

  Reproduction in Tasmanian echidnas is characterized by roving male searching 
behavior and intra-sexual competition for access to widely dispersed females in 
reproductive condition (Morrow et al.  2009 ; Nicol and Morrow  2012 ; Morrow 
 2013 ), consistent with scramble competition (Ims  1988 ; Murphy  1998 ). Males can-
not monopolize females during the mating season (Morrow  2013 ), so male fi tness is 
primarily driven by sensory and behavioral traits which maximize ability to locate 
females (Trivers  1972 ; Murphy  1998 ; Lane et al.  2009 ). Sexual selection for mate- 
locating ability will be especially strong when females are sparsely (spatially and 
temporally) distributed and diffi cult to detect (Ims  1988 ; Endler  1992 ; Kokko and 
Rankin  2006 ), and this appears to be the case in our study population, where male 
echidnas must locate sparsely-distributed, reproductive females buried within their 
hibernacula. Intense intra-sexual competition has driven male Tasmanian echidnas 
to emerge from hibernation as early as physiologically possible, resulting in males 
being ready to breed before females have emerged from hibernation (Morrow  2013 ). 
However, searching for mates can be a costly activity (Kokko and Wong  2007 ) and 
male echidnas spend a signifi cant amount of time and energy searching for females 
during the mating season (Morrow  2013 ); weight loss is maximal during this period 
(Nicol and Morrow  2012 ). Males can minimize search costs and increase reproduc-
tive fi tness by being sensitive to variations in female-specifi c chemical cues, allow-
ing them to quickly locate females and even target those in reproductive condition 
(Svensson  1996 ; Thomas  2011 ). Echidna males are strongly attracted to female 
odor (Rismiller  1992 ; Harris  2014 ) and use scent to locate females which have not 
yet emerged from hibernation. Odor differences between euthermic and hibernating 
female echidnas (this study) raise the possibility that males can distinguish between 
these females, and even seek out hibernating females as they may be less able to 
resist forced copulations (e.g. Shine et al.  2005 ), and because hibernating females 
are less likely to be pregnant (Morrow  2013 ; Harris  2014 ), but see Nicol and Morrow 
( 2012 ). A clear extension of the present study would incorporate results from robust 
behavioral trials and confi rm whether males detect and use the information present 
in female odor cues in their mate-searching behavior (Harris  2014 ). 

 Female echidnas experience a high degree of male harassment throughout the 
mating period, beginning prior to her fi nal emergence from hibernation and continu-
ing throughout pregnancy (this study; Morrow  2013 ; Harris  2014 ). There were no 
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differences in chemical profi les between euthermic females which were alone or 
with males during the mating season, suggesting females do not control when males 
are attracted to them. Disturbance during hibernation would lead to reduced energy 
savings from hibernation, and continued harassment prior to entering a nursery bur-
row would also disrupt normal foraging behavior, leading to decreased ability to 
conserve energy and potentially reducing capacity for lactation and long-term 
reproductive output or survival. Male disturbance of nursery burrows could also 
negatively affect pregnancy and egg or offspring survival. Females may be con-
strained in their ability to avoid males during the mating season, as physiological 
processes involved with producing an attractive female-specifi c odor may also be 
related to pregnancy or lactation, or simply due to sex differences, which cannot 
simply be ‘switched off’. However, the costs for females associated with male 
harassment and mating multiply may be outweighed by several benefi ts. For exam-
ple, a high degree of individual variation in sensory sensitivity is expected in popu-
lations with intense selection for ability to locate mates (Ronald et al.  2012 ). In 
some species, females which produce small amounts of pheromone may gain repro-
ductive benefi ts by indirectly selecting for those high quality males which are best 
able to locate her quickly and precisely (Phelan  1992 ; Svensson  1996 ; Wiley and 
Poston  1996 ). In echidnas, males which enter female hibernacula may be of particu-
larly high quality, since they have emerged from hibernation early, shortening the 
period of energy saving, and may be olfactorily sensitive, making them capable of 
locating hibernating females (Harris  2014 ). Furthermore, the costs associated with 
mating may be outweighed by the potential fi tness benefi ts of confusing paternity 
and reducing infanticide risk (Harris  2014 ). 

 In situations of sexual confl ict, selection favors recipients skilled at discriminat-
ing genuine signals from those that are not (Seyfarth and Cheney  2003 ). Our 
research indicates male and female Tasmanian echidnas use chemical signals to 
increase their reproductive success in different ways, often at the expense of the 
other sex. Males may pay ‘opportunity costs’ by wasting time and energy locating, 
courting, mating with and guarding pregnant females, which decreases mating 
opportunities with other females (Shine  2012 ; Morrow  2013 ). Therefore, male 
 echidnas                                             should benefi t from detecting female reproductive status (pregnancy) via 
olfactory cues, but this can simultaneously decrease female reproductive success by 
reducing their potential number of mates (Thomas  2011 ). These processes can 
result in an evolutionary arms race, with increasing subtlety in female signals and a 
corresponding increase in male sensory ability (Stumpf et al.  2011 ). In echidnas, 
this arms race between signalers and receivers refl ects differences in parental invest-
ment, and results from a complex interplay between chemical signals, behavior, and 
ecological and other selective pressures.       
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    Chapter 12   
 Chemical Analyses Reveal Family-Specifi c 
Nest Odor Profi les in Zebra Finches 
( Taeniopygia guttata ): A Pilot Study       

       Sarah     Kohlwey    ,     E.     Tobias     Krause    ,     Markus     C.     Baier    ,     Caroline     Müller    , 
and     Barbara     A.     Caspers    

12.1            Introduction 

 Birds need to fi nd  their   own nest, and, if they live in colonies, they also need to 
distinguish their own nest from conspecifi c nests, to lay and incubate their eggs, 
to feed the chicks, or to receive shelter in unsecure circumstances. Studies investi-
gating the factors important in nest recognition led to the assumption that in many 
cases nest sites are recognized and not particularly the nest itself. Whereas visual 
nest site recognition might be a suffi cient mechanism for diurnal species (Hughes 
et al.  1995 ), as nests are immobile, visual cues might be insuffi cient for species that 
return to their nest in the absence of light (Bonadonna et al.  2003 ). The fi rst evi-
dence for olfactory nest recognition has been provided by Minguez ( 1997 ), who 
found that British storm  petrel chicks      ( Hydrobates pelagicus ) are able to fi nd their 
nest using olfactory cues. British storm petrels belong to the order of Procellariiformes, 
which are known to have a well-developed sense of smell (Bang and Cobb  1968 ; 
Bonadonna et al.  2003 ; Nevitt and Bonadonna  2005 ). The ability to recognize 
their own nest based on olfactory cues has also been demonstrated for other 
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Procellariiformes species, such as the diving petrel (  Pelecanoides urinatrix )   and the 
South-Georgian diving petrel ( P. georgicus ),  both   of which return in the absence of 
light to their nest (Bonadonna et al.  2003 ). 

 Recent studies on a laboratory population of zebra fi nches ( Taeniopygia guttata ) 
have shown that olfactory-based nest recognition is not restricted to nocturnal sea 
birds but also occurs in diurnal songbirds (Caspers and Krause  2011 ; Krause and 
Caspers  2012 ). The fl edglings of the colony-breeding zebra fi nch and adult females 
show a preference for their home nest odor (Caspers and Krause  2011 ; Krause and 
Caspers  2012 ) and avoid the odor of a foreign nest. The ability to recognize their 
own nest odor and to distinguish from other conspecifi c nest odors (Caspers and 
Krause  2011 ; Krause and Caspers,  2012 ; Krause et al.  2012 ) suggests that family- 
specifi c nest odor profi les should exist. 

 Whereas olfactory nest recognition in nature might also be based on different 
nesting material and different food sources used (Petit et al.  2002 ; Gwinner and 
Berger  2008 ; Mennerat  2008 ; Mennerat et al.  2009 ; Gwinner  2013 ), laboratory stud-
ies, in which all individuals experienced the same food and nesting material, led to 
the assumption that olfactory nest recognition is based on family-specifi c mixtures of 
individual body odors (Caspers and Krause  2011 ). Based on the hypothesis that dif-
ferent families should have distinguishable family-specifi c nest odors, we performed 
a pilot study in which we analyzed the volatiles of nest odors of different families.  

12.2     Methods 

12.2.1     Breeding Conditions 

   Domesticated zebra fi nches ( Taeniopygia guttata ) were allowed to breed pairwise in 
two-compartment cages (80 × 40 × 30 cm) at Bielefeld University from April to 
November 2012. This study was part of a larger experiment, in which the infl uence 
of relatedness on nest odor recognition was tested. Therefore, pairs were assigned to 
create families which were completely unrelated or families with higher levels of 
relatedness (Fig.  12.1 ). A wooden nest box (15 × 15 × 15 cm) was attached to each 
cage, and coconut fi bers were provided as nest material. All breeding pairs were 
housed in the same room under a 14 h:10 h dark/light rhythm. All birds received the 
identical diet, i.e., a seed mix ad libitum, protein-rich egg-food and germinated seeds, 
which were provided three times a week. All birds had ad libitum access to water.  

12.2.2        Chemical Analysis of Nest Odors 

   The aim of this study was to test volatiles of zebra fi nch nests. Therefore nest sam-
ples were collected from four pairs (Fig.  12.1 ) that successfully bred and raised their 
chicks. Nest samples were collected at the mean brood age of 10 days. At this age, 
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all offspring are still in the nest and thus rely fully on parental care. Moreover, at this 
developmental stage of the offspring, mothers have been shown to identify their 
own nest odors (Krause and Caspers  2012 ). For the subsequent chemical analysis, 
nest samples were collected by cutting approximately 2 g of nest material out of 
each nest. Using these samples we aimed to compare the  volatile organic com-
pounds      (VOCs) of the nest odors of different families. Furthermore, to test for intra- 
nest variability, we collected a second sample for each nest at the same day, but from 
a different site within the same nest. Additionally, at each day of sample collection, 
unused coconut fi bers were taken as a control, to be able to subtract the nest material- 
specifi c compounds from further analysis later. 

  VOCs      of each sample were collected using headspace analyses in a closed-loop 
stripping apparatus (CLSA; Lorbeer et al.  1984 ; Krause et al.  2014 ). Therefore, 
samples of each nest were enclosed in 150 ml Erlenmeyer fl asks. The fl asks were 
closed using rubber plugs, and each plug was perforated by two 14-gauge needles 
connected to a pumping system. Each vacuum pump (DC12/08FK, Fürgut GmbH, 
Tannheim, Germany) created a continuously circulating gas fl ow (1.3 L/min) over 
the respective sample’s headspace. Via de-airing cannula, the withdrawn air was 
conducted through a 1.5-mg charcoal sorbent fi lter (Brechbuehler AG, Schlieren, 
Switzerland). Flasks containing unused nest material, i.e., coconut fi bers, were 
 sampled with each run as background controls. After 25 h of extraction at 37 °C, the 
components that had been adsorbed by the sorbent fi lter were eluted with 80 μL of 
dichloromethane (Carl Roth GmbH and Co. KG, Karlsruhe, Germany) containing 
0.2 mM 1-bromodecane (Sigma-Aldrich, St. Louis, MO, USA) as an internal stan-
dard and stored at −80 °C until chemical analysis. 

  Fig. 12.1    Relationship of the four zebra fi nch breeding pairs used as nest sample donors for 
chemical analysis. The  letters      represent the pair ID. Siblings are encircled, i.e., female from breed-
ing pair A and female from breeding pair O are sisters       
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 Nest volatiles were analyzed by gas chromatography (GC)  equipped      with a VF-5 
ms capillary column (30 m × 0.25 mm ID, DF 0.25, 10-m guard column, Varian Inc., 
Lake Forest, California, USA) linked to a quadrupole mass spectrometer (MS; 
Focus GC-DSQ MS system, Thermo Electron S.p.A., Rodano, Italy). Per trapped 
sample, 1 μL of fi lter elute was injected into a deactivated glass wool-packed liner 
at an inlet temperature of 220 °C and processed in a split 10 mode with 20 ml/min 
split fl ow. The helium carrier gas fl ow rate was held at 1 mL/min. The initial GC 
column temperature was 40 °C with a 2 min hold, then ramped at 4 °C/min to 180 
°C, and then increased by 10 °C/min to 240 °C, being kept isothermal at the end for 
3 min. The transfer line temperature was set to 270 °C, and the mass spectra were 
taken in electron ionization mode at 70 eV from  m / z  45–500. To determine the 
Kovats indices, an  n- alkane mixture (ranging from C8 to C20, Sigma-Aldrich- 
Fluka, Steinheim, Germany) was analyzed under the identical conditions. The pro-
cessed GC-MS data were analyzed using the Xcalibur™ data system (Thermo 
Scientifi c, Germany; peak parameters—baseline window 150, area noise factor 80, 
peak noise factor 80; constrain peak width—peak height (%) 1.0, tailing factor 5.0) 
and the area of each peak was noted. Peaks were defi ned as substances to be dis-
criminated based on their retention time and the similarity of the mass spectra. 
Substances were putatively identifi ed using a combination of Kovats indices and the 
NIST library. The relative proportion of each peak to the sum of all peaks was used 
for further analysis.    

12.2.3     Statistical Analysis 

   For  further                  statistical analysis, we computed a similarity matrix based on all peaks 
that comprised at least 0.1 % of the overall area (Caspers et al.  2011 ) of the chro-
matogram and of those that were present in at least two of all samples. Pairwise 
similarities of odor profi les were calculated using the Bray-Curtis similarity index 
(Clarke and Warwick  1994 ) on the transformed data (presence/absence as well as 
(log ( x  + 1))). We hypothesized that each nest has its own family-specifi c odor pro-
fi le that enables individuals to distinguish between different nest odors. To statisti-
cally determine whether the samples of the same nest were more similar to each 
other than the samples of different nests (i.e., repeatability of nest odor composi-
tion), a multivariate nonparametric analysis of similarities (ANOSIM) was used 
(PRIMER-E Ltd., Plymouth, United Kingdom). All peaks found in the VOC pro-
fi les of the coconut fi ber controls were excluded from the statistical analyses.     

12.3     Results 

 Eight different nest samples originating from four families were analyzed by 
GC-MS. After excluding the coconut fi ber-specifi c substances, 113 compounds 
were found. Two example chromatograms of nest samples and of a control are 
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shown in Fig.  12.2  and the relative amounts of the 15 major substances of all nest 
samples are shown in Table  12.1 .

    The comparison of nest odor profi le similarity within and between the nest odor 
samples shows that the similarity of volatiles within one nest was higher than among 
different nests (presence/absence transformed data, ANOSIM, factor: nest ID, 
Global  R  = 0.438,  p  = 0.048; Fig.  12.3 ). The same groups were statistically deter-
mined when using the log ( x  + 1) transformed data (ANOSIM, factor: nest ID, 
Global  R  = 0.625;  p  = 0.038). Although all samples originated from closely related 
families, they show family- or nest-specifi c differences in their volatile composi-
tion, but not in the existence of family-specifi c substances.

12.4        Discussion 

 The chemical analysis of nest volatiles supports the existence of family-specifi c nest 
odor profi les. The nest odor profi les did not differ in single components, i.e., we 
could not fi nd specifi c substances present in one nest only. Nest-specifi c odors were 
characterized by differences in the composition of compounds. 

 Since this study was performed in the laboratory, in which the birds had identical 
environmental conditions, differences in nest odor profi les have to be infl uenced by 

  Fig. 12.2    Chromatograms of two  samples   of one nest    and a control containing coconut fi bers 
only. Int. Std. – internal standard       
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different individuals and their respective secretions and excretions present in the 
nest. Nest odors are probably mixtures  of      self-produced substances in the form of 
preen oil secretion, feces or saliva, or products of different microbe communities 
present on the bird itself or in the nest. 

 Some of the putative substances found here (Table  12.1 ) have also been found on 
feathers or in preen oil secretion of other bird species (Douglas et al.  2001 ; Hagelin 
et al.  2003 ; Martín-Vivaldi et al.  2010 ; for review see Campagna et al .  2012 ). For 
example, aldehydes, such as hexanal, octanal, and heptanal, have been found on 
feathers in crested auklets (Hagelin et al.  2003 ). One interesting compound, thu-
jone, was found in most of our nest odor samples in high concentrations. Thujone is 
a common fl oral compound and can be found, for example, in different species of 
  Artemisia    (Rezaeinodehi and Khangholi  2008 ). It has been described that this com-
pound has anthelmintic (Albert-Puleo  1978 ) and antimicrobial (Dorman and Deans 
 2000 ) functions, potentially infl uencing nest microecology and hygiene. Another 
substance, 2,3-butanediol, is a well-known product of microbial metabolism (Syu 
 2001 ). To gain a more detailed knowledge about the origin of substances important 
in nest recognition and their potential ecological relevance (Charpentier et al.  2012 ), 
further studies are needed. 

  Fig. 12.3    Nest odor similarities of nests of  Taeniopygia guttata . Each symbol represents one nest 
odor sample. The axes are dimensionless. The closer the symbols appear on the plot, the more 
similar the two odor samples are. Each symbol type and letter encodes one family and the number 
behind the letter indicates the sample number (one and two) of each family nest. The odor profi les 
from the same nest are on average more similar (symbolized by the circles) than between two dif-
ferent nest samples (ANOSIM, Global  R  = 0.438,  p  = 0.048)       
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 Although within nest similarity is on average higher than between nest similarity, 
nest variability, i.e., differences in chemical composition of samples of the same 
nest, is reasonably large.  This      nest variability might be a result of our sampling 
procedure. The aim of this pilot study was to test whether family-specifi c nest odors 
exist and whether within nest variation is smaller than between nest variation. 
Therefore, we collected nest samples from different locations within the nest. The 
nest environment is not homogenously covered by any bird material. Consequently, 
the two samples might have consisted of different amounts of feathers, feces, or 
other relevant material, leading to differences in the group of compounds. 

 In a number of studies, it has been demonstrated now that zebra fi nches are able 
to distinguish between their own and a foreign nest exclusively based on olfactory 
cues (Caspers and Krause  2011 ; Krause and Caspers  2012 ; Krause et al.  2012 ). 
Thereby, the family-specifi c odor is learned around or shortly after hatching 
(Caspers et al.  2013 ). Family-specifi c nest odors in zebra fi nches are not the result 
of the presence and absence of family-specifi c substances, i.e., the presence of sub-
stances in one nest only (which would have been equal to digital-like coding), but 
more the outcome of different concentrations of substances (which represent an 
analog-like coding). The presence or absence of a compound provides discrete 
information (digital information coding), whereas the varying amount of each com-
pound allows continuous information coding (or analog information coding) 
(Bradbury and Vehrencamp  2011 ). The ability of fl edglings to recognize their nest 
based on a continuous signal may underline the sensitivity of the sensory modality 
and the importance of chemical cues for intraspecifi c communication (Caspers and 
Krause  2013 ).     

  Acknowledgments   The study was part of the Master’s thesis of SK. ETK was funded by the 
Volkswagen Foundation (85994). BAC is funded by a Freigeist Fellowship from the Volkswagen 
Foundation.  
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    Chapter 13   
 Exploring the Use of Olfactory Cues 
in  a  Nonsocial Context in Zebra Finches 
( Taeniopygia guttata )       

        E.     Tobias     Krause      ,     Johanna     Kabbert    , and     Barbara     A.     Caspers   

13.1            Introduction 

 The use of  chemical signals in bird   communication received increasing attention 
over the last years (Roper  1999 ; Hagelin and Jones  2007 ; Caro and Balthazart  2010 ; 
Caspers and Krause  2013 ; Caro et al.  2015 ). Several avian taxa have been found to 
make use of olfactory cues in  numerous                     contexts (Table  13.1 ). Even songbirds have 
been shown to be able to use their sense of smell, although they have been long 
thought to be anosmic due to their relative small olfactory bulbs (Bang and Cobb 
 1968 ) and the lack of obvious odor-guided behavior. However, several studies 
revealed that songbirds, including the zebra fi nch, possess numerous olfactory 
receptor genes (Steiger et al.  2008 ,  2009 ; Warren et al.  2010 ). The zebra fi nch is one 
of the most used avian laboratory model organisms (Zann  1996 ; Griffi th and 
Buchanan  2010 ). As all songbirds, zebra fi nches are mainly visual and acoustically 
dominated (Zann  1996 ), but apart from these sensory modalities they make also use 
of olfactory cues in several social contexts. Fledglings as well as mothers can dis-
tinguish between their own and a conspecifi cs nest based on olfactory cues (Caspers 
and Krause  2011 ; Krause and Caspers  2012 ; Kohlwey et al.  2015 ; Fig.  13.1a ). 
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   Table 13.1    Some examples  when   olfactory cues are used in nonsocial context by birds   

 Nonsocial context  Species  Reference 

 (a) Navigation  Pigeons  Papi et al. ( 1974 ), 
Gagliardo ( 2013 ) 

 Antarctic prions  Nevitt and Bonadonna ( 2005 ) 
 Cory’s shearwaters  Gagliardo et al. ( 2013 ) 
 Catbird  Holland et al. ( 2009 ) 

 (b) Foraging  Blue tit  Mennerat et al. ( 2005 ) 
 Great tit  Amo et al. ( 2013 ) 
 Several procellariiformes  Nevitt et al. ( 1995 ) 
 Penguins  Wright et al. ( 2011 ) 

 (c) Response to predators cues  Blue tit  Amo et al ( 2008 ) 
 House fi nch  Roth et al. ( 2008 ) 
 Chicken  Zidar and Løvlie ( 2012 ) 

 (d) Nest material selection  Blue tit  Petit et al. ( 2002 ) 
 Mennerat ( 2008 ) 
 Mennerat et al. ( 2009 ) 

 European starlings  Gwinner and Berger ( 2008 ) 
 Gwinner ( 2013 ) 

  Fig. 13.1    ( a )  Fledgling   zebra fi nch at the entrance of its natal nest, zebra fi nches fl edge at an age 
of around 19 days post-hatching; ( b ) a zebra fi nch brood shortly after hatching, one of the chicks 
is raising the head for begging; and ( c ) interspecifi c interaction between a diamond fi retail (front) 
and a zebra fi nch       
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Zebra fi nch chicks learn around hatching (Fig.  13.1b ) the scent of their family 
(Caspers et al.  2013 ) and can use odors to discriminate kin from non-kin (Krause 
et al.  2012 ). Odor also seems to play a role at an interspecifi c level as zebra fi nches 
have different  olfactory fi ngerprints   than individuals from a sympatric close-related 
species and can use those to distinguish between the scent of conspecifi cs and het-
erospecifi cs (Krause et al.  2014 ; Fig.  13.1c ). Our studies so far focused on the use 
of chemical cues for social communication. Here we explore the use of olfactory 
cues in zebra fi nches ( Taeniopygia guttata ) in a nonsocial context without any semi-
ochemical cues.

    Here we put our emphasis on the use of olfaction for foraging. Zebra fi nches are 
granivores that usually forage on the ground (Zann  1996 ). In experimental contexts, 
food can be used as a good motivational stimulus to engage birds in learning and/or 
exploration tasks (Bischof et al.  2006 ; Boogert et al.  2008 ; Krause and Naguib 
 2011 ; Brust et al.  2014 ). A previous study explored the role of olfactory cues in a 
 foraging-related context  . Kelly and Marples ( 2004 ) suggested that neophobia to a 
familiar food was not triggered when additionally a new artifi cial odor was pre-
sented. Neophobia was induced when the food was dyed in a new color or when the 
new color of the food was accompanied by the new artifi cial odor. We wanted to 
investigate whether zebra fi nches can use the scent of their known food alone to 
locate the food patch.  

13.2     Methods 

 We used 23 adult zebra fi nch females from the domesticated lab stock at Bielefeld 
University (Forstmeier et al.  2007 ; Hoffman et al.  2014 ). The birds were kept in 
single-sex groups of 3–4 birds in cages (30 × 40 × 83 cm). The birds had  ad libitum  
access to standard seed food and water and received a mixture of germinated seeds 
and egg food (CéDé Premium Eggfood) once a week. The fl oor of each cage was 
cleaned twice a week. All birds were housed in the experimental room with a light–
dark cycle of 14:10 h. No other birds were housed in this room. 

13.2.1     Olfactory Foraging Experiment 

  The test arena consisted of four identical choice arms and one start box (Fig.  13.2a ). 
It was built out of gray plastic (PVC) and was covered during the test by transparent 
Plexiglas, to avoid birds from escaping. In each of the four choice arms, a wooden 
divider was located (Fig.  13.2b ). The wooden dividers were varnished with white 
paint. Behind this divider the odor samples or controls were located, in a way that 
the birds needed to hop around the divider to see the sample behind. Each divider 
had small holes (Fig.  13.2c ) with a slope of 45°. This way we guaranteed that an air 
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stream could pass through the barrier, whereas birds cannot look through. Behind 
the dividers a white plastic food dish for odor samples or controls and a small fan 
were placed (Fig.  13.2c ). In the experiments, in three of the four arms, the food dish 
remained empty (control) and in only one arm food was placed in the respective 
dish to provide a food-related odor. The fans ran in all four arms. A mixture of ger-
minated seeds and protein-rich egg food was used as the food sample. This food 
represents high-quality nutrition to zebra fi nches (e.g., Krause and Naguib  2011 ). 
We used the odor of the bird’s familiar food only, as we wanted to know whether in 
their daily life, food-related cues might be potentially relevant. Despite this, germi-
nated seeds are a natural food source (Zann  1996 ) and zebra fi nches in natural popu-
lation also occasionally take in insects (Zann and Straw  1984 ). After each trial the 
entire test arena was uncovered from the Plexiglas to allow an air exchange with 
fresh air. After the habituation period and after each experimental trial, the arena 
and the plastic food dishes were cleaned with 70 % ethanol and water. All experi-
ments were observed using four wireless cameras (dnt, QuattSecure Profi set).

   Individuals were habituated to the arena before the tests began. Therefore, a 
group of 3–4 birds (i.e., all birds from their home cage) was housed inside the 

  Fig. 13.2     Experimental test arena  . ( a ) Test arena from a top view perspective. The arena consisted 
of four arms where food could potentially be hidden behind dividers. The birds are released to the 
test arena from a start box. ( b ) Each divider has small holes that allowed an airstream to pass 
through, created by a fan. ( c ) Holes in the dividers had a slope of about 45° to prevent birds from 
looking through the holes       
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arena for 48 h. During this habituation period, water was provided in the central 
area of the test arena and food was offered in each of the four arms visible to the 
birds beside the dividers. The start box was not accessible to birds during the 
habituation phase. Birds were deprived for food in their home cages for about 3 h 
(mean, 213 min ± 45 min S.D.) prior to the experiment, to ensure that they partici-
pate in the behavioral experiments (Krause and Naguib  2011 ). Each bird was 
tested individually at four subsequent days and on four trials per day. At the begin-
ning of each trial, birds were placed in the start box and were allowed to habituate 
there for three minutes. Thereafter, the start box was opened and the birds were 
individually released to the test arena. During the experiments a fan in each arm 
created an air stream directed to the center of the arena. Only one of the four air 
streams transported the smell of food. The location of the food rewarded arm 
was randomly altered in each trial. Each trial lasted up to 15 min. If a bird located 
the food in a trial, it was allowed to feed for 10 s before the trial ended. The four 
trials each day were conducted in a row. 

 We recorded in each trial and measured on a daily average basis: (1) the latency 
to leave the start box, (2) the fi rst choice (whether it was correct (=1) or not (=0), the 
chance level was 0.25), (3) the time to enter the rewarded arm, (4) the time to fi nd 
the food (i.e., looking behind the barrier in the rewarded arm), and (5) the number 
of errors (i.e., entering wrong arms). The fi rst choice has been shown to be a valid 
measure in olfactory choice experiments (e.g., Bonadonna et al.  2006 ; Amo et al. 
 2012 ; Krause et al.  2014 ).   

13.2.2     Statistical Analysis 

  All measures were analyzed as a mean for each respective experimental day (1–4). 
We analyzed the average fi rst choices with one-sample t-tests, testing whether the 
bird’s performance differed signifi cantly from the expected probability that the 
choice was correct (1/4, i.e., 0.25) by chance. Performance signifi cantly better than 
chance level would indicate that they have used olfactory cues to fi nd the food. We 
further tested whether the bird’s performance differed between days using a 
Friedman test. With this test we examined whether their performance improved 
over time, i.e., whether the bird, for example, learned to use olfactory cues to search 
the food in the tests. The average fi rst choices were analyzed for correlation across 
the four experimental days using Spearman rank correlations; however due to mul-
tiple comparisons the p-values of all correlation have been Bonferroni corrected. 
The average time to leave the start boxes, to enter the correct arm, and to fi nd the 
food and the number of errors were analyzed using a Friedman test, to check 
whether the performance of the birds improved over time or not. All tests were 
calculated using SPSS 22.    
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13.3     Results 

13.3.1     First Choice 

  The mean fi rst choice at all days of the birds was not signifi cantly different from 
chance level (0.25) at any of the 4 days (all one-sample t-tests,  t  > −0.42,  p  > 0.68; 
Fig.  13.3a ). Birds did not show any improvement over the subsequent 4 days 
(Friedman test, df = 3,  X  2  = 4.05,  p  = 0.26; Fig.  13.3a ). However, the mean fi rst choice 
ratio between day 3 and day 4 correlated signifi cantly (Fig.  13.3b ; Table  13.2 ). 

13.3.2         Latency for Leaving the Start Box 

  Birds in general left the start box relatively fast, but latency for leaving the start box 
reduced signifi cantly over days (medians: day 1, 3.3 s; day 2, 2.5 s; day 3, 1.3 s; day 
4, 1.5 s; Friedman test;  N  = 23, df = 3,  X  2  = 21.24,  p  = 0.00009).   

  Fig. 13.3    ( a ) Birds’ fi rst choice in the  test   arena shown as means (± SE) for all four test days. The 
dashed line indicates the chance level, i.e., here 0.25. ( b ) Signifi cant correlation between the mean 
fi rst choices at days 3 and 4 of testing in the arena. Some data point overlap       

   Table 13.2    The  Spearman correlations   of the average fi rst choices of all four testing days are 
shown. The p-values in all cases have been Bonferroni corrected as indicated by  p #-values   

 Mean fi rst choice ratio 

 Day 1  Day 2  Day 3  Day 4 

 Day 1  –   r  = −0.18 
  p  #  = 1 

  r  = 0.01 
  p  #  = 1 

  r  = −0.35 
  p  #  = 1 

 Day 2  –   r  = 0.12 
  p  #  = 1 

  r  = 0.09 
  p  #  = 1 

 Day 3  –   r  = 0.87 
  p  #  = 0.0001 
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13.3.3     Time to Enter Rewarded Arm 

  The time to enter the correct arm did not differ signifi cantly between days, i.e., birds 
did not become faster (medians: day 1, 620 s; day 2, 552 s; day 3, 687 s; day 4, 631 
s; Friedman test  N  = 23, df = 3,  X  2  = 1.57,  p  = 0.67).   

13.3.4     Time to Find the Food 

  The time to fi nd the food did not differ between days and the birds did not become 
faster in fi nding the food over the 4 days (Friedman test,  N  = 23, df = 3,  X  2  = 1.35, 
 p  = 0.14; Fig.  13.4 ). 

13.3.5        Number of Errors 

 The mean number of errors did not differ between days (Friedman test,  N  = 23, 
df = 3,  X  2  = 3.93,  p  = 0.27; Fig.  13.5 ). The error rate, i.e., number of errors per time in 
the test, did not differ across test days (median errors per min, day 1, 0.20; day 2, 
0.29; day 3, 0.05; day 4, 0.11; Friedman  N  = 23, df = 3,  X  2  = 1.09,  p  = 0.78).

  Fig. 13.4    The median time to fi nd the food did not signifi cantly improve over days. Birds showed 
no training effect, with respect to this parameter. Shown are box plots with median and the quar-
tiles. The dots represent outliers, i.e., data points that lie outside the 10th and 90th percentiles       
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  Fig. 13.5    The median  number of errors   did not signifi cantly decrease over days, indicating that no 
training effect occurs. Shown are box plots with median and the quartiles. The dots represent outli-
ers, i.e., data points that lie outside the 10th and 90th percentiles       

13.4         Discussion 

 Although zebra fi nches are known to be able to use  olfactory cues for social 
communication   (Krause et al.  2012 ,  2014 ; Caspers et al.  2013 ), our present data 
shows that they do not seem to use olfactory cues in every context. Zebra fi nches 
found the food at none of the four experimental days at a higher probability than at 
chance level. In addition, the time to fi nd the food and the number of errors until 
ending up at the food did not improve over time. Zebra fi nches become faster over 
the different test days in leaving the start box which might indicate that they become 
more familiar with the experimental setup and the testing procedures. 

 This suggests that zebra fi nches do not primarily rely on olfactory cues while 
foraging and that the use of olfaction is context dependent in this species. However, 
their fi rst choices were correlated at the last two days of testing probably giving at 
least a hint that some initiated an association between the odor of the food and the 
respective location. In this  nonsocial foraging context  , investigated here, zebra 
fi nches might not primarily rely on chemical cues, which may highlight the context 
specifi city of chemical communication in birds and songbirds in particular. Although 
other birds, including passerines (e.g., Mennerat et al.  2005 ) and non-passerines 
(e.g., Nevitt et al.  1995 , Wright et al.  2011 ), have been shown to use chemical cues 
for foraging, it always needs to be considered that different species are faced with 
different natural environments and different selective pressures. Zebra fi nches forage 
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mainly on seeds, which can probably be easily located by vision. The context speci-
fi city has also been found to be important in social contexts, where adult zebra fi nch 
females react differently to their own nest odor depending on age of their chicks and 
the stimulus odor that is presented simultaneously (Krause and Caspers  2012 ). 

 It might also be possible that zebra fi nches do not learn this task. Kelly and 
Marples ( 2004 ) found a similar pattern although they aimed to initiate aversive reac-
tions. However, in other context, such as spatial learning, it is possible to train zebra 
fi nches to learn the association between location and food (e.g., Krause and Naguib 
 2011 ; Mayer et al.  2010 ). An alternative explanation might be that the food-related 
odor used in our apparatus was not strong enough to be located by the zebra fi nches 
or that turbulences in the air streams inhibit the birds to fi nd the food in our arena. 
It would be interesting to test whether zebra fi nches can fi nd food when the stimuli 
are reinforced by artifi cial odors (e.g., Würdinger  1990 ). As we wanted to investi-
gate whether food-related odors may play a role in the normal housing conditions, 
we used a food source our zebra fi nches are quite familiar with. 

 It could also be possible that zebra fi nches do not use food-related odors directly, 
but odors that are linked to the foraging sites as it is known from Procellariiformes 
and great tits. Procellariiformes, for example, use  dimethyl sulfi de   (DMS)    as a for-
aging cue (Nevitt et al.  1995 ). DMS is produced by phytoplankton and is an indica-
tor for productive areas. Great tits use chemical cues of infested plants to locate 
potential insect prey items (Amo et al.  2013 ). Although this is a fascinating idea, it 
has so far only been demonstrated in non-herbivorous species, in which the prey is 
feeding on plants and the plants release olfactory cues. It seems rather unlikely that 
a similar mechanism may be present in herbivore species, but we cannot rule out 
this possibility and it might be interesting to explore this idea in future studies. 

 Whether zebra fi nches have not perceived or just did not react to the  food-related 
odors   cannot fully be answered here. However, it seems extremely unlikely that they 
cannot perceive the odors as they have been shown to be able to smell in several 
other experimental studies, but in other mainly social context (Caspers and Krause 
 2011 ; Krause et al.  2012 ; Krause and Caspers  2012 ; Caspers et al.  2013 ; Krause 
et al.  2014 ). The fact that the outcomes of the third and fourth trial are highly cor-
related might lead to the conclusion that longer training and testing procedures are 
needed to train zebra fi nches to locate food on the basis of smell. This needs to be 
tested in future experiments. At the moment we can summarize that olfactory cues 
do not seem to be of major importance for foraging in zebra fi nches. Taken together, 
we have shown that the use of chemical cues may be context dependent in zebra 
fi nches. In a nonsocial context, such as individual foraging, olfactory cues do seem 
not to play a primarily role. However, based on previous work, it is well docu-
mented that in social context olfactory cues provide an important source of informa-
tion to these birds (Caspers et al.  2013 ; Krause et al.  2012 ,  2014 ).     
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    Chapter 14   
 Variation in Urinary Amino Acids 
in the Mozambique Tilapia: A Potential Signal 
of Dominance or Individuality?       

       Olesya     Kutsyna    ,     Zélia     Velez    ,     Adelino     V.  M.     Canário    ,     Tina     Keller-Costa     , 
and     Peter     C.     Hubbard   

14.1            Introduction 

 Chemical communication is generally held to be of vital importance in fi shes, 
especially during reproduction; however, given the wide taxonomic and biological 
diversity within this group, the chemical identifi cation of the pheromones involved 
is restricted to few species (Stacey and Sorensen  2009 ). We have recently identi-
fi ed two pregnanetriol 3-glucuronates in the urine of male Mozambique tilapia 
( Oreochromis mossambicus  Peters 1852; hereafter “tilapia”) which induce an endo-
crine response in conspecifi c females (Huertas et al.  2014 ; Keller-Costa et al.  2014 ). 
Moreover, the urinary concentration of these steroids glucuronates is positively cor-
related with the social rank (i.e., dominance index) of the donor. However, male 
urine contains other odorants, the identity and function of which remain unclear. 

 Male tilapia use urine to signal to both potential mates and rival males (Almeida 
et al.  2005 ; Miranda et al.  2005 ; Barata et al.  2007 ,  2008 ). In addition, the urinary 
bladder of dominant male tilapia is larger than that of subordinate males, or females. 
Thus, male tilapia can store more urine for release in the appropriate social context 
(Miranda et al.  2005 ; Keller-Costa et al.  2012 ). In addition to the endocrine effect 
on females (Huertas et al.  2014 ; Keller-Costa et al.  2014 ), males also use urine to 
signal dominance to rival males and to reduce aggression in territorial disputes 
(Barata et al.  2007 ; Keller-Costa et al.  2012 ). However, attempts to reproduce these 
effects with the steroid glucuronates alone have met with limited success (Keller-
Costa  2014 ). It seems, therefore, that this urinary pheromone consists of a complex 
mixture of different odorants. 
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 What could these odorants be? One possibility is amino acids. It is well known 
that fi sh, in general, have high olfactory sensitivity to amino acids (Hara  1994 ; 
Kasumyan  2004 ). Furthermore, fi sh urine often contains amino acids at surprisingly 
high concentrations (up to 40 mM; see Ng et al.  1996 ; Sato and Suzuki  2001 ; Pane 
et al.  2005 ), and amino acids—or their derivatives—have pheromonal roles in some 
species (Kawabata  1993 ; Yambe et al.  2006 ). The current study, therefore, assessed 
whether urinary amino acids play a role in chemical communication in the tilapia. 
Specifi cally, we tested (1) whether amino acids are present in urine from male tila-
pia, (2) if so, what is their contribution to the olfactory potency of the urine, and (3) 
can their concentrations be correlated with the social rank of the donor?  

14.2     Materials and Methods 

14.2.1     Experimental Animals and Urine Collection 

   Fish care and  experimentation                                                complied with the guidelines of the European Union 
Council (86/609/EU) and Portuguese legislation for the use of laboratory animals 
under a “group-1” license issued by the Veterinary General Directorate of the 
Ministry of Agriculture, Rural Development and Fisheries of Portugal. Sexually 
mature tilapia were raised in captivity from a brood-stock maintained at the 
University of Algarve (Faro, Portugal). Males and females were kept together in 
large 500 l stock tanks until used in experiments. All animals were maintained in 
recirculated and bio-fi ltered freshwater at 27 °C, with sand substrate and at a 12 h 
light/12 h dark photoperiod; they were fed once a day with commercial cichlid food 
pellets. Individual urine samples from males ( N  = 22) of different social rank were 
taken from social groups consisting of fi ve males and fi ve females of similar stan-
dard length (SL in mm) and body weight (BW in g; coeffi cient of variation of BW 
less than 5 %) that were maintained for 9 days in 200 l tanks (93 × 55 × 50 cm). 
Males were tagged (T-Bar anchor FD94, Floy Tag Inc., Seattle, WA, USA) and 
systematic focal observation of their behavior carried out daily. The frequency of 
submissive displays during agonistic interactions, or absence of dark coloration 
without social interaction, and dominant behaviors such as aggression (biting, chas-
ing, lateral displays, circling, or mouth-to-mouth fi ghts), nest digging, courtship 
towards females, or dark coloration without social interaction was recorded over 
5 min for each male. A dominance index (DI) ranging from zero to one was calcu-
lated for every male each day as the sum of all dominant behaviors and subsequent 
division by the sum of all dominant and subordinate behaviors. Accordingly, after 5 
days of observation, the mean DI was calculated for each male (Keller-Costa et al. 
 2012 ,  2014 ). Males with DI ≥ 0.5 were defi ned as “dominant” ( N  = 9) whereas males 
with DI < 0.5 were defi ned as “subordinate” ( N  = 13). 

 Urine was collected from each male by applying gentle pressure to the abdo-
men immediately anterior to and above the genital papilla, and collecting the 
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resultant stream of urine in a plastic tube. Individual samples were immediately 
frozen (−20 °C) until subsequent treatment. In addition, a pool of urine was pro-
duced from males ( N  = 7) that were each kept in a 200 l aquarium together with 
four or fi ve females; each male contributed equally to this pool. 

 To remove the potent steroid glucuronates, both pooled urine and individual 
samples were C18-solid phase extracted prior to measurement of amino acids or use 
in electro-olfactogram (EOG) recording (see below).    

14.2.2     Measurement of Amino Acids 

   Individual urine samples were diluted in distilled water (1:2 v/v) and passed through 
C18 solid phase extraction cartridges (tC18 Sep-Pak ® , 1 cc, 100 mg, Waters). The 
aqueous fractions (C18-SPE fl ow-through) of the urine samples were derivatized 
with  N , O -bis(trimethylsilyl)trifl uoroacetamide (BSTFA; Supelco, Sigma-Aldrich, 
Portugal) plus trimethylchlorosilane (TMCS; Merck, Sigma-Aldrich, Portugal) fol-
lowing the procedure described by Deng et al. ( 2005 ). Briefl y, samples (300 μl) and 
the internal standard ( L -norvaline; Sigma-Aldrich, Portugal), 5 μg ml −1 ) were placed 
into a 1.5 ml screw-cap vial and lyophilized. When completely dry, 100 μl acetoni-
trile and 100 μl BSTFA + TMCS (98:2, v/v) were added. The reaction was per-
formed under microwave irradiation at a power of 750 W for 60s. After cooling to 
room temperature, 1 μl of each sample was injected into the gas chromatography- 
mass spectrometry (GC-MS) machine. Each sample was assayed in triplicate and 
the arithmetic mean used in subsequent analysis. 

 The GC-MS system employed was a Varian 450-GC, 240 MS ion trap detector 
(Emilio de Azevedo Campos, SA, Portugal). The capillary column used for  chro-
matography was a 30 m × 0.25 mm I.D.; 0.25 μm fi lm thickness (Bruker, BR-5MS, 
Bruker, Portugal). Helium (1 ml min −1 ) was used as carrier gas. The initial oven 
temperature was set at 60 °C during 5 min followed by an increase to 80 °C at 20 
°C min −1  and then to 150 °C at 5 °C min −1  followed by an increase to 280 °C at 15 
°C min −1  and this fi nal temperature was maintained for 5 min. The injection port 
temperature was set at 250 °C and that of the transfer line and the trap at 220 °C 
and 250 °C respectively. Splitless mode was selected; the mass-selective detector 
was operated in electron impact (EI) mode at 70 eV of activation energy. To con-
fi rm the mass fragment of the derivatives, data were obtained in the full scan mode 
from  m / z  70 to 250. 

 To construct the calibration curves, amino acids ( L -glutamic acid,  L -arginine, and 
 L -phenylalanine) were prepared at various concentrations (5, 12.5, 25, 37.5, and 50 
μg ml −1 ) and treated with the same derivatization and GC-MS analytical procedure 
as for the samples. The calibration curves were obtained by plotting the peak area 
ratio between the derivatives of amino acids and that of  L -norvaline (internal stan-
dard). To measure the limits of quantifi cation and detection, standards were serially 
diluted and processed according to the procedure described above.    
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14.2.3     Recording the Electro-olfactogram (EOG) 

    The electro- olfactogram   is a D.C. fi eld potential measured in the water (or mucus 
layer, in the case of terrestrial vertebrates) immediately above the olfactory epithe-
lium, and is extensively used to assess olfactory sensitivity (Scott and Scott-Johnson 
 2002 ). The EOG was recorded from tilapia as previously described (Frade et al. 
 2002 ). Briefl y, tilapia of both sexes (26–164 g) were anesthetised by immersion in 
water containing 200 mg l −1  MS222 (ethyl-3-aminobenzoate methanesulfonate salt; 
Sigma-Aldrich) and 400 mg l −1  NaHCO 3 . After voluntary movement had stopped, 
the fi sh were injected intramuscularly with 3 mg kg −1  gallamine triethiodide (in 0.9 
% NaCl), and maintained in a padded support with aerated water (containing 
100 mg l −1  MS222) pumped through the gills  via  a tube placed in the mouth. The 
olfactory epithelium was exposed by cutting around the nostril, and the end of glass 
tube with a constant fl ow of freshwater (approximately 6 ml min −1 ) was placed in 
the nasal cavity. Stimulus solutions were introduced into this fl ow  via  a computer- 
controlled solenoid valve (4 s). Borosilicate glass micropipettes fi lled with 4 % agar 
in 0.9 % NaCl were placed, one (recording electrode) near the center of the raphe, 
and the other (reference electrode) lightly in contact with the skin of the head. The 
DC voltage signal was amplifi ed (Neurolog NL102, Digitimer Ltd, Welwyn Garden 
City, UK) and digitized (Digidata 1330A; Axon Instruments, Inc., now Molecular 
Devices, Sunnyvale, CA, USA) and stored on a PC running “Axoscope” software 
(Axon Instruments).     

14.2.4     Data Treatment and Statistical Analysis 

   All odorants were presented as a 4 s pulse in order of increasing concentration with 
at least 1 min between stimuli. The EOG amplitude was measured (in mV) from the 
baseline to the peak of the initial downward defl ection of the trace. This was blank- 
subtracted (blank water—the same water used to dilute the stimuli—given as a 
stimulus) and normalized to the response to 10 −5  M  L -serine, similarly blank- 
subtracted. For the urine, amino acid mixture, and individual amino acids, linear 
regression was applied to a plot of normalized EOG amplitude plus 1.5 against 
log(dilution), using only concentrations giving responses signifi cantly greater than 
blanks, and the calculated thresholds of detection (intercept on the  x  axis; Hubbard 
et al.  2011 ) and compared by Student’s  t  test for paired data (urine and amino acid 
mixture) or one-way ANOVA (individual amino acids). The exponent α was calcu-
lated as the slope of linear regression to a plot of log(normalized EOG) amplitude 
against log[amino acid] and compared by Student’s  t  test for paired data (aqueous 
urine fraction and amino acid mixture) or one-way ANOVA (individual amino 
acids). The “factor γ” (number of log units increase in concentration to induce one 
log unit increase in response) is 1/α (Byrd and Caprio  1982 ). Thresholds, normal-
ized EOG amplitudes and α-values were correlated using the Pearson Product 
Moment. Urinary amino acid concentrations were compared between dominant and 
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subordinate males by the Mann–Whitney rank sum test (as data were not always 
normally distributed). In all cases, a  P  value of less than 0.05 was taken as statisti-
cally signifi cant. Data are shown as mean ± S.E.M., unless otherwise stated. 
Multivariate analyses were performed using the software package Canoco for 
Windows 4.5. Male individuals ( N  = 22) were introduced as “samples.” Their uri-
nary amino acid concentrations [ L -arginine], [ L -glutamate], [ L -phenylalanine] were 
introduced as descriptors of each “sample.” Male size (i.e., standard length) and 
social status (i.e., dominance index) were introduced as independent variables. 
Amino acid concentrations and male size were normalized by dividing each indi-
vidual value by the sum of all values of a given variable; hence scaling was between 
0 and 1 for all variables. First, detrended correspondence analysis (DCA) was run to 
decide between linear or unimodal modes of data distribution. Subsequently, princi-
pal components analysis (PCA) was selected as an appropriate, unconstrained linear 
ordination method fi tting well the extent of variability within the dataset. Amino 
acid concentrations were square root transformed to prevent a few high values from 
unduly infl uencing the ordination. PCA analyses were performed either focussing 
the scaling on “inter-sample distances” or on “dependent variables correlations” 
(Lepš and Šmilauer  2003 ). Results were plotted in a PCA ordination triplot. 
Redundancy analysis (RDA) and Monte-Carlo-Permutation tests (999 permuta-
tions) were used to determine whether the independent variables “dominance index” 
and “male size” signifi cantly infl uence the overall variation of the dataset.     

14.3     Results 

14.3.1     Amino Acid Concentrations in a Pool of Urine 
from Dominant Males 

   The aqueous fraction of pooled urine from reproductively active dominant male 
tilapia contained 1.95 mM  L -arginine, 0.71 mM  L -glutamic acid, and 0.53 mM
 L -phenylalanine  ; no other proteinogenic amino acids were detected A mixture of 
these three amino acids, at these concentrations, was made in distilled water. This 
mixture was then aliquoted and frozen (−20 °C) until use for comparison with the 
aqueous fraction of the urine pool (see below).    

14.3.2     Olfactory Potency of Aqueous Urine Fraction 
and Artifi cial Amino Acid Mixture 

   Both the aqueous fraction of male urine and the artifi cial mixture of amino acids 
evoked large amplitude, concentration-dependent, normal “fi sh-type” EOGs in tila-
pia (Fig.  14.1a ). The olfactory potency of the aqueous fraction of the urine pool 
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was slightly, but signifi cantly, greater than that of the artifi cial amino acid mixture 
(Fig.  14.1b ). The threshold of detection of the aqueous urine fraction was 1:10 6.35 ± 0.26  
whereas that of the artifi cial mixture was 1:10 5.67 ± 0.17  ( P  < 0.05). The α values (slope 
of the log-log plot), however, were similar (aqueous fraction 0.31 ± 0.04; mixture 
0.36 ± 0.03,  P  = 0.11). At the highest concentration used (1:100), the artifi cial mix-
ture could account for about 80 % of the olfactory potency of the aqueous fraction 
of the urine pool.  

14.3.3        Olfactory Sensitivity to Amino Acids 

   Tilapia had olfactory sensitivity to all twenty proteinogenic amino acids (Fig.  14.2 ), 
giving quasi-linear or exponential concentration-response curves when plotted 
semi-logarithmically (for example, see Fig.  14.3 ). The most potent were the sulfur- 
containing amino acids  L -methionine and  L -cysteine with thresholds of detection of 

0.000001
0

1

2

3

0.00001 0.0001

threshold*

Aqueous Fraction
Aqueous Fraction

a b

(1:1000)
4 

m
V

2 s

(1:1000)

Artificial MixtureArtificial Mixture

log(Dilution)

N
or

m
al

is
ed

 E
O

G
 A

m
pl

itu
de

0.001 0.01

  Fig. 14.1    Olfactory  sensitivity   to the aqueous fraction of male urine, and an artifi cial mixture of 
amino acids ( L -arginine,  L -glutamate, and  L -phenylalanine) based on their concentrations in that 
fraction, in the tilapia. ( a ) Typical EOG traces in response to the aqueous fraction of pooled urine 
from dominant males ( dark grey horizontal bar ) and the artifi cial mixture of amino acids ( empty 
horizontal bar ). Both EOGs were recorded from the same fi sh; a downward defl ection of the trace 
is negative. ( b ) Semi-logarithmic plot of normalized EOG amplitude against dilution of the aque-
ous fraction of pooled male urine ( circles ) from pooled male urine and artifi cial amino acid mix-
ture ( triangles ). Note that most, but not all, olfactory potency of the aqueous fraction of urine can 
be explained by these amino acids. Data are shown as mean ± SEM ( N  = 8). The threshold of detec-
tion of the aqueous urine fraction (1:10 6.35 ± 0.26 ) was lower than that of the artifi cial mixture 
(1:10 5.67 ± 0.17 ), Students  t -test for paired data, * P  < 0.05       
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10 −8.73 ± 0.36  M and 10 −8.14 ± 0.19  M, respectively. These were followed by the two amino 
acids with basic side-chains,  L -lysine and  L -arginine (thresholds 10 −8.14 ± 0.13  M and 
10 −7.92 ± 0.10  M, respectively). Thus, of the three amino acids found in signifi cant con-
centrations in male urine, the most abundant amino acid in male urine,  L -arginine, 
was also the most potent. This group was followed by the rest of the amino acids 
with thresholds around 10 −7  M, including  L -glutamate (10 −6.89 ± 0.11  M) and  L-  phenyl-
alanine (10 −6.84 ± 0.17  M), acidic and aromatic amino acids, respectively, also found in 
signifi cant quantities in male urine. The other acidic amino acid,  L- aspartate, was 
clearly the least potent amino acid tested, with a threshold of 10 −5.32 ± 0.22  M. Generally, 
those amino acids with the lower thresholds also gave the higher amplitude EOGs 
(correlation coeffi cient −0.671,  P  = 0.0012), although there were some exceptions 
(e.g.,  L -tryptophan and  L -serine). On the other hand, the exponent α values were 
positively correlated with the threshold (coeffi cient 0.668,  P  = 0.0012), but not 
amplitude ( P  = 0.434). Thus, those amino acids with the lowest thresholds also 
tended to have the widest dynamic range, at the expense of sensitivity to changes 
and/or differences in concentrations. The concentration-response curves for the 
three urinary amino acids,  L -arginine,  L -glutamate, and  L- phenylalanine, are shown 
in Fig.  14.3 .  
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(one way ANOVA followed by the Tukey post hoc method,  F  19,110  = 13.915,  P  < 0.001)       
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14.3.4         Variation of Urinary Amino Acid Concentrations 
with Social Status 

   The chemical profi les of the aqueous urine fraction varied between male individuals 
(Fig.  14.4 ). The concentrations of  L -arginine, but not  L -glutamate, were signifi cantly 
greater in dominant (DI ≥ 0.5) than subordinate males (DI < 0.5); whereas subordi-
nate males had higher concentrations of  L -phenylalanine than dominant males 
(Fig.  14.5a–c ). However, there was no correlation between urinary [ L -arginine  ] and 
[ L -glutamate] ( P  = 0.540); two individuals with the highest urinary  L -arginine levels, 
for example, are different from those two with the highest  L- glutamate levels. 
A Principal components (PCA) ordination triplot focussing on “inter-amino-acid 
correlations” (Fig.  14.5d ) was created to visualize correlations between [ L - ARGININE ], 
[ L -glutamate], and [ L -phenylalanine] concentrations in the urine samples of 22 tila-
pia males. The horizontal axis accounted for 56.8 % of the variation in the data, 
whereas the vertical axis accounted for 26.7 %; hence more than 83 % of the overall 
variation in the dataset is explained in this ordination diagram. Redundancy analysis 
(RDA) and Monte-Carlo-Permutations tests revealed that dominance index 
( F  = 5.547;  P  = 0.004) signifi cantly infl uenced variation in urinary amino acid 
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concentrations (as indicated also by the long arrow), whereas male size did not 
( F  = 2.671;  P  = 0.057; short arrow). The arrows representing  L -arginine concentra-
tion and dominance index in the diagram highlight the positive correlation between 
these two variables as they point in the same direction. To group the tilapia male 
individuals of different social status in respect of their urinary amino acid concen-
trations, a second PCA ordination triplot was created, focussing on “inter- male dis-
tances” (Fig.  14.5e ); males with high amino acid concentrations are grouped further 
apart from the intercept. Euclidean distances between subordinate males were in 
general much shorter and hence they clustered together, while dominants are more 
spread out following their greater variations in urinary amino acids.  
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plots showing comparison of  urinary   concentrations of ( a ) [ L -arginine], ( b ) [ L -glutamate], and ( c ) 
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14.4          Discussion 

 The current study has shown that urine from dominant male Mozambique tilapia 
has substantial concentrations (up to 17 mM) of the amino acids  L -arginine,  L-  
glutamate, and  L -phenylalanine, and that the concentrations of  L -arginine correlate 
positively with the social status of the donor. Conversely, urinary  L -phenylalanine 
concentrations were signifi cantly higher in subordinate than dominant males, 
whereas  L -glutamate concentrations were more varied in dominant males than sub-
ordinates. In common with many other species (see reviews; Hara  1994 ; Kasumyan 
 2004 ), the tilapia has high olfactory sensitivity to amino acids, and those present in 
the urine constitute a large proportion of the olfactory activity of the aqueous urine 
fraction. Together, this suggests that urinary amino acids play a role in chemical 
communication in this species. 

 We have previously shown that 5β-pregnane-3α,17α,20β-triol  -3α-glucuronate, 
and its epimer 5β-pregnane-3α,17α,20α-triol  -3α-glucuronate, act as urinary phero-
mones in the tilapia, at least in a reproductive context (Keller-Costa et al.  2014 ). 
However, these steroids alone do not mimic the aggression-modulating effect of 
untreated urine in male–male interactions (Keller-Costa et al.  2012 ,  2014 ). Given 
that urinary [ L -arginine] and, possibly, [ L -glutamate] are positively correlated with 
dominance index (DI), whereas  L -phenylalanine is present at lower concentrations 
in dominant males, and that the tilapia has olfactory sensitivity to all three, it is 
possible that these amino acids play a role in chemical communication and poten-
tially signal social dominance when mixed with steroids or other compound found 
in the urine. 

 Nevertheless, the nature of the correlation of urinary concentration of the ste-
roid glucuronates with dominance index is different from that of the urinary amino 
acids; several dominant males had lower urinary [ L -arginine] and/or [ L -glutamate], 
sometimes even as low as those of subordinate males, whereas the correlation of 
DI with the urinary steroid glucuronates is tighter and much more linear (Keller-
Costa et al.  2014 ). Furthermore, the variance in urinary amino acid concentrations 
was greater in dominant males than in subordinates. Despite the correlation of 
both [ L -arginine] and [ L -glutamate] with dominance index, there was no correla-
tion  between  the two amino acids. Therefore, the presence of these amino acids in 
the urine is unlikely simply due to dietary excess and certainly not due to different 
feed (all tilapia received the same). Another possible explanation is that the amino 
acids are  responsible for providing an individual “signature mixture” to the uri-
nary dominance pheromone (Wyatt  2010 ). Such that, male tilapia may identify 
previous rivals via urinary olfactory cues in a way that is used by lobsters 
(Karavanich and Atema  1998 ; Johnson and Atema  2005 ) and mice (see Hurst and 
Beynon  2004 , for review). 
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 It is possible, too, that the identifi ed amino acids and other unidentifi ed odorant(s) 
present in the aqueous fraction of male urine are involved in mate-choice by females 
(Barata et al. unpublished). For example, female Nile tilapia can discriminate 
between high-protein-fed and low-protein-fed males by olfaction. They spend more 
time in the vicinity of holding water from well-fed males than conditioned water 
from males fed with low-protein diet (Giaquinto et al.  2010 ). Male nutritional state 
may be a good indicator of the male’s health and genetic quality. It is conceivable 
that these females differentiated between the males on the basis of their secretory 
nitrogenous end products. MHC-related and/or diet-derived odorants from males 
are important in mate-choice by female sticklebacks (Milinski et al.  2005 ; Rafferty 
and Boughman  2006 ; Ward et al.  2007 ), whereas polar conspecifi c-derived odorants 
(possibly amino acids) synergize the effects of prostaglandin pheromones and act as 
species-specifi c markers in cyprinids (Levesque et al.  2011 ; Lim and Sorensen 
 2011 ). Territorial and non-territorial fathead minnow males also differ in their uri-
nary profi les: trimethylamine, a hydrophilic nitrogenous excretory end product of 
teleost urine, has been suggested as potential chemical signals of social status in this 
species (Martinovic-Weigelt et al.  2012 ).  

14.5     Olfactory Sensitivity to Amino Acids 

   The olfactory sensitivity of the tilapia to amino acids was similar to many other 
teleosts, with thresholds of detection within the range 10 −9  to 10 −5  M (Kasumyan 
 2004 ). The sulfur containing amino acids,  L -methionine and  L -cysteine, were the 
most potent whereas  L -proline and  L -aspartate were least potent. This is fairly con-
sistent across different species and seems largely independent of phylogeny, diet or 
habitat (for example, see; Byrd and Caprio  1982 ; Velez et al.  2005 ; Hubbard et al. 
 2011 ; Yacoob et al.  2004 ; Silver  1982 ). Furthermore, there was a negative correla-
tion between threshold and EOG amplitude (at 10 −4  M)—those amino acids with 
low detection thresholds evoked larger amplitude EOGs—but there were several 
outliers (e.g.,  L -tryptophan and  L -serine). Also, those amino acids with low detec-
tion thresholds tended to have lower α values (again, with several exceptions;  L-  
phenylalanine and  L -threonine, for example); high olfactory sensitivity is usually 
accompanied by a wide dynamic range. This would appear to be at the cost of 
sensitivity to  changes  in concentration;  L -aspartate had the highest α value (i.e., 
largest change in response for a given concentration change) and highest threshold 
of detection. Nevertheless, olfactory sensitivity to the three urinary amino acids is 
suffi cient to detect them in urine diluted down to about 1:100,000. Furthermore, 
although sensitivity to these three was unexceptional compared to other amino 
acids, and other species, it is curious that the order of sensitivity followed the order 
of relative abundance in urine. In the natural environment, however, other amino 
acids from a variety of different sources may complicate conspecifi c signaling 
with amino acids; salmonids, for example, use amino acids present in the water to 
identify natal streams (Shoji et al.  2000 ; Yamamoto et al.  2010 ). More information 
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on both environmental concentrations and sources of individual amino acids, and 
the olfactory receptor mechanisms involved are needed to understand olfactory 
sensitivity to amino acids in tilapia.    

14.6     Urinary Amino Acids and Social Status 

   There are differences  between            teleost fi shes and land animals in nitrogen excretion. 
Teleosts, for example, are unable to synthesize urea  via  the Krebs ornithine–citrul-
line–arginine cycle (main route of uorogenesis in mammals). Normally, the chief 
end product in teleosts is amonina, mostly excreted  via  the gills (Marshall and 
Grosell  2006 ). Hence, only a small fraction of the total nitrogen excreted by teleosts 
appears in the urine (Foster and Goldstein  1969 ). Nevertheless, considerable urinary 
 L -arginine and  L -glutamate concentrations were found in tilapia but they varied 
independently of each other; both varied more widely in dominant than subordinate 
males. How, then, are the urinary levels of  L -arginine and  L -glutamate regulated? If 
the presence of amino acids in the urine is not simply due to dietary excess, then this 
suggests the existence of distinct renal mechanisms either for the active extrusion of 
 L -arginine and  L -glutamate into the urine, or the prevention of their tubular reab-
sorption, in dominant males. Furthermore, these renal mechanisms must be some-
how infl uenced by social status; signifi cantly, in this context, the kidneys of male 
tilapia are larger than those of females (Keller-Costa et al.  2012 ). 

  L -arginine and  L -phenylalanine are among the ten essential amino acids in fi shes 
required for normal growth and metabolism (the others are:  L -histidine,  L-  isoleu-
cine,  L -leucine,  L -lysine,  L -methionine,  L -threonine,  L -tryptophan, and  L -valine 
(Wilson and Halver  1986 ). Tilapia require about 30 to 40 % of their diet to be pro-
tein, four percent of which needs to be  L -arginine. This raises the question: why 
would a male excrete an essential compound (i.e.,  L -arginine) in such large quanti-
ties (up to 17 mM)? All urine donor males in this study appeared healthy and active, 
so we do not believe that the increased amino acid concentrations in the urine are 
due to illness or compromised renal function. It is possible that high rates of amino 
acid loss  via  the urine can only be withstood by males in good condition and/or with 
access to suffi cient food, and thereby signaling this information to conspecifi cs. 

 Why are  L -arginine,  L -glutamate, and  L -phenylalanine, in particular, present at 
high concentrations in urine? It is signifi cant that the three urinary amino acids have 
side chains with markedly different chemical properties (basic, acidic and aromatic, 
respectively). It is likely, therefore, that they bind to different olfactory receptors, 
and are consequently perceived as different by the nervous system (Caprio and Byrd 
 1984 ; Friedrich and Korsching  1997 ). If so, this would have clear implications for 
recognition of “individual signatures.”       
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    Chapter 15   
 A Low Phytoestrogen Diet Reduces 
the Proceptivity But Not the Attractivity 
of Meadow Voles ( Microtus pennsylvanicus )       

       Lyndsey     Pierson     ,     Matthew     Hetherington    , and     Michael     H.     Ferkin   

15.1            Introduction 

 Phytoestrogens are nonsteroidal compounds produced by plants that have the ability 
to mimic or antagonize the effects of some steroid hormones. Phytoestrogens are 
frequently described as weakly “estrogen-like”  compounds  , as they are capable of 
binding to estrogen receptors and may induce estrogenic action (Whitten and 
Naftolin  1992 ; Patisaul et al.  2003 ; Luine et al.  2006 ) or antiestrogenic action 
(Santell et al.  1997 ). For instance, some studies have shown that phytoestrogens 
such as the  soy-derived isofl avones   can affect behavior, mood, and memory in rats, 
in some cases stimulating behavior, whereas in others inhibiting behavior (Santell 
et al.  1997 ; Lephart et al.  2004 ). More importantly, because of their estrogenic and 
antiestrogenic effects, and their affi nity for estrogen receptors, consumption of phy-
toestrogens like isofl avones may also affect an animal’s reproductive physiology, 
endocrine milieu, and behaviors associated with reproduction. 

 The literature is replete with studies using a variety of fi sh, birds, rodents, ungu-
lates, and primates as subjects to understand the effects of phytoestrogens  on repro-
ductive physiology   (Wasserman et al.  2013 ; Brown et al.  2014 ). Despite this rich 
source of information, studies of the effects of dietary phytoestrogens on the repro-
ductive physiology of vertebrates provide mixed results. Some studies have shown 
that phytoestrogens exert a stimulatory effect or estrogenic effect in vertebrates 
(Musey et al.  1995 ; Lephart et al.  2002 ; Song et al.  2006 ; Zanoli et al.  2009 ; Zavatti 
et al.  2009 ). Other studies have reported inhibitory effects or antiestrogenic effects 
(Newsome and Kitts  1980 ; Adams  1995 ; Cline et al.  1996 ; Opalka et al.  2006 ; Tsao 
et al.  2006 ; Corbitt et al.  2007 ) or no effect of dietary phytoestrogens on  reproductive   
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physiology of a variety of vertebrates (Anthony et al.  1996 ; Foth and Cline  1998 ; 
Stevenson et al.  2011 ; Brown et al.  2014 ). Still other studies have discovered that 
dietary phytoestrogens have mixed effects such that one element of a subject’s repro-
ductive physiology is stimulated, whereas another element is unaffected or inhibited 
(Howell et al.  1980 ; Kiparissis et al.  2003 ; Lephart et al.  2005 ). Potential explana-
tions to account for such variable results have been attributed to differences in spe-
cies, methods, type of phytoestrogen used and amount, the aspect of reproductive 
 physiology   in question, and age and condition of the subjects (Whitten et al.  1995 ; 
Pierson and Ferkin  2014 ). For example, the effects of isofl avones on sexual behavior 
vary depending on an animal’s initial physiological estrogen levels (Brzezinski and 
Debi  1999 ; Lephart et al.  2002 ; Zanoli et al.  2009 ), the length and timing of phytoes-
trogen exposure (Whitten et al.  1995 ; Lephart et al.  2002 ), and whether or not it is an 
omnivore or herbivore (Pierson and Ferkin  2014 ). 

 The impact of phytoestrogens  on sexual behavior   has focused primarily on 
female mice and rats (Mills and Childs  1998 ; Wuttke et al.  2002 ; Lephart et al. 
 2005 ). Again, the results of these studies are mixed and it remains unclear if phy-
toestrogens cause estrogenic or antiestrogenic effects on sexual behavior (Pierson 
and Ferkin  2014 ). For example, ovariectomized rats treated with estradiol or the 
phytoestrogen ferutinin showed increased sexual receptivity when compared to 
control ovariectomized animals (Zanoli et al.  2009 ). However, when ovariectomized 
female rats were treated with estradiol and ferutinin together, it did not increase 
their interest in male rats (Zanoli et al.  2009 ). Patisaul et al. ( 2003 ) found that phy-
toestrogens were not suffi cient to induce ovariectomized rats to increase their inter-
est in males or likelihood of mating. In another study, however, female rats treated 
with estradiol and ferutinin showed increases in their sexual receptivity (Zavatti 
et al.  2009 ). Male rats treated with phytoestrogens had alterations in the sexually 
dimorphic areas of the brain (Lephart et al.  2002 ,  2005 ), as well as having heavier 
prostate glands (Tou et al  1998 ). 

 The mixed results about the effects of  phytoestrogens on   sexual behavior may be 
due to the fact that rats and mice are omnivores and may be rather limited in the 
amount of phytoestrogens that they consume. It is possible the impact of phytoes-
trogens on the sexual behavior of rodents may become clearer if we examine its 
effects on herbivores such as voles. For example, meadow voles (  Microtus pennsyl-
vanicus )   inhabit ephemeral grasslands that differ in plant species density and patch-
iness seasonally and annually (Getz  1985 ; Bergeron and Jodoin  1987 ; Bergeron 
et al.  1990 ). Thus, meadow voles may live in fi elds containing plants such as clover 
and alfalfa that have high-phytoestrogen content, or they may live in fi elds that con-
tain plants that have low-phytoestrogen content, such as hay (Batzli  1985 ; Getz 
 1985 ; Cos et al.  2003 ), which may vary within and between seasons (Eldridge and 
Kwolek  1983 ). More importantly, however, male and female voles differ in their 
space use and the sizes of the areas they inhabit. Male meadow voles live in large, 
overlapping home ranges that encompass the territories of one or more females 
(Madison  1980 ). Thus, males have access to a variety of grasses and forbs that differ 
in their phytoestrogen content (Batzli  1985 ; Getz  1985 ). Conversely, female 
meadow voles live in small territories (Madison  1980 ) and may be more limited to 
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foraging on the plants in their territory, which may differ among females and also 
differ in their phytoestrogen content (Eldridge and Kwolek  1983 ; Bergeron et al. 
 1990 ), which may affect the vole’s phenotype and subsequent sexual behaviors. 

 Two components  of                         sexual                        behavior are  attractivity      and proceptivity (Beach 
 1976 ). For meadow voles, like many other terrestrial mammals, an individual’s 
attractivity depends on whether its odors and scent marks attract opposite-sex con-
specifi cs (Pierce et al.  2005 ). Traditionally, the behaviors displayed by females to 
show interest in male conspecifi cs are referred to as proceptive behaviors. These 
behaviors include ear wiggling in female rats and the preference of many female 
rodents for the odors produced by sexually receptive conspecifi c males (Beach 
 1976 ; Johnston  1979 ; Brown and Macdonald  1985 ). However, Pierce et al. ( 2005 ) 
and Hobbs and Ferkin ( 2012 ) have included comparable behaviors by males to 
show interest in female voles. Proceptive-like behaviors for males may include the 
amount of time they spend investigating scent mark of a female conspecifi c (Pierce 
et al.  2005 ). Together, attractivity and  proceptivity      establish communication between 
potential mates and allow them to coordinate behaviors that facilitate or inhibit mat-
ing (Beach  1976 ; Stopka and Macdonald  1998 ). 

 Studies have shown that phytoestrogens may affect the  circulating   gonadal hor-
mone titers of mammals (Cameron  2003 ; Lephart et al.  2004 ; Gore  2008 ) and high 
titers of gonadal steroids are necessary for meadow voles to produce scent marks 
that are attractive to opposite-sex conspecifi cs and maintain preferences for their 
odors (Ferkin and Zucker  1991 ; Ferkin and Gorman  1992 ; Ferkin et al.  1992 ). In the 
present study, we hypothesize that phytoestrogens may also affect attractivity and 
proceptivity in meadow voles because they may interact with estrogen receptors and 
affect the action of estrogen (i.e., Luine et al.  2006 ; Pierson and Ferkin  2014 ). Thus, 
if phytoestrogens exert an estrogenic effect, we predict that female voles fed a diet 
low in phytoestrogen content will no longer produce scent marks that are attractive 
to males and they will no longer spend more time investigating the scent marks of a 
male conspecifi c than that of a female conspecifi c. We predicted the converse for the 
attractivity and proceptivity of female voles fed a diet containing a moderate amount 
of phytoestrogens and for male voles fed either a diet containing a moderate amount 
of phytoestrogen or a diet containing a low amount of phytoestrogens.  

15.2     Methods 

15.2.1     Animals 

   The meadow voles used in this study were fourth–sixth generation captive animals, 
born and raised in a room that was maintained between 23 and 25 °C and under long 
photoperiod (14:10 h light:dark, lights on at 07:00 h, CST). This photoperiod simu-
lates the day length during the breeding season in free-living meadow voles (Ferkin 
and Zucker  1991 ; Ferkin and Gorman  1992 ). All of the female meadow voles used 
in the study were between 70 and 120 days of age, similar in body weight to one 
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another (within 3–5 g), and sexually naïve. Female meadow voles are induced 
 ovulators (Milligan  1982 ) and do not undergo estrous cycles (Keller  1985 ). 
Therefore, all female voles in the present study were considered to be in similar 
reproductive condition. Male meadow voles were between 120 and 150 days of age, 
similar in body weight to one another (within 3–5 g), and sexually experienced, 
having previously sired a litter when they were 70–80 days of age. Males and 
females had continuous access to standard laboratory chow (Harlan Teklad Rodent 
Diet, #8640, Madison, WI) prior to their inclusion in this study.    

15.2.2     Treatment Groups 

   All voles were raised from birth on a standard rodent chow diet (Harlan Teklad 
Rodent Diet, #8640) until they were placed into one of two diet groups. One group 
of males and females continued to be fed the standard rodent chow diet, which con-
tained 350–650 mg/kg soy-derived phytoestrogens (PE); we considered this to 
group to be the control (control-PE group). The other group of males and females 
were switched to a relatively low phytoestrogen diet (Harlan Teklad Rodent Diet 
2020X, Madison, WI, USA), which typically contains 20 mg/kg phytoestrogens or 
less; we considered this to be the low phytoestrogen group (low-PE group). The 
voles in the low-PE group were fed this diet for 30 days prior to testing.    

15.2.3     Attractivity 

15.2.3.1     Scent Donors and Subjects 

   We used 36 female and 36 male meadow voles as scent donors. Donors were 
12 females and 12 males in the low-PE group and 24 males and 24 females in the 
control-PE group. We used 24 different control-PE female and 24 different control-
 PE male voles as subjects. The low-PE voles and the control-PE voles were used as 
a subject once and as a scent donor once in random order. Subjects were not tested 
with their own scent marks. We did not use more than two individuals from the same 
litter as subjects or scent donors to eliminate the potential for litter effects. Subjects 
and their scent donors were unfamiliar and unrelated to one another.    

15.2.3.2     Testing Procedure 

   All attractivity tests took place within 24 h after the scent donors were fed the low-
 PE diet for 30 days. During the attractivity test, subjects underwent a single 5-min 
test in which we recorded the amount of time in seconds that male and female 
control-PE subjects spent investigating the anogenital area scent mark of an oppo-
site-sex, low-PE conspecifi c versus that of an opposite-sex, control-PE  conspecifi c. 
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Thus, male subjects were tested with marks of female scent donors and female 
subjects were tested with the marks of male scent donors. There were 12 control-PE 
male and 12 control-PE female subjects per group. Each subject was exposed to the 
scent marks of a unique pair of opposite-sex scent donors. We also used 12 control-
 PE males, 12 control-PE females, 12 low-PE males, and 12 low-PE females as scent 
donors. 

 The scent mark of each of the two donors were placed on a clean glass micro-
scope slide (2.5 × 7.6 cm), which was divided in three equal sections, each 2.5 cm 
long. The middle section contained no stimulus odor and each end section contained 
a scent from a corresponding scent donor. For example, for female subjects, one end 
section of the slide contained a scent mark from a low-PE male donor, while the 
other end section of the slide contained a scent mark from the control male donor. 
The methods of the attractivity test follow those detailed in Pierce et al. ( 2005 ). 
Briefl y, to obtain the scent marks, the anogenital area of a scent donor was rubbed 
for approximately 5 s against the left or right side of a clean slide. The position of 
the scent marks of the two different scent donors was alternated for each vole sub-
ject. After both scent marks were placed on the slide, the slide was suspended on a 
clip and hook apparatus 1 cm above the substrate in the subject’s home cage, against 
the wall opposite the subject’s nest. During the 5-min attractivity test, an observer 
continuously recorded the amount of time (seconds) that each subject licked or 
sniffed (the subject’s nose comes within approximately 1–2 cm) each section of the 
slide. The observer was blind to the test condition. The test began when the slide 
was placed into the cage of the subject (Pierce et al.  2005 ). 

 We used anogenital area scent marks as the odor stimulus. The anogenital area 
may contain components of scent from multiple sources such as urine, feces, sex 
organs, and sebaceous glands and are responded to similarly by conspecifi cs (Ferkin 
and Johnston  1995 ); the anogenital area scent marks are deposited by voles in their 
runways (Ferkin et al.  2001 ). Each slide was used only once and discarded. 
Immediately prior to each test, fresh scent marks from the anogenital area were 
obtained from each scent donor. The experimenter wore disposable latex gloves to 
minimize human scent transfer while handling all slides.     

15.2.4     Proceptivity 

15.2.4.1       Scent Donors and Subjects 

 All proceptivity tests were conducted within 24 h after the low-PE subjects were fed 
their diet for 30 days. We followed the methods for proceptivity testing developed 
by Pierce and collaborators ( 2005 ). Briefl y, each subject was exposed to a glass 
slide that contained the scent mark of a control-PE opposite- sex      conspecifi c and that 
of a control-PE same-sex conspecifi c. Subjects were 12 low-PE females, 12 low-PE 
males, 12 control males and 12 control females. Scent donors were 24 voles fed a 
control-PE diet since birth; these voles were not used in the attractivity test, were 
not currently pregnant or lactating, and were between 70 and 150 days of age.    
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15.2.4.2     Testing Procedure 

   During the 5-min proceptivity test, we continuously recorded the amount of time 
(seconds) that each subject licked or sniffed each scent mark and the clean section 
of the slide. The test began when the slide was placed into the cage of the subject 
(Pierce et al.  2005 ). Voles were considered to display proceptive behavior if they 
spent signifi cantly more time (separate paired  t -tests,  p  < 0.05) investigating the 
odors of the opposite-sex conspecifi c than those of the same-sex conspecifi c (Pierce 
et al.  2005 ,  2007 ).      

15.3     Results 

15.3.1     Attractivity 

   Male subjects on the control phytoestrogen diet spent similar amounts of time 
( t  22  = 0.134,  p  = 0.895) investigating the scent mark of the control female and that of 
the low-PE female (Fig.  15.1a ). Likewise, female subjects on the control phytoes-
trogen diet spent similar amounts of time ( t  22  = 0.157,  p  = 0.877) investigating the 
scent mark of the control male scent and that of a low-PE male (Fig.  15.1a ). Male 
and female subjects on the control diet spent similar amounts of time investigating 
the scent marks of two opposite- sex      conspecifi cs fed the control diet (male subjects: 
 t  22  = 0.536,  p  = 0.597, female subjects:  t  22  = 0.284,  p  = 0.779, Fig.  15.1b ).  

  Fig. 15.1    ( a ) The mean amount of time (s) ± sem that male and female subjects spent investigating 
the scent mark of an  opposite-sex conspecifi c      fed a diet with a moderate content of phytoestrogens 
and that of an opposite-sex conspecifi c fed a diet with a low content of phytoestrogens. There were 
no statistical differences in investigation times ( p  > 0.5). ( b ) The mean amount of time (s) ± sem 
that male and female subjects spent investigating the scent mark of an opposite-sex conspecifi c fed 
a diet with a moderate content of phytoestrogens and that of an opposite-sex conspecifi c fed a diet 
with a moderate content of phytoestrogens. There were no statistical differences in investigation 
times ( p  > 0.5)       
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15.3.2        Proceptivity 

   Low-PE males ( t  22  = 0.807,  p  = 0.428) and low-PE females ( t  22  = 0.323,  p  = 0.75) 
spent similar amounts of time investigating the scents of a same-sex conspecifi c and 
that of an opposite-sex conspecifi c (Fig.  15.2a ). In contrast, control females 
( t  22  = 8.670,  p  < 0.001) and control males ( t  22  = 10.28,  p  < 0.001) spent more time 
investigating the scent mark of an opposite- sex     , control vole than that of a same-sex, 
control vole (Fig.  15.2b ).  

15.4         Discussion 

 We found that the scent marks deposited by low-PE voles and control voles were 
similar in their attractiveness to opposite-sex conspecifi cs. Attractivity is an 
important aspect of sexual behavior as it allows for the establishment of olfactory 
communication between potential mates (Beach  1976 ; Pierce et al.  2005 ). For 
many species of terrestrial mammals, individuals can detect differences in the 
attractiveness of the scent marks of opposite- sex      conspecifi cs (Brown and 
Macdonald  1985 ). The differences in the attractiveness of marks from these scent 
donors refl ect differences in some aspect of the donor’s phenotype or genotype 
(Rich and Hurst  1999 ; Roberts  2007 ; Wyatt  2014 ). Conspecifi cs that investigate 
these scent marks can use this information to discriminate between donors. 

  Fig. 15.2    ( a ) The mean amount of time (s) ± sem that male and female subjects fed a diet with low 
phytoestrogen content spent investigating the scent mark of an opposite-sex conspecifi c fed a diet 
with a moderate content of phytoestrogens and that of a same-sex  conspecifi c      fed a diet with a 
moderate content of phytoestrogens. There were no statistical differences in investigation times 
( p  > 0.5). ( b ) The mean amount of time (s) ± sem that male and female subjects fed a diet with 
moderate phytoestrogen content spent investigating the scent mark of an opposite-sex conspecifi c 
fed a diet with a moderate content of phytoestrogens and that of a same-sex conspecifi c fed a diet 
with a moderate content of phytoestrogens.  Asterisks  indicate statistical differences in investiga-
tion times ( p  < 0.001)       
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Presumably, this allows conspecifi cs to investigate the scent marks of donors with 
whom they would want to interact (Ferkin  2011 ). As these scent marks are diges-
tive exudates found in urine, feces, or saliva (Albone  1984 ; Ferkin and Johnston 
 1995 ), they provide accurate and up-to- date information about the donor’s condi-
tion (Ferkin et al.  1997 ; Roberts  2007 ; Ferkin  2011 ). Our results suggest that a diet 
low in phytoestrogens does not affect the information contained in a donor’s scent 
mark. This fi nding indicates that for meadow voles, dietary phytoestrogens have a 
negligible effect on the tissues involved in the production of odors that are sexu-
ally attractive to opposite-sex conspecifi cs. A similar explanation may be adduced 
to account for the fact that phytoestrogens do not affect the attractiveness of 
Siamese fi ghting fi sh to conspecifi cs (Brown et al.  2014 ). 

 It appears that in voles, phytoestrogens were not exerting an endocrine effect on 
the sensitivity of these odor-producing tissues as do gonadal steroids. Several stud-
ies on meadow voles have demonstrated that high titers of gonadal steroids are 
necessary for individuals to be attracted to the scent marks of opposite- sex      conspe-
cifi cs (Ferkin and Zucker  1991 ; Ferkin et al.  1992 ; Ferkin and Johnston  1993 ; 
Leonard and Ferkin  1999 ). This is not a unique observation; in other rodents, such 
as mice, gonadal steroids are vital to odor communication or signaling of physical 
and hierarchal status (Johnson and Phoenix  1976 ; McGraw et al.  2006 ; Ferkin  2011 ; 
Asaba et al.  2014 ). Our results suggest that a diet low in phytoestrogen content was 
suffi cient to inhibit male and female meadow voles from showing preferences for 
the scent marks of opposite-sex conspecifi cs. Zavatti et al. ( 2009 ) ovariectomized 
Sprague-Dawley rats and found that they no longer displayed partner preferences 
for male over female conspecifi cs. However, treating ovariectomized rats with feru-
tinin, a phytoestrogen, or estradiol was suffi cient to reinstate partner preferences in 
these animals. In contrast, Patisaul et al. ( 2003 ) found that a soy dietary supplement 
containing isofl avones induced ovariectomized Longs Evans rats to display lower 
levels of proceptive behavior in the form of reduced hopping and darting. In addi-
tion, when the phytoestrogen ferutinin or the phytoestrogens daidzein and genistein 
were administered simultaneously with estradiol, gonadectomized rats became less 
proceptive towards opposite- sex      conspecifi cs (Patisaul et al.  2003 ; Zavatti et al. 
 2006 ; Zanoli et al.  2009 ). Other studies on gonadectomized rats have reported no 
increase in proceptivity after receiving phytoestrogens (Henry and Witt  2002 ). 
Examples also exist for other species: soy-derived isofl avones inhibited testosterone 
secretion in adult Bilgoraj ganders (  Anser anser )   (Opalka et al.  2006 ), and decreased 
the rate of reproductive readiness in male dark-eyed juncos (  Junco hyemalis )   
(Corbitt et al.  2007 ). 

 Our results show that voles reared on a diet with moderate amounts of phytoes-
trogens and switched to a diet of with negligible to low amounts of phytoestrogens 
no longer showed an interest in opposite-sex conspecifi cs; they were no longer 
behaving proceptively towards potential mates. Failure to respond preferentially to 
the scent mark of a potential mate may have serious fi tness consequences for voles 
that consume a low phytoestrogen content diet. Such voles may have fewer mating 
opportunities despite the fact that these voles still produce scent marks that are 
attractive to opposite- sex      conspecifi cs. As the levels of phytoestrogens in plants 
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vary with both environmental conditions (e.g., drought) and location, it may be that 
meadow voles would experience differing phytoestrogen exposure even when resid-
ing in the same area (Eldridge and Kwolek  1983 ). In that meadow voles could mate 
with multiple partners (Boonstra et al.  1993 ), the net result would be a potential 
decrease in fi tness among voles that consume vegetation that is low in phytoestro-
gen content relative to those that consume vegetation that is higher in phytoestrogen 
content. 

 In the present study, we used voles that were raised from birth on a diet contain-
ing moderate levels of phytoestrogens. It was only during adulthood were some 
voles switched to a diet containing low levels of phytoestrogens. It is possible that 
we may have gotten different results if voles were fed a diet low in phytoestrogens 
during lactation or prior to puberty. These may be sensitive periods for exposure to 
phytoestrogens. Thus, it is possible that the timing of phytoestrogen treatment or 
removal (Pierson and Ferkin  2014 ) could impact its effects on sexual behavior. Such 
a conjecture is supported by the fact that female Phayre’s leaf monkeys 
(  Trachypithecus phayrei crepusculus )  , have longer reproductive cycle lengths, and 
greater likelihood of conception during times when a plant high in phytochemicals 
was abundant (Lu et al.  2011 ). Conversely, California quail showed more successful 
breeding during wet years when phytoestrogens are largely absent from their avail-
able vegetation (Leopold et al.  1976 ), and male Japanese quail exposed to the phy-
toestrogen genistein during their embryonic stage showed decreased reproductive 
behavior as adults (Viglietti-Panzica et al.  2007 ). In addition, exposure to phytoes-
trogens during the sensitive periods of development may induce long lasting effects 
on reproductive behavior and physiology, which has been previously observed in 
mice (Thigpen et al.  2003 ) and rats (Whitten et al.  1995 ; Odum et al.  2001 ; Lewis 
et al.  2003 ).     
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    Chapter 16   
 Dominance Hierarchy in Indian Blackbuck 
( Antelope cervicapra  L.): Sources, Behavior 
and Role of Pheromone Signals       

       Thangavel     Rajagopal     and     Govindaraju     Archunan     

16.1            Introduction 

 Blackbuck ( Antilope cervicapra  Linn. 1758)  is   the only living representative  of                                 the 
genus  Antilope  Pallas 1766. The present geographical distribution of this species is 
limited to a few states of India. This unique animal has fi gured prominently in 
Indian ancient literature, art and also in the memoirs of British colonials and the 
hunters’ note book (Schaller  1967 ; Mungall  1977 ). Blackbuck has been categorized 
as vulnerable by the IUCN endangered commission (ZSI  1994 ). Wild Blackbuck 
 population   is likely to continue to decline as a consequence of poaching, hunting, 
shrinkage of natural habitats and deforestation, and predation with probably fewer 
than 25,000 individuals in their native range (Kar  2001 ). This is critical in that the 
Blackbuck acts as an indicator for natural disturbances in the forest habitat 
(Rajagopal  2009 ). However, pollution and disturbance by man has affected the 
 reproductive biology and odor communication   of Indian Blackbucks. 

 Blackbuck shows a  regular estrous cycle   similar to domestic ewe and cow with 
the cycle length of 15–21 days. However, the receptive period is short, lasting only 
24 h (Schmied  1973 ). Therefore, the possibility of chance for mating is unlikely. 
Moreover, under seminatural conditions, there is intense competition among males 
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to gain access to estrus females and many males fail to mate, which contributes to 
further decline in the number of offspring. The behavior, growth, and reproduction 
of the captive Indian Blackbuck, also varies within captive populations. The reasons 
for such variation have yet to be identifi ed (Ranjitsingh  1989 ; Kar  2001 ), but there 
is a need to increase their breeding in captivity. 

 Since the International symposium held in 1971 on ungulate behavior and man-
agement in Canada, our understanding of behavioral mechanisms of chemical com-
munication in this group has progressed from description to experiments and 
modeling. Primer pheromones have been identifi ed in a few domestic and non- 
domestic ungulates. Since urine, feces, and scent glands are the major sources of 
pheromonal communication there might contain information for communication 
(Archunan  2009 ), we have successfully identifi ed pheromone compounds by gas 
chromatography-linked mass spectrometry from urine, saliva, feces and scent 
glands from farm animals like cow, buffaloes, and sheep, and few rodents (Archunan 
 2009 ,  2014 ; Archunan et al.  2014 ). However, we are not aware of any publications 
reporting the chemical identifi cation of the pheromone compounds in the Indian 
Blackbuck. Thus, we initiated research into identifying such compounds in the 
Indian Blackbuck. In concert with these studies, we also investigated the social 
behavior of the Indian Blackbuck. We did so because literature about the social and 
reproductive behaviors of Indian Blackbuck is scarce. Most of this limited informa-
tion comes from reports on the behavior of captive Blackbucks (Prasad and Ramana 
Roa  1984 ; Ranjitsingh  1989 ; Isvaran and Jhala  1999 ; Rajagopal  2009 ), Schaller’s 
( 1967 ) brief authoritative account on some aspects of their  behavior and ecology of 
Blackbuck  , and their population dynamics (Prasad  1983 ; Bhattacharya and 
Chattopadhya  1984 ). Therefore, we describe in this chapter our work in investigat-
ing the social behaviors and pheromones of the Indian Blackbuck. Our goal was to 
facilitate the development of procedures that would increase their breeding and 
conservation.  

16.2     Social Dominance and Behavior of Indian Blackbuck 

16.2.1     Social Organization of Blackbuck 

  Blackbucks are primarily grazers and herds which are characteristically loose and 
unstable associations that can range from less than ten individuals to several hun-
dred. The main social units in blackbuck are (1) solitary (usually territorial) males, 
(2) all-male or bachelor groups-composed of two or more juvenile, subadult or adult 
males, (3) female groups-composed of females of all age-classes, fawns, and juve-
nile and subadult males and (4) mixed groups in which the whole range of age 
classes of both sexes may be represented (Mungall  1978 ). It is found that territorial 
males do not keep a harem, and that a female groups (three categories) would passes 
through the territories of one or more territorial males in the course of a day’s wan-
dering, associating temporarily with the resident male (Mungall  1978 ).   
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16.2.2     Dominance Hierarchy of Indian Blackbuck 

  Social hierarchy system in Indian Blackbuck is established by fi ghting or display 
behavior and results in a ranking of the animals in their territory (Menon  2000 ; 
Rajagopal and Archunan  2008 ). Generally, the hierarchies involve more than two 
animals and are composed of linear dominant–subordinate relationship. In this 
relationship, the alpha male dominates all group members. The beta male is sub-
missive to the alpha male, but dominates the remaining group members, and so on. 
The lowest-rank animal in the hierarchy is subordinate to all group members 
(Rajagopal  2009 ). 

 We found that the repeated occurrence of leadership by the alpha male and the 
formation of hierarchy occurred when the number of female Blackbucks entered 
into estrus. This suggests that the formation and maintenance of dominance hierar-
chy system is associated with breeding (Rajagopal and Archunan  2008 ; Rajagopal 
et al.  2010 ).   

16.2.3     Territoriality and Territory Size 

  The Indian Blackbuck is territorial and gregarious. It generally lives in a group of 
30–100 individuals, and the regulation of its social life depends to a large extent on 
chemical communication as refl ected by its various odoriferous skin glands and 
other sources of chemical signals (Menon  2000 ; Rajagopal et al.  2010 ). Each group 
of Blackbucks has a territory within which a linear dominance hierarchy through 
aggression interactions forms. For example, the dominant male makes grunting 
sound and chases the subordinate males to prevent them from entering the territory. 

 Blackbuck often use open canopy for grazing and resting areas for territories. The 
territory size range varies due to climatic conditions, topography, availability of food 
and water (Kar  2001 ; Rajagopal  2009 ). The size of territorial range is between a 
minimum limit of 1 ha (2.5 ac) and maximum limit of 20 ha (Mungall  1978 ). The 
bachelor male group or subordinate males have bigger home range having more than 
5 km 2  (Kar  2001 ). Maximum range of home size was established by dominant males 
during the months of August, September, October, March, and April (Rajagopal 
 2009 ). Kar ( 2001 ) found that territorial size range decreased during the rainy season, 
but in winter and summer months the territory size increased to 2.5–4 km 2 .   

16.2.4     Lekking of Indian Blackbuck 

   Lekking is a rare  behavioral   phenomenon exhibited by less than 2 % of birds and 1 
% of mammalian species (Bradbury  1981 ; Menon  2000 ; Isvaran  2005 ). It is an 
unusual mating system in which territorial male Blackbucks aggregate in an open 
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area where they defend clustered territories, and are sought out by females for the 
sole purpose of mating. Apart from the males, these territories are typically devoid 
of other resources (Isvaran and Jhala  1999 ; Herlekar  2014 ).    

16.2.5     Dominance Infl uences Scent Marking Behaviors 

 The role of scent marking behavior in mammalian communication has received 
considerable attention (Thiessen and Rice  1976 ; Gosling  1985 ; Ferkin  2015 ). Scent 
marking behaviors of many ungulates have already been described (Gosling  1985 ; 
Bowyer et al.  1994 ) and urine, feces, and scent glands are the major sources of the 
odors. Functions attributed to scent marking include the advertisement and defense 
of territories and resources, advertisement of social status, and regulation of social 
relationships, mate attraction and advertisement of reproductive condition, and spa-
tial orientation (Smith et al.  2001 ; Arteaga et al.  2008 ). For the Indian Blackbuck 
scent marking includes urination, pelleting or defecation, and preorbital and inter-
digital gland marking aimed at specifi c conspicuous objects (Ranjitsingh  1989 ; 
Rajagopal  2009 ). 

16.2.5.1     Preorbital Gland Scent Marking 

   In  antelopes  , both males and females possess preorbital organs, which consist of a 
glandular region in a pouch adjacent to the nasal (medial) corner of the eye (Muller- 
Using and Schloeth  1967 ; Rajagopal and Archunan  2011 ). There is no clear evi-
dence of a role across species for the preorbital gland but most frequently reported 
role of preorbital secretions is in territorial marking (Gosling  1987 ). It is also 
reported that the preorbital glands are usually open during roaring in red deer stags 
(Butzler  1974 ) and expansion of the preorbital gland opening may be an expression 
of aggressive intent in brow-antlered deer (Blakeslee et al.  1979 ). 

 In the Indian blackbuck, the preorbital gland markings are associated with ter-
ritorial and sexual behavior (Rajagopal and Archunan  2008 ). The male Blackbucks 
perform scent marking from their well-developed preorbital glands, while in 
females these glands are vestigial or functionless (Rajagopal and Archunan  2011 ). 
It is also reported that preorbital gland marking behavior occurs more often between 
10.00–12.00 h and 16.00–18.00 h in the territorial males than non-territorial males 
of Indian Blackbuck (Rajagopal et al.  2011 ). The frequency of preorbital gland 
marking behavior by the dominant male Blackbuck is associated with the formation 
of hierarchy (Rajagopal  2009 ). Captive dominant male Blackbucks often prefer to 
deposit preorbital gland marks close to the food trough and peripheral regions of 
the territory. Male ungulates typically chose such places to deposit their scent 
marks and to delineate territorial borders (Gosling  1985 ; Alonso and Languth 
 1989 ). This suggests that the dominant Blackbuck male may also use the preorbital 
gland secretion as a signal for territory demarcation. In addition, preorbital gland 
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marking by the dominant male may help to control the scent marking behavior of 
subordinates and reduce the likelihood of them from challenging the dominant 
male (Rajagopal et al.  2011 ).    

16.2.5.2     Urinary Scent Marking 

   Major functions of  urinary            scent marking are defense of territory and resources, 
signaling social status, regulation of social relationships, mate attraction, and adver-
tisement of reproductive condition (Brennan and Kendrick  2006 ; Thonhauser et al. 
 2013 ). The frequency of urine marking by the dominant male Blackbuck during 
hierarchy formation period is higher than before and after the hierarchy period as 
compared to bachelor males (Rajagopal et al.  2010 ). This observation is consistent 
with earlier investigations, which have described that the dominant male urine scent 
marking behavior may adversely affect the fi ghting ability, suppressing the social 
and sexual behavior of subordinate males in several species (Derix et al.  1993 ; Brant 
et al.  1998 ; Clutton-Brock et al.  2001 ).    

16.2.5.3     Fecal and Interdigital Gland Scent Marking 

    Dfecation and scratching or interdigital gland marking behaviors are involved in 
odor communication in canidae and antelopes (Peters and Mech  1975 ; Rajagopal 
and Archunan  2008 ). High rate of defecation and interdigital gland marking behav-
iors were exhibited by the territorial male blackbucks compared to that of non- 
territorial males of adult and subadults. The dominant males use deposited 
interdigital gland secretions, feces, and urine close to the food trough and resting 
places (Rajagopal and Archunan  2008 ; Rajagopal et al.  2011 ). It is interesting to 
note that the dominant male deposited interdigital gland marks more frequently at 
the breeding lek or resting place than they deposited urine and feces (Rajagopal and 
Archunan  2008 ). Our fi ndings are consistent with reports showing that the 
  Lagostomus maximus    scent mark near their resting place (Branch  1993 ),  Lutra lutra  
scent marks near the feeding sites (Kruuk  1992 ), and the   Callithrix jacchus    deposits 
scent marks on food (Smith et al.  2001 ). Interdigital gland and feces marking may 
also may function to possession of a resource as well as indicate occupation of a 
territory.      

16.2.6     Dominance Infl uences the Aggressive Behavior 

  Agonistic behaviors are reported in many types of social interactions, but are com-
monly used to establish either dominance–sub-ordinance hierarchies or exclusive 
territories (Allen et al.  1990 ; Freeman et al.  1992 ). The dominant male Blackbuck 
shows more dramatic increase in agonistic behavior during his hierarchy period 
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than that of his before and after dominant hierarchy period. In this respect, high 
frequency of aggressive behavior may confer an advantage in competition for deter-
mination of hierarchy. During feeding, the dominant male does not permit the sub-
ordinate access to the food trough (Rajagopal and Archunan  2008 ; Rajagopal et al. 
 2011 ). These observations suggest that the agonistic behavior may help to establish 
dominant hierarchy and maintain the hierarchy system which always differs in 
respect to duration, intensity, and consequences.   

16.2.7     Testosterone Infl uences Dominance 

   Testosterone is an important hormone in regulating many aspects of male reproduc-
tive physiology (Hews and Moore  1995 ; Tarasawa and Fernandez  2001 ). 
Testosterone secretion correlates with many behavioral traits related to competition 
for mates, such as reproductive motivation, territory, mate guarding, heightened 
aggression and display behavior (Arteaga et al.  2008 ). We found that testosterone 
level was the highest in the dominant male Blackbuck during his hierarchy period 
than before and after the formation of the hierarchy (Rajagopal  2009 ). Brockman 
et al. ( 2001 ) reported that the dominant male sifaka has higher levels of testosterone 
and scent marking behavior with male physiological sexual inhibition in subordi-
nate males, suggesting a positive association between testosterone concentration 
and duration of leadership period in the dominant males (Klomberg et al.  2002 ).     

16.3     Dominance Pheromones: Sources and Identifi cation 
of Chemosignals in Blackbucks 

  This preselection of candidate substances has further resulted in successful charac-
terization of several urinary pheromones in mammalian species. In the Indian 
Blackbuck twenty eight urinary volatiles and forty three preorbital gland secretion 
volatile compounds were identifi ed in the dominant, bachelor and subadult males. 
The volatiles identifi ed in the urine and preorbital gland secretion belong to the 
alkanes, alkenes, alcohols, aldehydes, ketones, phenols, pyridine, and carboxylic 
acid classes of compounds. Among the different constituents, alkanes (11 volatiles) 
and carboxylic acids (16 volatiles) are predominantly present in the urine and pre-
orbital glandular secretion respectively (Rajagopal  2009 ; Rajagopal et al.  2010 ). 
These classes of compounds have already been reported in the urine and preorbital 
gland secretion of other mammals, including white-tailed deer (Jemiolo et al. 
 1995 ), cow (Rameshkumar et al.  2000 ), buffalo (Rajanarayanan and Archunan 
 2011 ), klipspringer (Burger et al.  1997 ), steenbok (Burger et al.  1999 ), and suni 
(Stander et al.  2002 ). 
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 Among 28 urinary volatile compounds, 22, 26, and 13 compounds appeared in 
males before, during, and after the formation of dominance hierarchy period respec-
tively. Furthermore, 12 compounds in bachelor and 10 compounds in subadult 
males were present in the urine sample. There were more detectable peaks, i.e., 26 
compounds, during the formation of dominance hierarchy period in dominant male 
urine sample. Among them, three specifi c urinary volatile compounds, 3-hexanone, 
6-methyl-5-hepten-2-one, and 1-phenyl-1,2-butanediol had molecular weight range 
between 84 and 166 and carbon atoms C 6 –C 10  (Rajagopal et al.  2010 ). The 
3- hexanone has been reported in the white-tailed deer dominant male urine (Jemiolo 
et al.  1995 ). It is remarkable to note that the compounds 6-methyl-5-hepten-2-one 
and 1-phenyl-1, 2-butanediol have been reported as female-attracting pheromones 
in the novel moth [(Z)-4-hepten-2-one] and cigarette beetle insects [(2S,4S)-2,4-
dimethyl- 1,5-pentanediol] with slight variation of structure (Zhu et al.  1994 ; Ken 
and Kenji  2001 ). Schewende et al. ( 1986 ) reported that the urinary compound 
hepten- 2-one acts as an aversive chemical signal in mouse. Hence, the appearance 
of these specifi c compounds in dominant male Blackbuck urine during hierarchy 
period may provide behaviorally important chemical cues suggesting their role in 
aggression to male and attraction to female. 

 The preorbital gland secretion showed 43 major volatile compounds, of which 
several were identifi ed during the formation of dominance hierarchy period (i.e., 39 
volatiles) compared to before (i.e., 34 volatiles) and after (i.e., 27 volatiles) the for-
mation of dominance hierarchy period of dominant male, and bachelor (i.e., 25 
volatiles) and subadult male (i.e., 13 volatiles). Among 43 volatiles, four volatiles 
(2-methyl propanoic acid, 2-methyl-4-heptanon, 2,7-dimethyl-1-octanol, and 
1,15-pentadecanediol) were unique in the dominant male gland secretion during the 
formation of dominance hierarchy period (Rajagopal  2009 ). In the Indian Blackbuck, 
 2-methyl propanoic acid      appeared dominant-specifi c compound during the forma-
tion of dominance hierarchy period. Hence, 2-methyl  propanoic      acid may be con-
sidered as a female attractant (Rajagopal  2009 ). The volatile  2-methyl-4-heptanone      
was also identifi ed in preorbital gland secretion in reindeer (Andersson  1979 ). 
However, compound having additional methyl group, i.e., 6-methyl-2-heptanone 
was found in reindeer interdigital gland secretion (Andersson et al.  1979 ), sika deer 
metatarsal gland secretion (Wood  2003 ) and ear secretion of African elephant 
(Riddle et al.  2000 ). Other dominant-specifi c volatiles 2,7-dimethyl-1-octanol and 
1,15-pentadecanediol were also reported as aggregation pheromone in the palm 
weevil (5-methyl-4-octanol) and defensive pheromone in Nymphalid butterfl y 
(1,16-hexadecanediol diacetate) with slight variation in structure (Giblin-Davis 
et al.  1997 ; Ross et al.  2001 ). Therefore, the fi ndings suggest that these four 
dominance- specifi c preorbital glandular volatiles may play a wide ranging role in 
the territorial marking behavior i.e., defensive signal in the same sex and attractive 
signal in opposite sex of Indian Blackbuck.   
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16.4     Pheromone Binding Proteins (Pbps) in Blackbuck 

    Pheromone binding protein (PBP)   plays a signifi cant role in mammalian chemical 
communication through binding with the specifi c volatile compounds (Archunan 
et al.  2014 ). The pheromone binding protein is belonged to the lipocalin super family 
present in all the pheromone sources including urine, saliva, vaginal mucus, sweat, 
scent gland etc. (Cavaggioni and Mucignat-Caretta  2000 ). 

 It is recently reported the presence of PBP, i.e., alpha 2u globulin in the preorbital 
gland of Blackbuck, a pheromone carrier protein (Rajagopal et al.  2015 ). The pres-
ence of α 2u -globulin in the preorbital gland posts of Blackbuck is consistent with the 
earlier reports pertaining to adult male rat and mouse, which have shown this pro-
tein to serve as a pheromone-carrier (Cavaggioni and Mucignat-Caretta  2000 ). The 
lipocalin proteins in the pheromone sources have been reported as pheromone- 
carrier in several mammalian species (Cavaggioni et al.  1990 ; Beynon and Hurst 
 2003 ). For example, aphrodisin, a lipocalin protein abundantly secreted from the 
vaginal fl uid of the hamster, has fi ve volatiles bound to it, which facilitate the mat-
ing behavior of male hamsters (Briand et al.  2004 ). Similarly, salivary lipocalins 
(SAL) secreted from the submaxillary glands of the adult male boar contain two 
endogenous ligands, 5α-androst-16-en-3-one and 5α-androst-16-en-3-ol as compo-
nents of the boar sex pheromone system (Scaloni et al.  2001 ). Lipocalin EquC1 is 
the abundant protein in horse sweat, and contains a putative pheromone oleamide 
(D’Innocenzo et al.  2006 ). In the human, the components of axillary odor are asso-
ciated with apolipoprotein-D and the potent odoriferous substance was identifi ed as 
3-methyl-2-heptenoic acid (Zeng et al.  1996 ). It is important to note that the bound 
form of pheromones such as farnesol 1 and 2 with the alpha 2u globulin (18.54 kDa) 
of preputial gland of Indian commensal rat (Ponmanickam et al.  2010 ) and further 
binding effi ciency of farnesol in alpha 2u globulin was confi rmed by molecular 
docking and fl uorescence analysis (Ilayaraja et al.  2014 ). In another study, we 
reported four volatile compounds viz., 2-methyl propanoic acid, 2-methyl-4- 
heptanone, 2,7-dimethyl-1-octanol, and 1,15-pentadecanediol in the preorbital 
posts of the dominant male specifi cally during the hierarchy period (Rajagopal 
 2009 ). As a whole, these fi ndings suggest that the α 2u -globulin in the preorbital 
gland may carry the volatile compounds for release to the environment. These vola-
tile compounds may help maintain the dominance hierarchy by allowing the domi-
nant males to signal their residency in an area as well as suppress the activity of 
subordinate males.    

16.5     Future Perspectives 

 Our understanding of the pheromones of Blackbucks may be used as a tool to 
improve their conservation and management in captivity. We suggest that future 
research focus on determining whether volatiles from the urine and preorbital 
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gland are sources of information about dominance and mate attraction. It would be 
interesting to also know if such volatiles can induce estrus in females. This would 
enhance their breeding in captivity. Identifi cation of α 2u -globulin, a 17 kDa poly-
peptide, in preorbital glandular secretion provides circumstantial evidence of pres-
ence of pheromone-carrier protein in the gland. It is possible that this protein may 
carry the volatile ligand in male Blackbuck preorbital gland that induces scent 
marking during the establishment of the hierarchy and in attracting female 
conspecifi cs.     
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    Chapter 17   
 Asian Elephant Refl ections: Chirality Counts       

       L.  E.  L.     ‘Bets’     Rasmussen    ,     David     R.     Greenwood     ,     Thomas     E.     Goodwin    , 
and     Bruce     A.     Schulte   

17.1            Prelude 

 This chapter contains some of the last information on elephants obtained and 
analyzed by the late Dr. L.E.L. ‘Bets’ Rasmussen (Goodwin and Schulte  2008 ). 
As her collaborators, we were involved in various aspects of this work. Some of the 
information presented is incomplete in that some specifi cs on the procedures fol-
lowed cannot be fully ascertained. We have noted these instances and we have writ-
ten the results and discussion with these gaps in mind.  
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17.2     Introduction 

 Chirality is intrinsic in nature,  refl ecting                                    the exquisite underlying asymmetry of 
matter. The tetrahedral geometry of substituents on fully substituted carbon atoms 
allows the existence in biological systems of nonsuperimposable mirror (i.e., chiral) 
images (enantiomers) of otherwise structurally identical molecules. Insect phero-
mone systems reveal the biological signifi cance of chirality, both its diversity of 
messages and precision of evoked responses (Silverstein  1981 ,  1985 ,  1988 ; Mori 
 1998 ,  2007 ,  2011 ). The importance of chirality is extensive and particularly well 
established in insect chemical communication. At least ten species of bark beetles 
of the genus   Dendroctonus   , a fl y   Medetera bistriata   , a heteropteran bug   Lyctocoris 
elongates   , and several other beetle species release the pheromone frontalin 
(1,5-dimethyl-6,8-dioxabicyclo[3.2.1]octane), a bicyclic ketal that exists in two 
enantiomeric forms (Stewart et al.  1977 ). Insects employ chirality to ensure greater 
specifi city of chemical messages. This specifi city often involves the exclusive or 
predominant release of one enantiomer. In four species ( D. brevicomis ,  D. jeffreyi , 
 D. ponderosae , and  D. rufi pennis ), males release the minus (−) form [1 S ,5 R ] (Kinzer 
et al.  1969 ; Stewart et al.  1977 ; Browne et al.  1979 ; Byers and Woods  1980 ; Byers 
 1983 ; Byers et al.  1984 ), whereas in another species ( D. frontalis ) males release the 
plus (+) form [1R,5S] (Rudinsky et al.  1974 ; Grosman et al.  1997 ). In other bark 
beetles, the specifi c enantiomer released depends on the sex. In two species ( D. 
frontalis  and  D. simplex ), females release the (−) form (Kinzer et al.  1969 ; Renwick 
and Vité  1969 ; Rudinsky et al.  1974 ; Stewart et al.  1977 ; Bridges  1982 ; Grosman 
 1996 ; Grosman et al.  1997 ), and in another species ( D. rufi pennis ) females release 
the (+) form (Gries et al.  1988 ,  1992 ; Perez et al.  1996 ; Barkawi et al.  2003 ). The 
Jeffrey pine beetle,   D. jeffreyi   , best exemplifi es the specifi city and importance of 
chirality as females of this species release frontalin in a ratio of 33 % (+) to 67 % 
(−); this ratio is required to elicit a full response from males (Paine et al.  1999 ). 

 The importance of chirality in mammalian chemical signaling has been noted 
(Novotny and Soini  2008 ), specifi cally in mice ( Mus domesticus ; Novotny et al. 
 1995 ; Cavaggioni et al.  2003 ), porcupines (Li et al.  1997 ), and brushtail possums 
( Trichosurus vulpecula ; Carman and Klika  1992 ). Male Asian elephants ( Elephas 
maximus ) secrete temporal gland fl uid containing both enantiomers of frontalin in a 
changing ratio dependent on maturity and a male-specifi c condition termed musth 
(an annual period of heightened sexual activity and potential aggressiveness), 
expanding the concept of chirality to proboscidean chemical signals (Greenwood 
et al.  2005 ). 

 In male Asian elephants, maturation and musth are linked, progressively culmi-
nating in overall sexual, social, and physical maturity exemplifi ed by discharge of 
characteristic chemical signals (Rasmussen  2003 ; Rasmussen et al.  2005 ). 
Concurrent serum androgen hormone elevations and behavioral changes accom-
pany these secretions (Jainudeen et al.  1972 ; Rasmussen and Perrin  1999 ). Young, 
small males whose testes may be producing mature sperm but who lack social and 
sexual experience, exhibit sporadic, non-aggressive behaviors, and their serum 
androgen hormones levels fl uctuate widely (Rasmussen et al.  2002 ). When these 
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young males fi rst experience musth (termed “moda” musth), their temporal gland 
secretion (TGS) volatile compounds refl ect these variable androgen levels; they 
contain many pleasant fl oral-like compounds and no frontalin (Rasmussen et al. 
 2002 ). As these young males mature, they release increasing amounts of the acrid 
bicyclic ketal, frontalin, from the temporal gland exudate. Our investigations 
showed that total frontalin, initially detected in late teenage males, exhibited a 
15-fold rise over a 25-year span (Greenwood et al.  2005 ). 

 We established previously that a synthetic racemic mixture of frontalin at 100 
μM elicits differential behavioral responses from conspecifi cs, dependent on their 
sex, age and reproductive status (Rasmussen and Greenwood  2003 ). Females in the 
luteal phase and older males were indifferent, while pregnant females and young 
males were apprehensive and often exhibited avoidance; in contrast, females in the 
follicular phase were attracted. Although the observable, countable, and repetitive 
responses to this synthetic racemic frontalin were robust, we wished to pursue 
which enantiomer was released from male temporal glands and whether a time 
dependence was observable during continuous musth episodes. 

 Gas chromatographic separation on a capillary chiral cyclodextrin column of 100 
TGS samples from six male Asian elephants established that two sterically permis-
sible enantiomeric forms, (+) [1R,5S] and (−) [1S,5R], of frontalin were present and 
quantifi able (Greenwood et al.  2005 ). In younger males the proportion of (+) enan-
tiomer was signifi cantly higher than that of the (−) enantiomer. With older males, the 
proportion evened to almost equal (racemic) proportions, especially at mid- musth 
(Greenwood et al.  2005 ). We considered that these differences in frontalin ratio and 
quantity may well be important in signaling musth status with the added benefi t of 
promoting self preservation by avoidance behaviors in receiving individuals. 

 On the basis of this chirality information about the musth pheromone, frontalin, 
we posed several questions to clarify its specifi city and precision capabilities. (1) Is 
the frontalin concentration, or the ratio of its enantiomers, more critical to observed 
behavioral reactions by follicular phase females, the primary attractive conspecifi c 
responders? (2) What are the enantiomeric proportions of the frontalin and other 
insect pheromones observed in female Asian elephant TGS as well as male and 
 female   African elephant ( Loxodonta africana ) TGS? (3) Are both enantiomers of 
frontalin found in the blood of musth elephants and in what proportions? (4) Are 
there correlations between levels of frontalin, its presumed biosynthetic precursor, 
and testosterone?  

17.3     Methods 

17.3.1     Temporal Gland Secretion Samples 

  [ Coauthors note : we do not know the identity of every elephant mentioned.] 
 We examined TGS and blood (serum) or urine samples from the following: 

(1) Ten Asian male elephants in musth or moda musth, (2) and the same males in 
non- musth, (3) nine Asian female elephants, (4) six female African elephants, and 
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(5) 13 male African elephants in musth. The majority of the samples were initially 
snap frozen in liquid nitrogen (−196 °C), on dry ice (−78 °C) or dry ice in ethanol 
(−30 to −50 °C). Samples were stored at −80 °C in 2 or 5 ml amber glass vials with 
Tefl on septa. The ten male Asian elephants ranged from 8 to 43 years of age. For 
fi ve of the males we collected over a span of ages (12–17 years; 16–21 years; 22–25 
years; 26–42 years; 35–43 years). One individual was a wild male from Nagarhole 
National Park, Karnataka, South India and collection occurred while he was sedated. 
Testosterone levels were measured on serum or urinary samples by the respective 
facilities on most of the captive males at the time of TGS collection. Samples of 
TGS from African elephants were obtained from captive individuals at Riddle’s 
Elephant and Wildlife Sanctuary and at Wildlife Safari Park, as well as from wild 
elephants in South Africa at the Addo Elephant National Park and Kruger National 
Park through the auspices of Dr. Antony Hall-Martin and Dr. Irven Buss.   

17.3.2     Chemical Analyses 

  [ Coauthors note : we do not know if the fi ve males were the same animals sampled 
in a musth and non-musth state or if this represents ten different males, fi ve in each 
condition, or a combination thereof.] 

 All samples of TGS, and ten samples of male Asian elephant blood (fi ve from 
musth males and fi ve from non-musth males) were subjected to headspace extrac-
tion and analyzed by two different gas chromatographic/mass spectrometric (GC- 
MS) methods (Protocols I and II). Using external standards and an achiral column 
Protocol I allowed the integration of the frontalin peak in the total ion chromato-
gram (TIC). Protocol II separated the enantiomers of frontalin on a chiral GC col-
umn and allowed the comparison of the areas of each enantiomer from the TIC with 
fl ame ionization detection (FID). Adsorption of headspace volatiles on solid phase 
microextraction (SPME) Carboxen/polydimethylsiloxane (CAR/PDMS) fi bers was 
achieved by exposing the fi ber after lowering it through a pre-drilled Tefl on septum 
so that the tip was 1 cm above 200 μl of TGS in a standard 2 ml amber Agilent 
autosampler vial, immersed 1/3 in a 38 °C water bath. Micro stir bars were used in 
some samples. Headspace volatiles were allowed to adsorb for 1 h before the SPME 
fi ber was transferred to and lowered into the injection port of the GC at 250 °C. The 
fi rst of two sequential SPME samplings was analyzed by Protocol I and the second 
by Protocol II. Comparisons demonstrated no quantitative differences whether 
Protocol I or II was conducted fi rst as long as they were conducted on the same day. 
Protocol III was designed to approximate the natural lifetime of the release of fron-
talin from TGS. GC-MS conditions were as discussed in Protocol I below. 

 For Protocols I and II, all TGS blood or serum aliquots were subjected to head-
space sampling. Analyses were performed on the same day for these samples. For 
GC-MS references, racemic frontalin,  exo - and  endo -brevicomin, and enriched 
samples of (+) and (−)  exo - and  endo -brevicomin and other terpene standards were 
obtained from Pherotech.  
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17.3.2.1     Protocol I 

  The compounds were desorbed from the fi ber in separate sequential analyses. These 
compounds were separated by gas chromatography on a DB-1 polymethyl silicone- 
coated capillary column (60 m × 0.25 mm ID, 1.0 μm fi lm thickness; J&W Scientifi c) 
using an Agilent 6890 GC coupled to an Agilent mass spectrometer (MS) 5973 
mass selective detector (MSD). The mass spectrum of frontalin was compared with 
its published spectrum (Gore et al.  1976 ) and the spectrum obtained on our system 
with our synthesized standards of racemic frontalin (Mori  1975 ; Turpin and Weigel 
 1992 ; Santiago and Soderquist  1992 ). Total frontalin was quantitated using both a 
GC/MS system recording total ion current (TIC) and a GC equipped with a fl ame 
ionization detector (FID).   

17.3.2.2     Protocol II 

  To resolve and quantitate the two enantiomers of frontalin the compounds desorbed 
from the SPME fi ber were separated by gas chromatography using a modifi ed 
cyclodextrin as the stationary phase (γ-cyclodextrin trifl uoroacetyl capillary col-
umn, Alltech Chiraldex GTA, 30 m × 0.25 mm ID, 0.125 μm fi lm thickness). An 
Agilent 6890N GC was coupled to an Agilent MS 5973 MSD with the column elu-
ant passing through a fl ow splitter so that quantitation and identifi cation could be 
confi rmed, employing fl ame ionization detection (FID) simultaneously with 
MS. Standards of synthesized enriched (+) [1R,5S] and enriched (−) [1S,5R] fron-
talin enantiomers (Mori  1975 ; Turpin and Weigel  1992 ; Santiago and Soderquist 
 1992 ; Greenwood et al.  2005 ) exhibited 21 and 30 % enantiomeric enrichment 
respectively with consistent  1 H NMR,  13 C NMR and MS spectra (Santiago and 
Soderquist  1992 ). Together with the synthesized racemic mixture (Pherotech), these 
were used to detect the retention time of frontalin. TIC values as well as the area 
values of extracted ion chromatograms for  m / z  142 and 100 were measured to 
ensure accurate quantitation of frontalin as co-eluting peaks were detected 
occasionally.   

17.3.2.3     Protocol III 

  This protocol involved a series of extended analyses. Selected TGS samples were 
subjected to a sequential collection treatment to demonstrate improved extraction by 
removing any possible interactions with carrier proteins. The fi rst set of experiments 
(Protocol IIIA) mimicked the natural release of frontalin and the second (Protocol 
IIIB) was aimed at effecting its maximal release from a putative carrier protein. 
During Protocol IIIA, the natural lifetime of frontalin in TGS was assessed by moni-
toring the progressive release of frontalin over time utilizing periodic SPME extrac-
tions for 1 h at 37 °C, followed by quantitation using Protocols I and II (Table  17.3 ). 
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These experiments were carried out in amber vials to reduce degradation by light. 
Oxygen levels were that of the natural environment. One sample was kept at 25 °C 
and analyzed repeatedly over a 2-week period. Protocol IIIB utilized more extensive 
stirring and extended sorption times (1–24 h), as well as the addition of Protease K 
(200 μg/200 μl; Invitrogen #25530-015) to digest potential pheromone carrier pro-
teins so as to enhance frontalin release (Table  17.4 ; Rasmussen 2001).    

17.3.3     Bioassay Procedures 

  [ Coauthor note : the detailed data of responses by each female elephant have 
been lost.] 

 New sets of bioassays were performed using three concentrations of total fron-
talin (0.1, 1.0 and 100 μM), each with three aliquots at different ratios of enantio-
mers (70:30, 50:50 and 30:70) prepared from our synthetic frontalin mixes. These 
represented ratios in the TGS of young teenage males at mid-musth, older teen-
age males, and males older than 25 years. Only females in the follicular stage of 
estrus, the highest responding group (Greenwood et al.  2005 ), were assessed in 
this study. 

 The bioassay methods have been described in detail previously (Rasmussen 
et al  1997 ; Rasmussen and Greenwood  2003 ). Briefl y, samples were placed using 
a double- blind protocol in which the observer was not aware of the identity of the 
samples, and the elephant did not see the samples being placed. Nine follicular 
phase Asian elephants were observed for approximately one hour each from a pub-
lic vantage point with good visibility but without distracting the animals. A focal 
location sampling supplemented by video recording was used to obtain all 
responses to a sample. Typical controls included water, water and buffer and/or 
water with vanilla extract (Schulte and Rasmussen  1999 ). The focus was on pri-
mary trunk tip behaviors (sniff, check, place and fl ehmen) along with accessory 
behaviors (trunk blow, fl ick, pinch, suck and wriggle) of the nine follicular phase 
females (see Bagley et al.  2006  for the high correlation between primary and acces-
sory responses).   

17.3.4     Data Manipulation and Analysis 

  Data are expressed mainly as means ± standard error. We calculated the Pearson 
product–moment correlation coeffi cient where appropriate. Most of the measure-
ments were on individual samples and are depicted as single points or ranges.    
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17.4     3. Results 

17.4.1     Responses to Frontalin by Females in Follicular 
Phase of Estrus 

  The responses of follicular phase females were affected by both the ratios of enan-
tiomers and the concentration of frontalin (Table  17.1 ). The highest median hourly 
rate of bioresponses by these females occurred to the racemic ratio of frontalin at all 
three concentrations and the overall highest response rate occurred to the greatest 
concentration assayed (100 μM). Interestingly, the elephants did not seem to dif-
ferentiate between the two non-racemic ratios. 

17.4.2        Comparison of the Enantiomeric Proportions 
for Frontalin and Other Insect Pheromones in Female 
Asian TGS, and Male and Female African 
Elephant TGS 

  Frontalin and the brevicomins were not observed in TGS of teenage female ele-
phants; however, secretions from older females contained some frontalin, primarily 
the (−) enantiomer, and all four of the brevicomin enantiomers (Table  17.2 ). 
In Asian female TGS essentially all (99.99 %) of frontalin was the (−) form. The 
brevicomin composition comprised 38.5 % (+)- exo -brevicomin, 37.6 % (−)- exo- 
brevicomin  , 13.4 % (−)- endo -brevicomin, and 10.5 % (+)- endo -brevicomin. For 
African elephants, frontalin was predominantly in the minus form and the 

   Table 17.1     Bioresponse   levels a  by nine follicular phase female Asian elephants to three 
concentrations of total frontalin with three proportions of enantiomers   

 [Frontalin], μM  Enantiomeric ratio (+/−)  Bioresponse levels 

 0.1  70:30  Low 
 50:50  Moderate 
 30:70  Low 

 1.0  70:30  Low 
 50:50  High 
 30:70  Low 

 100  70:30  Moderate 
 50:50  High 
 30:70  Moderate 

   a Rasmussen’s notes summarized these levels as total chemosensory behaviors per hour with low = 1 
h −1 , moderate = 2–3 h −1 , and high = 4–5 h −1   
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brevicomin proportions changed with age and testosterone levels, with all four 
enantiomers detected in a wild male with high testosterone (Table  17.2 ). The fi nd-
ing of (−)-brevicomin as the major stereoisomer for African elephants aligns 
with what was published for brevicomin in female African elephant urine 
(Goodwin et al.  2006 ). 

17.4.3        Enantiomers of Frontalin in the Blood of Asian 
Elephants in Musth 

  The analyses of headspace of whole, fresh, non-musth blood from male Asian ele-
phants ( n  = 8) did not detect any frontalin. In contrast, plentiful frontalin was 
revealed in the blood from older mid-musth male Asian elephants. The proportion of 

    Table 17.2    Proportion of frontalin and brevicomin  enantiomers   in TGS of female Asian elephants 
and both sexes of African elephants   

  N  
 Locale and 
species  Sex 

 Age 
(years)   T , ng/ml 

 Frontalin  Brevicomin 

 +  −  + exo   − exo   − endo   + endo  

 6  Captive 
 Asian 

 F  14–20  NA  nd  nd  nd  nd  nd  nd 

 3  Captive 
 Asian 

 F  30-40  NA  0.001  0.999  0.385  0.376  0.134  0.105 

 3  Wild African  F  25–60  <1.0  trace  nd  nd  nd  nd  nd 
 nd  nd  nd  nd  nd 
 nd  nd  nd  nd  nd 

 3  Captive 
African 

 F  18–27  <1.0  nd  nd  nd  trace  trace  nd 
 nd  trace  nd  1.0  trace  nd 
 nd  trace  trace  nd  nd  nd 

 3  Wild African  M  25–30  21–87  0.249  0.751  0.001  0.378  0.621  nd 
 nd  nd  nd  1.0  nd  nd 
 nd  nd  nd  1.0  nd  nd 

 4  Wild African  M  30–40  71–98  nd  trace  0.002  0.353  0.664  0.001 
 nd  nd  0.32  0.62  ? 
 nd  nd  0.68  0.24  0.08 
 nd  nd  0.67  0.33  nd 

 1  Captive 
African 

 M  20  123  nd  nd  nd  1.0  nd  nd 

 2  Captive 
African 

 M  18  1–10  nd  trace  0.35  0.59  trace  0.05 
 nd  1.0  0.05  0.70  0.20  0.05 

  For the three older female Asian elephants, only average proportion data were recoverable 
  N  number of elephants and samples,  T  testosterone,  NA  not available,  nd  not detected,  trace  prin-
cipal ions present (brevicomin,  m / z  156, 114, 85; frontalin,  m / z  142, 100, 72) but non-quantitative  
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the two enantiomers was almost equal and remained similar when blood headspace 
was analyzed for two days (Table  17.3 ).  Exo -brevicomin and  endo- brevicomin   were 
not detected.

   At 37 °C, the release of frontalin from TGS was 15-fold higher from mature 
30–40 year-old males than from young 13–14 year-old males, reaching levels of 30 
ng/ml (Table  17.4 ). To begin to assess whether proteins might be binding frontalin 
in the TGS, we demonstrated that the addition of protease to this TGS aliquot 
resulted in a tenfold increased release of frontalin (Table  17.4 ) within a 1-h time-
frame. With extended sampling times (24 h) at 37 °C after the addition of protease, 
the released frontalin increased another several-fold. After 2 weeks, however, no 
additional released frontalin was detectable (Table  17.4 ). 

17.4.4        Correlations Between Levels of Frontalin, 
the Precursor, and Testosterone 

  Asian musth TGS samples with high levels of frontalin contained 6-methyl-6- 
hepten-2-one, which is a biochemical precursor of frontalin (Francke and Schröder 
 1999 ; Keeling et al.  2013 ). The measured level of this precursor and the testoster-
one concentration of the male Asian elephant were highly correlated ( r  = 0.96; 
Table  17.5 ). The ratio of 6-methyl-6-hepten-2-one to frontalin ranged between 10.3 
%:89.7 % and 25.6 %:74.4 %, regardless of the levels of total frontalin. In contrast, 
6-methyl-5-hepten-2-one was inversely correlated to testosterone levels ( r  = −0.82). 

    Table 17.3    Longevity of frontalin  enantiomers   in musth Asian elephant blood at ambient 
temperature (25 °C)   

 Headspace analysis 
of musth blood over 
time (h)   N  

 Total frontalin % of 
total TIC 

 Frontalin 
enantiomer (%) 

 +  − 

 1  3  7 ± 0.15  52.1  47.9 
 2–24  3  2.8 ± 0.12  50.3  49.7 
 24–48  2  0.8 ± 0.01  51.8  48.2 

      Table 17.4    Total changes in TGS frontalin at 37 °C from an aliquot of a  TGS sample   from an 
older male Asian elephant   

 Conditions and time  Total frontalin TIC area  Frontalin (ng/ml) 

 37 °C—1 h  600,009  30 
 37 °C+ protease—1 h  6,281,891  354 
 37 °C+ protease—24 h  16,592,766  2877 
 37C+ protease—2 weeks  nd  nd 

   nd  not detectable  
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17.4.5        Comparison of Frontalin in Musth Episodes of Three 
Male Asian Elephants 

  Frontalin enantiomers in TGS were monitored daily during three separate musth 
episodes from three individuals of three age categories. Samples were collected at 
approximately the same time each day and showed that both enantiomeric forms 
were generally present (Fig.  17.1 ). For the young 14 year old male the proportion of 

   Table 17.5    Relationship of the  putative   biochemical frontalin precursor (6-methyl-6-hepten-2- 
one) and an isomeric non-precursor (6-methyl-5-hepten-2-one) to musth TGS frontalin and serum 
testosterone using the GC-MS total ion chromatogram (TIC)   

 Frontalin, 
% TIC 

 6-Methyl-6- 
hepten-2-one, 
% TIC 

 6-Methyl-5- 
hepten-2-one, 
% TIC a  

 Ratio 
precursor/
frontalin (%) 

 Serum 
testosterone, 
ng/ml 

 2.20  0.72  nd  24.7/75.3  157.1 
 1.82  0.51  nd  21.9/78.1  125.3 
 1.62  0.21  nd  11.5/88.5  75.6 
 1.31  0.15  0.01  10.3/89.7  61.3 
 1.02  0.13  3  11.3/88.7  55.4 
 0.32  0.11  5  25.6/74.4  15.4 
 0.04  0.01  7  20/80  3.2 
 none  None  0.9–15 

   a For the purpose of running a correlation, nd was given as 0.001  

  Fig. 17.1    Daily measurement of the proportion of the (+) frontalin enantiomer during the musth 
episodes of male Asian elephants of three different ages (14, 24 and 31 years). Note that on some 
days the 14 year old male produced no TGS and his musth episode was of shorter duration       
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the (+) enantiomer ranged widely from 17 to 100 % and on several occasions no 
secretions were evident from this male resulting in a null score. The duration of his 
musth episode was shorter too. For the two older males (24 and 31 years) the ratios 
mostly remained close to 50 % (25–75 %), except at the end of musth when the (+) 
enantiomer was observed to drop to between 10 and 40 %. Overall, there is marked 
difference in the maintenance of a stable enantiomeric ratio between the younger 
male and the older males during the course of musth episodes. 

17.5         Discussion 

 Frontalin serves as a chemical signal of musth in male Asian elephants (Rasmussen 
and Greenwood  2003 ). The enantiomeric ratio of frontalin changes as male ele-
phants get older, and the change in the ratio affects the responses of conspecifi cs 
(Greenwood et al.  2005 ). We explored this sender-receiver relationship further by 
investigating how females in the follicular phase of estrus responded to three ratios 
of the enantiomers at three concentrations. The general results indicate that the race-
mic ratio at the highest concentration tested (100 μM) evoked the greatest behav-
ioral responses. Unfortunately, the details of the responses by these nine follicular 
phase females were lost with the death of Bets Rasmussen. Thus, further testing of 
concentration levels with more types of receivers is warranted. 

 Since the identifi cation of frontalin in 1969 (Kinzer et al.  1969 ), studies on bark 
beetles (Scolytidae) and especially the genus   Dendroctonus    have shown the impor-
tance of its role in blends of chemical signals as well as the signal value of precise 
enantiomeric ratios (Paine et al.  1999 ). In some species, apparently only females 
release frontalin and exclusively the (−) form (Francke et al.  1995 ). In other species, 
the females again produce frontalin, but in an 85:15 mixture of (−) and (+), whereas 
males of another species produce predominantly the (−) form (Stewart et al.  1977 ). 
With even more intricacy, in one species paired females and males released a single 
specifi c enantiomeric form but only after mating (Rudinsky et al.  1974 ). These 
records of exact ratios eliciting particular behaviors in insects using frontalin are 
especially relevant in view of our similar fi ndings in elephants. Our discovery of 
distinct enantiomeric ratios with the brevicomins requires further investigation. 
Silverstein stated in referring to the  Ips  bark beetle species studies of Birch et al. 
( 1980 ) that “Pheromonal specifi city at the enantiomeric level is a principal isolation 
mechanism among sympatric species of  Ips ” (Silverstein  1981 ,  1988 ). 

 The genus  Loxodonta  never left the African continent, and during previous geo-
logical periods other progenitor species of  Elephas  coexisted with more ancient 
  Loxodonta    species. Although their habitat was presumably somewhat diverse, a 
degree of sympatry existed. Then  Elephas  migrated into Asia and vanished from 
Africa (the last recorded species being  E. iolensis  in the late Pleistocene period, 
about 10,000 years ago (Maglio  1973 )). Thus, Asian and African elephants became 
geographically isolated, eliminating the need for totally separate and specifi c blends 
of pheromonal messages. The presence of frontalin in TGS from Asian female and 
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African male elephants suggests that it may have a general communicative function. 
Bioassays of 100 μL frontalin in 0.5 L water did not elicit bioresponses signifi cantly 
different from a vanilla in water control or from the urine of a prepuberty female 
(Castelda  2008 ). Further testing of frontalin (in buffer) would help to clarify its 
potential signal value in African elephants. The specifi city in the male Asian ele-
phant is provided by precise enantiomeric ratios, especially during maturation and 
culminating in episodes of musth. Whether frontalin or another enantiomeric com-
pound or compound blend plays a similar role in male African elephants requires 
further study. 

 We further investigated the occurrence of frontalin in male Asian elephant TGS 
(Greenwood et al.  2005 ) and extended the analysis to the presence of frontalin in 
blood, as well as the correlation of the biochemical frontalin precursor (6-methyl-6- 
hepten-2-one) (Francke et al.  1996 ; Francke and Schröder  1999 ; Francke and Schulz 
 1999 ; Keeling et al.  2013 ) and an isomeric non-precursor (6-methyl-5-hepten-2- 
one) to musth TGS frontalin and serum testosterone. A previous study identifi ed 
frontalin in the headspace of blood from Asian male elephants in musth (Rasmussen 
and Perrin  1999 ); the enantiomeric ratio in the blood (one source for temporal gland 
secretions) has biosynthetic implications. The appreciable ratio of the precursor 
6-methyl-6-hepten-2-one to frontalin, especially elevated in secretions with high 
frontalin concentrations, supports a common biosynthetic pathway between ele-
phants and bark beetles (Barkawi et al.  2003 ; Goodwin et al.  2006 ). Rasmussen and 
Greenwood ( 2003 , p. 444) offered the following conjecture: “Of interest therefore 
is the source of frontalin in elephants. Is it synthesized by males de novo or, more 
likely, is it transformed from plant-derived terpenic precursors by microbial action 
in the fermentative hind gut of the elephant and transported in the blood for release 
in the TGS? Evidence for the latter scenario comes from the fi nding of frontalin in 
the blood of musth males (L.E.L. Rasmussen, unpublished results).” However our 
fi nding of the isomeric compound 6-methyl-5-hepten-2-one as well in the blood of 
males but at levels elevated in the non-musth state (i.e., showing an inverse correla-
tion with testosterone levels) suggests a more metabolically controlled scenario for 
frontalin biosynthesis. 6-Methyl-5-hepten-2-one is the product of a metabolic shunt 
that would effectively remove isoprenoid precursors from forming testosterone and 
frontalin. Through the likely action of an isomerase, excess precursors would be 
channeled through to this compound therefore diverting away from de novo fronta-
lin synthesis and similarly testosterone that would be formed via the same precursor 
from which 6-methyl-6-hepten-2-one is synthesized. This scenario would provide 
an additional level of control over pheromone and hormone levels during their bio-
synthesis. Whatever the source, it is clear that Asian elephants have considerable 
olfactory acuity to distinguish between enantiomers as has been demonstrated 
recently in the study by Rizvanovic et al. ( 2013 ). 

 At least some of these unpublished results are presented herein. We have yet to 
demonstrate whether in elephants, like in insects (Francke et al.  1996 ; Perez et al. 
 1996 ; Barkawi et al.  2003 ; Seybold and Vanderwel  2003 ; Tittiger  2003 ), the pres-
ence of particular precursors affects frontalin production. 
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 The clear differences observed in the daily ratios of frontalin enantiomers in TGS 
between young and older males during the duration of musth episodes is supportive 
of the idea that young inexperienced males with their ratios all over the place are to 
be ignored by conspecifi cs, who are likely sensing volatile frontalin levels (and 
ratios) to ascertain the state of musth of the emitting individual. This observation is 
mirrored in the corresponding responses of male and female conspecifi cs to TGS 
samples from males of different age classes. This in turn would likely impact sig-
nifi cantly in the wild where broadcasting from, and similarly detecting the state of 
musth in a male at a distance, would help minimize agonistic encounters which are 
heightened during musth episodes of older males (Rasmussen and Greenwood 
 2003 ; Greenwood et al.  2005 ). Our work on the specifi city of frontalin enantiomers 
moves the fi eld of mammalian chemical communication forward into a more defi ned 
understanding of the links between pheromones and overt behavioral responses 
both in conspecifi cs and also a related species. Such work can have important impli-
cations for the conservation and management of elephants and mammals in general 
(Schulte et al.  2007 ). Moreover, our fi ndings create a new perspective for phero-
mone receptor studies, since mirrored in such chirality is the inherent stereoselectiv-
ity and asymmetry of pheromone receptors—a focus of many investigations in 
mammalian olfaction. The olfactory-mediated world of bark beetles and of mam-
mals may be somewhat superimposable. As Mori stated in  1998  (p. 578), 
“Understanding the relationship between structure and biological effect requires 
that the absolute confi gurations of naturally occurring chiral compounds must be 
determined.” Our identifi cation of the two released enantiomers from male Asian 
elephant temporal glands and the connection to behavioral responses by conspecif-
ics suggests a reexamination of mammalian chemical signals is warranted and that 
the elucidation of the basis of receptor handling is a critical next step. The recent 
study by Rizvanovic et al ( 2013 ) is an encouraging step in the right direction.     
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    Chapter 18   
 Detection of Fish and Newt Kairomones 
by Ovipositing Mosquitoes       

       Lauren     L.     Eveland     ,     Jason     R.     Bohenek     ,     Alon     Silberbush    , 
and     William     J.     Resetarits     Jr.   

18.1            Introduction 

 Oviposition site choice is reproductive behavior in which oviparous organisms 
actively choose a habitat for their offspring based on its expected quality (Rausher 
 1983 ; Singer  1984 ). Many colonizing aquatic organisms with complex life cycles 
must choose between discrete aquatic habitats for their offspring, typically offering 
little parental care other than selecting a suitable oviposition site (Resetarits and 
Wilbur  1989 ). Since parental fi tness depends on habitat quality, and the biotic and 
abiotic components of aquatic habitats can vary widely, selection should favor evo-
lution of selective oviposition (Resetarits  1996 ). This is especially true for short- 
lived species such as insects since they have limited time to fi nd a suitable oviposition 
site and may even only reproduce once (Blaustein  1999 ). 

 Selective oviposition has been documented in many aquatic insects (Chesson 
 1984 ; Petranka and Fakhoury  1991 ; Blaustein and Kotler  1993 ; Lowenberger and 
Rau  1994 ; Berendonk  1999 ; Resetarits  2001 ; Abjornsson et al.  2002 ; Binckley and 
Resetarits  2005 ) and amphibians (Resetarits and Wilbur  1989 ; Crump  1991 ; Kats 
and Sih  1992 ; Binckley and Resetarits  2002 ; Rieger et al.  2004 ; Vonesh and Buck 
 2007 ). Habitat choices are infl uenced by both abiotic (Bentley and Day  1989 ; 
Binckley and Resetarits  2007 ,  2008 ; Hocking and Semlitsch  2007 ) and biotic factors 
(Chesson  1984 ; Resetarits and Wilbur  1989 ; Petranka and Fakhoury  1991 ; Blaustein 
and Kotler  1993 ) that determine the potential quality of oviposition sites. The rela-
tive importance of these factors varies depending on the ecology and life- history of 
the species in question (Resetarits and Wilbur  1989 ; Berendonk  1999 ; Binckley and 
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Resetarits  2007 ,  2008 ; Walton et al.  2009 ; Vonesh and Blaustein  2010 ). If individuals 
can reliably predict offspring performance, then selective oviposition will ulti-
mately enhance parental fi tness (Resetarits and Wilbur  1989 ; Blaustein et al.  2004 ; 
Hocking and Semlitsch  2007 ). 

 Mosquitoes, especially the genera   Culex    and   Culiseta   , offer a valuable model for 
studying oviposition site choice in response to predation because they meet criteria 
proposed by multiple authors (Rausher  1983 ; Singer  1984 ; Resetarits and Wilbur 
 1989 ; Resetarits  1996 ; Blaustein  1999 ): (1) egg-raft laying mosquitoes have few 
lifetime reproductive events, (2) they lay their eggs together in a clutch, and (3) their 
larvae are susceptible to predators. These three characteristics illustrate that a sin-
gle, poor decision can lead to zero reproductive output. Also, predator characteris-
tics may promote selective oviposition in prey, if predators are (4) heterogeneously 
distributed among patches, (5) remain in those patches during the prey larval period, 
and (6) reliably detectable (Resetarits and Wilbur  1989 ; Blaustein  1999 ; see also 
Blaustein et al.  2004 ). In addition, selectable patches must differ in a meaningful 
way in terms of predator distribution and abundance: if a predator is highly mobile, 
then selective oviposition may prove ineffective as a prey strategy. Given these cri-
teria, one can predict which organisms should evolve selective oviposition in the 
context of effective, predictable predators. 

 It has long been assumed that  semiochemicals  , specifi cally  kairomones  , cued 
predator presence to ovipositing mosquitoes (Chesson  1984 ; Petranka and Fakhoury 
 1991 ; Angelon and Petranka  2002 ). A  kairomone   is an interspecifi c semiochemical 
released by an organism to the benefi t of the receiver but not the emitter (Brown 
et al.  1970 ). Silberbush and Blaustein ( 2008 ) and Silberbush et al. ( 2010 ) estab-
lished that ovipositing   Culiseta longiareolata    detect the presence of the predatory 
hemipteran   Notonecta maculata    via kairomones. A kairomone mechanism for fi sh 
deterrence has yet to be defi nitively established. Previous studies that suggested  a 
  kairomones mechanism had design issues, such as (1) using predators in cages 
(Petranka and Fakhoury  1991 ), which can still provide visual or tactile cues 
(Berendonk  1999 ), (2) using late instar larval counts instead of counting egg rafts, 
which is the only method to accurately assess oviposition choice (Petranka and 
Fakhoury  1991 ; Angelon and Petranka  2002 ), or (3) studying the interaction only 
with captive mosquitoes in artifi cial lab conditions (Van Dam and Walton  2008 ), 
which may not correlate with natural behavior (Bentley and Day  1989 ). We sought 
to improve upon these studies by defi nitively assaying natural mosquito oviposition 
in response to fi sh chemical cues. 

 Additionally, fi sh and notonectids have been used as model predators in 73 % of 
mosquito-predator oviposition research with 40 % of studies using only two spe-
cies, the western mosquitofi sh (  Gambusia affi nis )   and   Notonecta irrorata    (Vonesh 
and Blaustein  2010 ). However, other potential predators may affect mosquito ovi-
position. Central newts ( Notophthalmus viridescens louisianensis ) are aquatic sala-
manders that feed on mosquito larvae (DuRant and Hopkins  2008 ). They fi ll a 
similar role to small predatory fi sh in fi shless habitats, and they function as keystone 
predators by preferentially feeding on superior competitors, thereby enhancing 
diversity (Morin  1981 ). 
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 In this context, we wanted to answer two different questions: (1) Are kairomones 
alone responsible for fi sh avoidance during oviposition in   Culex  mosquitoes  ? (2) Do 
ovipositing  Culex  also avoid other predators during oviposition? In order to answer 
these questions, we conducted a series of three experiments using artifi cial pools to 
assay oviposition in natural mosquito populations.  

18.2     Materials and Methods 

18.2.1     Study Location 

  Our research was conducted at Tyson Research Center (795.8 ha) of Washington 
University located along the Meramec River in St. Louis County, MO. Tyson lies on 
the Ozark border and is comprised of oak and hickory secondary forest with syca-
more, maple, and cottonwood in the bottomlands. It has patches of old fi elds and 
also a variety of permanent and temporary ponds and streams.   

18.2.2     Fish Experiments 

  Two fi eld experiments were conducted at Tyson during July–August 2013 to assay 
oviposition of natural mosquito populations. The experiments were constructed in 
two open fi elds with minimal tree canopy, 152 m apart. We constructed two separate 
arrays of black plastic tubs (66 × 45 × 16 cm), one array for each test species (16 
pools place in eight pairs for each). All tubs were bleached, scrubbed, and power- 
washed between uses. Pools were separated by 1 m and each pair was 3 m from its 
nearest neighboring pair (Fig.  18.1 ). Pools were fi lled with tap water and left to age 
for 2 days. We then added 10 g of rabbit chow (Small World Rabbit Food—
Mannapro, St. Louis, MO; 40 % protein) to facilitate pool detection.

   Western mosquitofi sh ( G. affi nis )    and green sunfi sh (  Lepomis cyanellus )   were 
selected for the experiment because they are native to Missouri and are both known 
predators of mosquito larvae (DuRant and Hopkins  2008 ; Silberbush and Resetarits 
 in prep ). Both species are opportunistic feeders that will also consume mosquito egg 
rafts (Eveland  personal observation ; Silberbush  personal observation ). Fish were 
collected from ponds at Tyson and kept in separate 1200 L holding tanks. Eight 
individuals of each fi sh species were haphazardly removed from their covered hold-
ing tanks and added to indoor 10 gal glass aquariums (51 × 28 × 30.5 cm) for 2 days. 
The fi sh were fed fi sh fl akes (TetraMin ®  Tropical fl akes—Tetra Holding inc., 
Germany) for the fi rst 24-h then gut-cleared (no feeding) for an additional 48-h before 
being transferred to the pools. While in the pools, the fi sh had no access to food. 

 We used one predator species per array—western mosquitofi sh in one and green 
sunfi sh in another. In each array, we introduced a single fi sh to one pool in a pair that 
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was randomly designated as the predator treatment. Each pool contained a cage that 
consisted of a black plastic plant pot with two screened sides (~1 mm mesh) and a 
screened lid. The fi sh were placed inside the cages of predator pools for 3 days and 
the pools covered to prevent any oviposition during the conditioning period. Before 
dusk on day 3, the fi sh were removed and the pools were opened to allow oviposi-
tion. All egg rafts were collected on the morning of day 4 and transferred to the 
laboratory. Egg rafts were individually hatched and larvae were reared to fourth 
instar and identifi ed morphologically (Darsie and Ward  2005 ). The conditioning 
process was repeated four times for each site with different individual fi sh in the 
same pools.   

18.2.3     Newt Experiment 

  From August 8th–14th we conducted a newt experiment at Tyson of much the same 
design as the fi sh experiments. We used eight pairs of the same type of plastic tubs 
with predator cages used in the fi sh experiments (Fig.  18.1 ). All tubs were cleaned 
in like manner as in the fi sh experiment. Each pool in a pair was separated by 0.91 m 
and pairs were dispersed over an area of 0.6 km 2 . The minimum distance between 
two pairs was greater than 75 m. This design prevented interaction between pairs. 
All pools were positioned off dirt roads adjacent and parallel to the forest edge. The 
pools were fi lled with aged tap water and 5 g of rabbit chow (Small World Rabbit 
Food—Mannapro, St. Louis, MO; 40 % protein) was added to facilitate pool detec-
tion. Two randomly selected adult newts were introduced into the cage of one 

  Fig. 18.1    The  experimental design   for all three experiments consisted of paired pools with cages. 
The fi sh experiments were conditioned with fi sh but only opened for oviposition when the fi sh 
were removed. The newt experiment contained caged newts. Newt pools were positioned 0.91 m 
(3 ft) apart and fi sh pools were separated by 1 m       
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randomly selected pool in each pair. The cage allowed the newts to interact with the 
water of the pool, but prevented prey consumption. Dead or consumed conspecifi c 
prey can produce cues that can potentially confound predator-released kairomones 
(Kats and Dill  1998 ). Curved plastic squares were placed in the cages to provide 
refuge for the newts. Unlike the previous experiment, newts were housed in the 
pools for the duration of the study, though it is unlikely they were visible or identifi -
able to species through the screen mesh. Pools were open for oviposition by natural 
mosquito populations. Since the pools were fi lled and had predators added on the 
evening on the same day, the fi rst round of egg rafts were discarded without quanti-
fi cation. This was done in order to ensure mosquito oviposition took place only 
when the water was adequately conditioned with predator cue. 

 Egg raft collection and species identifi cation mirrored that of the fi sh experi-
ment, except egg rafts were collected daily since there was no conditioning period. 
The experiment was terminated after seven collection days, which was decided a 
priori because oviposition sharply declines after pools age for a week (Bohenek 
 unpublished data ; Bohenek and Silberbush  personal observation ). Newts were 
removed and weighed at the termination of the experiment in order to determine 
total predator biomass per pool.   

18.2.4     Data Analysis 

  For each of the three experiments, we calculated a mean number of egg rafts per 
pool per day (daily average), which was square-root transformed [√( x  + 0.5); 
(Yamamura  1999 )]. We used paired, one-tailed Student’s  t -test to assess whether the 
daily average number of egg rafts laid in control pools was greater than predator 
pools. Lastly, a Pearson’s product–moment correlation was performed for the newt 
experiment to determine if total newt biomass could predict the strength of the ovi-
position deterrence. Oviposition deterrence was calculated as the difference between 
the number of egg rafts in control pools and predator pools. All statistical analyses 
were performed in RStudio version 0.98.994.    

18.3     Results 

 In total we collected 2006 egg rafts from our three experiments. A large sample 
from another experiment in the same study site was morphologically identifi ed as 
 C .   pipiens    complex (Barr  1957 ; Harbach  2012 ) and all (100 %) were subsequently 
identifi ed using PCR as  C. pipiens  ×  C. quinquifasciatus  hybrids (Silberbush and 
Resetarits  unpublished data ), hereafter “ C . pxq.” Our sample consisted of 75.12 % 
  Culex restuans    and 22.68 %  C . pxq. Other species were ignored due to very low 
abundance (2.2 % of total). 
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18.3.1     Fish Experiment 

  In the mosquitofi sh array, we collected 321 egg rafts; 238 (74.1 %) were  C. restuans  
and 83 (25.8 %) were  C . pxq. Mosquitofi sh had a signifi cant effect  on    C. restuans  ovi-
position ( t  = 4.00, df = 7,  p -value = 0.0026), with the mean number of egg rafts 
greater in the controls (Fig.  18.2a ). Treatment had no effect on  C . pxq oviposition 
( t  = 0.71, df = 7,  p -value =0.25).  C. restuans  laid 206 (87 %) egg rafts in the control 
pools and 32 (13 %) egg rafts in the mosquitofi sh pools.  Culex pipiens  laid 51 (61 %) 
egg rafts in the control pools and 32 (39 %) egg rafts in the mosquitofi sh pools.

   There were two occurrences of fi sh mortality in the green sunfi sh array and the 
fi sh were immediately replaced. We collected 940 egg rafts; 692 (73.6 %) were 
 C. restuans  and 248 (26.4 %) were  C . pxq. Green sunfi sh had no effect on the ovi-
position of either mosquito species— C. restuans  ( t  = 1.15, df = 7,  p -value = 0.14) 
and  C . pxq ( t  = 0.199, df = 7,  p -value = 0.42) (Fig.  18.2b ).     C. restuans  laid 411 (59 %) 

  Fig. 18.2    Mean number (±SE) of egg rafts by  mosquito   species and predator treatment. The  dark 
gray bars  represent controls and the  light gray bars  represent predator pools with ( a ) western 
 mosquitofi sh   ( Gambusia affi nis ), ( b ) green sunfi sh (  Lepomis cyanellus )   and ( c ) central  newts 
  ( Notophthalmus viridescens louisianensis ).  *  p  < 0.05 and  **  p  < 0.01       
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egg rafts in the control pools and 281 (41 %) egg rafts in the green sunfi sh pools. 
 C. pipiens  laid   128 (52 %) egg rafts in the control pools and 120 (48 %) egg rafts in 
the green sunfi sh pools.   

18.3.2     Newt Experiment 

  We collected 913  egg                  rafts; 651 (71.3 %) were  C .   restuans    and 149 (16.3 %) were 
 C . pxq. One newt escaped from a pool, but the pool still contained the remaining 
newt. We detected a strong and signifi cant species-specifi c response (Fig.  18.2c ). 
Newts had a signifi cant effect on  C. restuans  oviposition ( t  = 3.298, df = 7, 
 p -value = 0.0066), but not on  C . pxq oviposition ( t  = −0.84, df = 7,  p -value = 0.79). 
 C. restuans  laid 384 (59.0 %) egg rafts in control pools and 267 (41.0 %) egg rafts 
in predator pools.  Culex  pxq laid 74 (49.7 %) egg rafts in control pools and 75 (50.3 
%) egg rafts in predator pools. Pearson’s product–moment correlation revealed no 
signifi cant relationship between total newt biomass per pool (range: 3.53–6.11 g) 
and oviposition deterrence for  C. restuans  ( r  = −0.500;  t  = −1.42, df = 6,  p -value = 0.21) 
or  C . pxq ( r  = −0.296;  t  = −0.759, df = 6,  p -value = 0.48).    

18.4     Discussion 

 The detection and avoidance of predators by female mosquitoes when selecting an 
oviposition site is of critical importance to offspring survival and is the only paren-
tal care they offer. Oviposition behavior can affect species distributions, species 
interactions, offspring survival, and community structure (Resetarits and Wilbur 
 1989 ). Therefore, determining the mechanisms that mosquitoes use to detect preda-
tors aids in understanding the complex arms race between mosquitoes and aquatic 
predators. We focused on whether or not  Culex  mosquitoes can detect fi sh predators 
and central newts through predator-released kairomones. 

 Our results demonstrate that  C .   restuans    use kairomones to detect and avoid 
western mosquitofi sh and central newts, but they do not avoid green sunfi sh. All 
three predator species are effi cient consumers of mosquito larvae (DuRant and 
Hopkins  2008 ; Silberbush and Resetarits  in prep ). Predator effi ciency depends on 
numerous factors such as availability of alternative prey and prey refuges (Webb 
and Joss  1997 ; Willems et al.  2005 ; Juliano  2009 ). Mosquitofi sh may have a greater 
impact on mosquito larvae compared with green sunfi sh resulting in greater selec-
tion pressure for detection of a mosquitofi sh kairomone. Western mosquitofi sh are 
tolerant of harsh abiotic conditions and are often found in large numbers (Offi ll and 
Walton  1999 ; Willems et al.  2005 ; Dam and Walton  2007 ; Walton  2007 ). A single 
mosquitofi sh can consume thousands of mosquito larvae in a 24 h period (DuRant 
and Hopkins  2008 ); thus, high numbers will most likely completely eliminate mos-
quito cohorts. Even when a mosquito is desperate to locate an oviposition site, it is 
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probably more advantageous to continue searching than to settle for a habitat with 
mosquitofi sh. Alternatively, a few green sunfi sh might not necessarily have the 
same effect and can even be an indicator of reduced numbers of insect predators 
(Knight et al.  2005 ). Predator size may be another important factor since mosquito-
fi sh remain relatively small at adulthood compared to green sunfi sh. Mosquitofi sh 
may pose a constant predation threat while green sunfi sh predation on mosquito 
larvae occurs mainly in the smaller fi sh size classes. Mosquitofi sh and green sunfi sh 
may also forage in different microhabitats with mosquitofi sh favoring the water 
surface and green sunfi sh foraging lower in the water column and in the vegetation. 
Lastly, the pirate perch (  Aphredoderus sayanus )   is a freshwater fi sh that is not 
avoided by ovipositing  Culex  spp., nor by treefrogs and colonizing beetles, due to a 
form of chemical camoufl age (Resetarits and Binckley  2013 , Silberbush and 
Resetarits  in prep ). It is possible that green sunfi sh also possess some form of 
camoufl age. 

 Despite considerable overlap in ecological niche,  C . pxq and  C. restuans  vary in 
oviposition responses to predators.  C. restuans , but not  C . pxq, were selective, 
which was unexpected given that  C . pxq also meet all criteria for evolving selective 
oviposition (Resetarits and Wilbur  1989 ; Resetarits  1996 ; Blaustein  1999 ). The 
simplest explanation is that  Culex  pxq may not be able to detect the predator- 
released kairomones in question, or require greater concentrations for detection. 
  Culex quinquefasciatus    has shown lack of mosquitofi sh cue avoidance (Walton 
et al.  2009 ) and  Culex  pxq has shown limited sensitivity (Angelon and Petranka 
 2002 ), so our results are not surprising. When considered from a life history stand-
point,  Culex  pxq larvae may be more predator tolerant than  C. restuans  larvae. Or 
perhaps,  C . pxq larvae are poor competitors, and thus risk predation in favor of 
reducing competition with  C. restuans  larvae. This tradeoff has been shown in dam-
selfl ies where  Enallagma  species found in fi sh lakes were better able to avoid preda-
tion than species found in fi shless lakes (McPeek  1990 ). Another possibility is that 
the hybrids have different behavioral algorithms than either pure species. It is typi-
cal for hybrids to display some intermediate behavior, even if it is maladaptive. 
Peach-face lovebirds ( Agapornis roseicollis ) transport nest-material by tucking it 
into their tail feathers while Fischer’s lovebirds (  Agapornis fi scheri )   carry nest- 
material in their beaks (Buckley  1969 ). Hybrids lovebirds display considerable dif-
fi culty choosing between a behavior and will repeatedly tuck and untuck nest-material 
in their tail feathers (Dilger  1962 ). Similarly, hybrid tree frogs ( Hyla  spp.) produce 
a vocalization that is intermediate between the parent vocalizations and less 
 attractive to females (Gerhardt  1974 ). Similar chimeric behavior could limit the 
effectiveness of  C . pxq behavioral responses. Aggression between ovipositing mos-
quitoes should also be considered since pool surface area is limited and  C. pipiens  
will actively defend their oviposition site (Krause et al.  1992 ). If this aggression 
operates interspecifi cally, and  C. restuans  is superior in this respect, then  C . pxq 
may be forced out of predator-free habitats. This variation between congeners dem-
onstrates the potential for hidden complexity in life-histories that can determine 
community structure. 
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 The detection and avoidance of fi sh is a potentially adaptive capability that can 
lead to a decrease in offspring mortality and an increase in reproductive success. 
Artifi cial lab studies have previously demonstrated that  C .   tarsalis    (Van Dam and 
Walton  2008 ) and phantom midges (Berendonk  1999 ) use kairomones to detect 
predatory fi sh. Silberbush et al. ( 2010 ) found  C .   longiareolata    detect predatory 
backswimmers ( N. maculata ) via predator-released kairomones when selecting an 
oviposition site. However, our fi eld experiment is the fi rst evidence of natural mos-
quito populations responding to fi sh kairomones. The next step is to identify the 
fi sh-released kairomones. Silberbush et al. ( 2010 ) identifi ed n-tricosane and 
n- heneicosane as the chemicals  C .   longiareolata    use to  detect    N. maculata . The 
responses to these hydrocarbons are also species-specifi c since  Anopheles gambiae  
avoid  N. maculata -conditioned water, but not water containing n-tricosane and 
n-heneicosane (Warburg et al.  2011 ). Thus, mosquito species may vary in their 
responses to specifi c kairomones and/or mixtures of kairomones and behaviors of 
specifi c mosquito species should not imposed onto other species, even if they are 
closely related. 

 Our results also describe the fi rst evidence of adult amphibians deterring mos-
quito oviposition via kairomones. Newts are effi cient predators of larval mosquitoes 
(DuRant and Hopkins  2008 ). Combining both oviposition deterrence and predation, 
newts can function similarly to mosquitofi sh in fi sh-free habitats but without the 
consequences attendant to fi sh introductions into previously fi shless habitats 
(Hecnar and McLoskey  1997 ; Kats and Ferrer  2003 ; Schilling  2008 ). Not only can 
newts suppress mosquito populations, but they can even increase diversity in aquatic 
habitats due to their keystone predator effect (Morin  1981 ), thus providing a dual 
benefi t over more generally destructive fi sh predators (Hecnar and McLoskey  1997 ; 
Kats and Ferrer  2003 ; Schilling  2008 ). 

 Given that newts were caged in the pools, the possibility of mosquitoes using 
tactile and/or visual cues instead of chemical cues remains.  C .   pipiens    readily fl ees 
a water surface when disturbed (Schober  1966 ; Meillon et al.  1967 ). Since we 
observed an even number of  C . pxq egg rafts between newt and newt-free pools, it 
is unlikely that any tactile or visual cues were suffi cient to drive away ovipositing 
mosquitoes. This is true unless  C . pxq responds differently than  C. restuans  to tac-
tile or visual cues. Additionally, mosquitoes oviposit at night in shady areas and the 
predators were housed in cages that had three screened surfaces and two large 
opaque sides. Thus, visual cues seem unlikely especially since the newts often hid 
under a plastic refuge in each cage; however, an additional study using only newt 
cues may be worthwhile. The strength of newt deterrence was lower than that of 
mosquitofi sh. This could be due to a weaker chemical signature but also to predator 
behavior. Newts are lethargic when compared to constantly swimming mosquito-
fi sh, which should translate to lower kairomone production due to lower metabolic 
rates. Newt body mass was a negligible factor and fi sh biomass was not recorded, 
but mosquitofi sh we worked with at Tyson typically weigh less than 1 g, which is 
substantially less than mean newt biomass per pool (4.79 g; two newts per pool), 
while the green sunfi sh we worked with typically weighed 7–12 g.  C. restuans  
avoided a single 1 g mosquitofi sh, but not a single 7–12 g green sunfi sh, which 
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emphasizes the relative importance of predator identity over predator biomass. 
These fi ndings are in accordance with past studies with fi sh that showed predator 
identity and its presence/absence are much more important than predator size and 
number, once a threshold for detection is reached (Rieger et al.  2004 ). 

 Since mosquitoes are an important disease vector (Gubler  1998 ; Gratz  1999 ), 
mosquitofi sh have been widely introduced as an attempt to biologically control 
their populations (Courtenay and Meffe  1989 ). However, fi sh introductions can dra-
matically degrade amphibian and invertebrate biodiversity (Hecnar and McLoskey 
 1997 ; Kats and Ferrer  2003 ; Schilling  2008 ). This is especially troublesome because 
many amphibian species are declining worldwide (Stuart et al.  2004 ) and fi sh intro-
ductions have been implicated as a major cause of declines in some species 
(Bradford  1989 ; Hecnar and McLoskey  1997 ; Knapp and Matthews  2000 ; Denoel 
et al.  2005 ). The potential effi cacy of native wildlife as biocontrol agents has largely 
been ignored in favor of predators (often exotic) with known or presumed effects 
(Courtenay and Meffe  1989 ). Thus, characterizing predator-released kairomones in 
order to create natural, chemical mosquito oviposition deterrents and implementing 
the use of native predators (e.g., amphibian and insect predators) could lead to the 
control of disease vectors whilst reducing the deleterious effects of fi sh introduc-
tions. Semiochemicals are widely used in push-pull pest strategies where pests are 
spatially manipulated (Cook et al.  2007 ). In our system, kairomones act as a deter-
rent, which can  push  mosquitoes from a habitat of interest (e.g., temporary ponds 
near human populations). Whichever habitats the mosquitoes are pushed toward 
can then be managed to control populations with cryptic predators or other control 
methods. 

 It is now evident that mosquito congeners vary in their abilities to detect, or their 
predilection to avoid, predators and that not all predators are treated equally. The 
question remains as to how and why only certain mosquitoes would evolve avoid-
ance of predators, especially since there is such adaptive potential for all mosqui-
toes. The answer may lie in the evolution of specifi c sensory capabilities, but it is 
also possible that predators are manipulating their own cues. This situation could 
result in an ongoing evolutionary arms race between predator and prey where mos-
quitoes are evolving fi ner sensory capabilities while predators are evolving differ-
ent chemical signatures. For example, pirate perch ( A. sayanus ) are chemically 
camoufl aged to oviposting treefrogs and colonizing beetles (Resetarits and 
Binckley  2013 ). It could be the case that newts and mosquitofi sh are currently 
ahead in the arms races with  C . pxq, but behind in the race with  C. restuans . In that 
context, green sunfi sh could be ahead with both mosquito species. In order to fur-
ther  understand the specifi city of this system, we are currently investigating how 
the variation in predator effects could relate to phylogenetic signal and phyloge-
netic distance, as well as habitat use patterns. In addition, we plan on comparing 
the chemical signature of repellant predators to the non-repellant pirate perch in 
order to characterize predator kairomones. With the identifi cation and proper 
implementation of a control strategy based on fi sh kairomones, mosquito popula-
tions may be controlled in such a way that minimizes the impact on resident aquatic 
biodiversity.     
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    Chapter 19   
 Evolutionary Aspects of the Use of Predator 
Odors in Antipredator Behaviors 
of Lumholtz’s Tree-Kangaroos ( Dendrolagus 
lumholtzi )       

       Sigrid     R.     Heise-Pavlov    

19.1            Introduction 

 For prey species to survive  predation   the recognition and effective response to 
predatory threats is essential (Cruz et al.  2013 ). Most prey species live in multi-
predator environments, which force them to recognize and respond to different 
predators. In many prey–predator systems, prey may be able to apply general anti-
predator responses that are effective against all sympatric predator species (Cruz 
et al.  2013 ). These responses may include increased vigilance (Bednekoff and 
Blumstein  2009 ), decreased movement to avoid detection by the predator (Sih 
 1984 ), or increased movement to escape from predators (Cooper et al.  1990 ). 

  Multi-predator environments   often consist of predators which use different hunt-
ing strategies (Cruz et al.  2013 ). Because these predators differ morphologically and 
behaviorally, Cox and Lima ( 2006 ) introduced the term ‘archetype’ to allow the 
distinction between them. Arboreal and terrestrial hunters are considered different 
‘archetype’ predators. The application of general antipredator responses in  a   multi- 
archetype predator system can result in increased vulnerability of prey because the 
responses may only be effective against one of the predators (Cruz et al.  2013 ). 
Therefore the evolution of archetype-specifi c antipredator responses in a multi- 
predator system is of an advantage (Jędrzejewski et al.  1993 ). Bank voles, for exam-
ple, select an ‘arboreal escape’ when threatened by specialized terrestrial predators 
while they apply crypsis for other terrestrial predators (Jędrzejewski et al.  1993 ; 
Banks and Dickman  2007 ). 

 Predator  archetype-specifi c responses   of prey can become lost when sources of 
their selection are removed or altered (Lahti et al.  2009 ). Tammar wallabies 
(  Macropus eugenii )  , for example, lost traits of predator recognition and antipredator 
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behavior when they have been living on an island in complete isolation from predators 
for just 130 years, known as a consequence of “relaxed predator selection” 
(Blumstein and Daniel  2002 ; Blumstein et al.  2004 ). On the other hand, anti- 
predator responses can persist when some of the selective sources remain, which is 
expressed in Blumstein’s “multipredator hypothesis” (Blumstein  2006 ). However, 
the consequences of an altered or removed selective source on a particular trait are 
hard to predict since other sources of selection may still remain and infl uence the 
expression of a trait (Blumstein et al.  2004 ; Lahti et al.  2009 ). 

 Native  Australian prey species   have experienced a “ relaxed predator selection  ” 
in fairly recent times during post-Pleistocene extinctions in which the Australian 
biota lost a number of large predators (Roberts et al.  2001 ; Long et al.  2002 ). This 
is likely to have altered their predator recognition and antipredator behavior. The 
alteration may have been manifested in a complete loss, modifi cation or persistence 
of these traits. Loss and weakening of these traits have been identifi ed as potential 
cause for the inability of extant prey species to adjust to re-introduced predators 
(Berger et al.  2001 ). Moreover, absent or weakened antipredator behaviors of 
Australian native prey species have been described as major cause for the extinction 
of many prey species when facing novel, introduced predators which had not been 
in their environment before (Woinarski et al.  2012 ). The vulnerability of extant prey 
species to novel predators is therefore likely to depend on the degree of similarity 
between the archetype of an extinct predator and the novel predator (Dunlop- 
Hayden and Rehage  2011 ), and the extent at which ancestral antipredator responses 
of prey have been modifi ed during the relaxed predator selection phase following 
the Pleistocene extinction. 

 For some of the  Australian prey species   the inability to recognize novel predators 
has been reported. This inability is described as recognition-based naiveté level 1 
(Blumstein et al.  2001 ; Cox and Lima  2006 ) and has been identifi ed as major reason 
for the recent loss of many Australian prey species (Russell and Banks  2007 ). Other 
studies suggest that native Australian mammals apply insuffi cient strategies against 
novel predators and, consequently, succumb to the predation risk, a condition 
described as naiveté level 2 by Banks and Dickman ( 2007 ). Differences in predator 
‘archetypes’ between the introduced eutherian predators and ancestral marsupial 
predators to which many Australian prey species had adapted may be responsible 
for this condition (Cox and Lima  2006 ). 

 This study will investigate whether an arboreal Australian marsupial is able to 
recognize and respond to terrestrial and arboreal predators and can transmit ances-
tral antipredator behaviors to novel, introduced predators. 

 The Lumholtz’s tree-kangaroo (LTK) (  Dendrolagus lumholtzi )   is one of the larg-
est arboreal folivore marsupials endemic to the rainforests of the Wet Tropics of 
northeastern Australia (Martin  2005 ). Its main extant predator is the python, specifi -
cally the amethystine python (  Morelia amethystina )  , an ambush predator that has 
also been observed to prey on juvenile individuals of the Australian Bennett’s tree- 
kangaroo (  Dendrolagus bennettianus )   (Martin  1995 ). When the dingo (  Canis lupus 
dingo )   reached Australia about 3500 years ago (Corbett  1995 ), it also became a 
predator of LTKs. However, the dingo does not seem to be a major predator of the 
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species as a study from Vernes et al. ( 2001 ) reports that only 2.6 % of all investigated 
dingo scats contain remains of LTK. With the arrival of the Europeans, domestic and 
feral dogs (  Canis lupus familiaris )   have been added to the predators of LTKs. 

 Within the present highly  urbanized and fragmented landscape   of LTKs’ distri-
bution range, encounters of LTKs with modern canines (dogs, dingoes) are not a 
rare event. These encounters usually end in fatalities or LTK succumb to their inter-
nal injuries afterward (Newell  1999 ) suggesting that LTK is ineffi cient in dealing 
with novel terrestrial predators (Tree-kangaroo and Mammal Group  2000 ). 

 The main response of LTKs to threats consists of descending from the canopy to 
the forest fl oor (Procter-Gray and Ganslosser  1986 ). Animals also have been 
observed to jump from tree heights of up to 22 m to the ground (Martin  2005 ). This 
threat evasion method is adequate for arboreal predators, the pythons (Procter-Gray 
and Ganslosser  1986 ), but appears ill adapted to terrestrial predators such as canines. 

 The  evolution of   LTKs was not free from terrestrial predators. They evolved 
with predatory   Thylacines    such as   Thylacoleo carnifex   , a large, leopard-sized car-
nivore that possessed the ability to climb, and   Thylacinus cynocephalus    which went 
extinct about 3500 years ago (Flannery et al.  1996 ; Jones and Stoddart  1998 ; Wroe 
et al.  2007 ). 

 Given the species’ evolutionary history with different ‘archetypes’ of predators 
(terrestrial and arboreal), it is hypothesized that tree-kangaroos developed archetype- 
specifi c antipredator responses. It is expected that LTKs would descend rapidly to 
the ground and fl ee when threatened in the canopy by arboreal predators, but would 
climb up and remain still when threatened from the ground by terrestrial predators 
to reduce detectability. If this is the case, LTKs should be well adapted to cope with 
novel introduced, terrestrial predators, but incidences of dog/dingo related fatalities 
of LTKs show otherwise. 

 This study aims to investigate whether (1) LTK lacks the ability to recognize 
novel terrestrial predators in contrast to arboreal predators (naiveté level 1), or (2) 
LTK recognizes both predator types and shows the same response to them (naiveté 
level 2), or (3) LTK recognizes both predator types and shows archetype-specifi c 
responses. 

 The ability to recognize the presence of a predator should manifest itself in 
increased vigilance (Blumstein and Daniel  2002 ; Pays et al.  2009 ) and decreased 
comfort behaviors (Apfelbach et al.  2005 ). Due to the relatively short time since the 
extinction of its ancestral native terrestrial predators, it is expected that LTKs are 
still able to recognize predators of this archetype. Different antipredator responses 
of this arboreal species should be manifested in differences in the frequency and 
duration of its movements. It is hypothesized that LTKs will limit frequency and 
duration of movements in the presence of a terrestrial predator since it is restricted 
in its movements in the canopy due to its relatively large body size. Decreased 
movements will also reduce its detectability by a terrestrial predator. In contrast, 
tree-kangaroos will increase their movements in the presence of an arboreal preda-
tor in an attempt to fl ee from this predator to the ground. It is postulated that LTKs 
had developed archetype-specifi c antipredator strategies against arboreal and 
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 terrestrial predators and that it has retained them during times of relaxed predation 
selection (Blumstein  2006 ). 

 If LTK has evolved  archetype-specifi c antipredator responses  , the reported fatali-
ties of LTK when encountering novel canines suggest that LTK is either not able to 
transmit ancestral archetype-specifi c antipredator responses to novel predators, or, 
that these responses have been weakened due to the extinction of its ancestral ter-
restrial predators during the Pleistocene.  

19.2     Methods 

19.2.1     Animal Facilities and Study Subjects 

  Five captive LTKs  were               used as study subjects. Four animals were kept at a wild-
life sanctuary, ‘The Wildlife Habitat’ in Port Douglas, Queensland, Australia. One 
animal was kept at a wildlife rehabilitation center, the Lumholtz’s Lodge near 
Atherton on the Atherton Tablelands, Queensland, as it could not be released due 
to its blindness. 

 At the wildlife sanctuary the subjects were kept in separate enclosures. The 
enclosures measured 7 × 4 × 3.5 m, had concrete fl oors and were surrounded by 
metal mesh fencing. Wooden shelving and logs were provided as climbing struc-
tures. Enclosures were cooled by sprinklers and fans several times during the day. 
Subjects received freshly cut browse every second day and were provided with a 
small variety of fruits and vegetables as supplementary food twice a day (for further 
details see Heise-Pavlov et al.  2014 ). 

 At the wildlife rehabilitator center the subject was kept in an enclosure that 
measured 10 × 8 × 3.05 m and contained a 3.1 × 2.9 m metal shed in one corner. The 
enclosure fl oor was covered by the legume pinto peanuts (  Arachis pintoi )   which 
the subject occasionally consumed. The enclosure contained interconnected logs 
and a wooden shelf in the shed. The subject received freshly cut browse every 
second day and a variety of fruit and vegetables once a day (M. Cianelli pers. 
communication). 

 The fi ve study subjects consisted of two males and three females. Two of them 
came into care as joeys, which had not yet left the pouch of the mother; one female 
came into care when she was approximately 3 years old. Two of the subjects were 
born at the wildlife sanctuary. 

 Three of the studied subjects had no prior experience with any predators while 
the experience with predators was unknown for the female that came into care at an 
age of 3 years. However, subject number 5 had been attacked by a dog some years 
before the study. 

 At the time of the study subjects were between 3 and 8 years of age, being clas-
sifi ed as adults and subadults (Table  19.1 ). 
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19.2.2        Observations 

  Observations of the subjects took place in November 2011 and April 2012. In 
November 2011 subjects 1, 2, 4 and 5 were available for observations. By April 
2012 subject 1 had deceased while subject 3 had been added to the tree-kangaroo 
stock of the wildlife sanctuary. 

 Observations were done by videotaping the subjects for 10 min. Due to the large 
dimension of the enclosures one observer remained in the enclosure during observa-
tion times to ensure that the video camera stayed focused on the subject. The 
observer maintained a maximum distance to the subject to minimize disturbance of 
the subject due to the presence of the observer.   

19.2.3     Experimental Design 

  The study consisted of sets of control and corresponding treatment trials. Each trial 
lasted 10 min, and trials were separated by a 5 min break. 

 During a 10 min control trial a rectangular plastic container with a base size of 
13 cm × 8 cm, an opening size of 17.5 cm × 12 cm, and a height of 6 cm containing 
a paper towel soaked with approximately 3.5 mL of water was inserted into the 
enclosure. 

 During a 10 min treatment trial a same-sized container with fecal material from 
a python, a dingo or a domestic dog was inserted into the enclosure. Approximately 
100 g of fecal material was placed on a paper towel to which 3.5 mL water was 
added to increase the intensity of the odor (Müller-Schwarze  2006 ). 

   Table 19.1    Sex, age and weight of the  study   subjects at the time of the study   

 Subject  1  2  3  4  5 

 Sex  Female  Male  Male  Female  Female 
 Location  Port Douglas 

Wildlife 
Habitat 

  Port Douglas 
Wildlife 
Habitat  

 Port Douglas 
Wildlife 
Habitat 

 Port Douglas 
Wildlife 
Habitat 

 Wildlife 
Rehabilitation 
Center 

 Age at 
study (date 
of birth) 

 Approx. 96 
months 

 Thirty three 
months 
(20/7/2009) 

 Approx. 36 
months 

 Sixty fi ve 
months 
(2/11/2006) 

 Approx. 69 
months 

 Maturity 
level at 
time of data 
collection 

 Adult  Subadult  Subadult  Adult  Adult 

 Weight  3.38 kg (as of 
25/11/2011) 

 7.74 kg (as 
of 9/4/2012) 

 7.63 kg (as 
of 9/4/2012) 

 6.82 kg (as 
of 9/4/2012) 

 6.94 kg (as of 
25/11/2011) 
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 Fecal material was obtained from captive dingoes ( C. lupus dingo )   , domestic 
dogs ( C. lupus familiaris )    and amethystine pythons ( M. amethystina )   . It was ensured 
that the animals which provided the fecal material received a species-appropriate 
diet (Table  19.2 ). Fecal material was kept refrigerated after collection and was 
between 3 and 24 h old when presented to the subjects.

   Lavender oil was used as neutral odor. In  these  treatment trials 3–5 drops of 100 
% essential lavender oil were dropped onto a paper towel placed in a plastic con-
tainer of the above mentioned dimensions. As in previous treatment trials 3.5 mL of 
water was added to increase the intensity of the odor. 

 In both control and treatment trials the container was waved several times in the 
enclosure prior to the recording of the subject’s behavior to facilitate the dispersal 
of odor components. The container was placed on the ground during the control and 
its corresponding treatment trial when lavender or fecal material from domestic 
dogs or dingoes was presented. This was done to simulate the position of a terres-
trial predator. When fecal material from a python was presented, containers during 
control and corresponding treatment trials were placed at a height of about 2 m on 
a suitable log in each enclosure. This was to simulate better the position of arboreal 
predators which, specifi cally pythons, use a range of branches in a forest. 

 Sets of control and corresponding treatment trial were conducted between 9 a.m. 
and 12:30 p.m. and again between 1:30 p.m. and 4:30 p.m. on 4 days. Between sets 
of different odor sources was a 10 min break. Each set of control and corresponding 
treatment trials was run four times with each of the subjects at different times of the 
observation days.   

19.2.4     Data Analyses 

  Recorded videos of the subjects were analyzed using JWatcher version 1.0 
(Blumstein et al.  2006 ). Frequencies and durations of vigilant behavior and various 
behaviors of ‘comfort’ and ‘movements’ of the subjects were retrieved from the 
recorded videos. Durations of behaviors were obtained as proportion of the time the 
subject was in sight. Table  19.3  contains the description of the behaviors for which 
frequencies and durations were recorded.

   Table 19.2    Providers of fecal  material   and the diet of animals from which feces were collected   

 Odor origin  Provider of fecal material 
 Diet of animals from 
which feces were collected 

 Domestic dog  Resident near Malanda, North Queensland 
who owns several hunting dogs which are 
used regularly for feral pig hunting 

 Animals receive fresh 
meat and bones and a 
minimum of dry dog food 

 Dingo  Dingo Discovery Sanctuary and Research 
Center, Toolern Vale, Victoria 

 Animals receive fresh 
meat and bones 

 Amethystine 
python 

 Accredited reptile breeder in Biboohra, North 
Queensland 

 Animals receive rodents 
and other fresh meat 
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   For each subject frequencies and durations of all behaviors contributing to the 
category ‘comfort’ and all behaviors contributing to the category ‘movements’ were 
summed respectively for each control and each treatment trial separately. 

 Values of frequencies and durations of the recorded behavior ‘vigilance’ and the 
summed behaviors of the categories ‘comfort’ and ‘movements’ for each of the four 
control and four corresponding treatment trials per set and for each subject were 
used in statistical analyses. Trials with uncontrollable disturbances, such as sudden 
noises, were eliminated from the analyses. 

 Wilcoxon’s paired tests were performed to compare the mean frequencies and 
mean durations of the behavior ‘vigilance’ and the behavioral categories ‘comfort’ 
and ‘movements’ respectively between control and corresponding treatment trials 
per set using the four replicates of each subject. After testing the distributions of the 
data for normality, one-way ANOVAs with repeated measurements were performed 
to compare the mean frequencies and durations of the behavior ‘vigilance’ and the 
behavioral categories ‘comfort’ and ‘movements’ between the treatment trials of the 
different odor sets. Post-hoc Tukey-tests were used. All statistical analyses were run 
in PAST (Hammer et al.  2001 ).    

19.3     Results 

  All subjects showed a signifi cantly higher mean duration of comfort behaviors in 
control trials compared to the corresponding treatment trials when odors from a 
python or from a dog were presented (Wilcoxon’s paired tests: python:  W  = 69.0, 

   Table 19.3    Ethogram of behaviors making up  the   behavioral categories ‘comfort’ and ‘movements’ 
and description of the behavior “vigilance’ (expanded and modifi ed from an ethogram provided by 
Procter-Gray and Ganslosser  1986 )   

 Behavioral 
category  Behavior  Description 

 Comfort  Feeding  Chewing on a leaf or twig, or using hands to pull a food 
object close to mouth 

 Grooming  Behaviors such as scratching, biting skin, or licking fur 
 Resting  Sitting upright or with body leaning down while eyes are 

half closed, dozing off or sleeping 
 Vigilance  Sitting still with eyes wide open; ear movement often 

occurring; individual appears more aware of surroundings 
 Movements  Climbing down  Moving vertically down trunk either headfi rst or 

posterior-fi rst 
 Climbing up  Arms sliding up a vertical surface followed by hind feet 

hopping up simultaneously 
 Horizontal 
movement 

 Hopping or walking horizontally on provided structures 

 Jumping  Either “springing” from branch to branch; ground to 
branch, or branch to ground 
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 p  = 0.019,  n  = 12; dog:  W  = 98.0,  p  = 0.004,  n  = 14). The mean duration of comfort 
behaviors was higher, but not signifi cantly different, in control trials compared to 
treatment trials when odors from a dingo were presented ( W  = 83.0,  p  = 0.055, 
 n  = 14). There were no signifi cant differences in the mean duration of comfort 
behaviors between control and corresponding lavender treatments trials ( W  = 72.0, 
 p  = 0.836,  n  = 16) (Fig.  19.1 ).

   The mean frequency of comfort behaviors did not differ signifi cantly between 
control and corresponding treatment trials regardless of the type of odor presented 
(Wilcoxon’s paired tests: python:  W  = 43.5,  p  = 0.724,  n  = 12; dingo:  W  = 54.0, 
 p  = 0.552,  n  = 14; dog:  W  = 57.0,  p  = 0.421,  n  = 14; lavender:  W  = 80.5,  p  = 0.518, 
 n  = 16) (Fig.  19.1 ). 

 All subjects remained vigilant for a longer mean duration in treatment trials com-
pared to the corresponding control trials when odors from a dog were presented 
(Wilcoxon’s paired tests:  W  = 88.0,  p  = 0.026,  n  = 14). Subjects also showed a higher, 
although not signifi cantly different, mean duration of vigilance in treatment trials 
compared to the corresponding control trials when odors from a python or a dingo 
were presented (Wilcoxon’s paired tests: python:  W  = 49.0,  p  = 0.155,  n  = 12; dingo: 
 W  = 74.0,  p  = 0.177,  n  = 14). No signifi cant differences were obtained between con-
trol and corresponding lavender treatments trials with respect to the mean duration 
of vigilance shown by the subjects ( W  = 75.0,  p  = 0.717,  n  = 16). 

 The mean frequency of vigilance was signifi cantly higher in treatment trials 
compared to the corresponding control trials when odors from a dingo or from a 
dog were presented (Wilcoxon’s paired tests: dingo:  W  = 86.0,  p  = 0.035,  n  = 14; 
dog:  W  = 85.0,  p  = 0.041,  n  = 14). Subjects also showed a higher, although not 
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   Fig. 19.1      Mean frequencies and durations   of comfort behaviors of all subjects in control and cor-
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signifi cantly different, mean frequency of vigilance in treatment trials compared to 
the corresponding control trials when odors from a python were presented 
(Wilcoxon’s paired tests: python:  W  = 52.0,  p  = 0.091, n = 12). There were no sig-
nifi cant differences in the mean frequencies of vigilance of subjects between con-
trol and corresponding lavender treatments trials (Wilcoxon’s paired tests:  W  = 68.0, 
 p  = 0.649,  n  = 16) (Fig.  19.2 ).

   All subjects spent signifi cantly more time on movement behaviors in treatment 
trials compared to the corresponding control trials when odors from a python were 
presented (Wilcoxon’s paired tests:  W  = 56.0,  p  = 0.041,  n  = 13). Subjects showed a 
slightly higher, but not signifi cantly different, mean duration of movement behav-
iors in treatment trials compared to the corresponding control trials when odors 
from a dingo or lavender were presented (Wilcoxon’s paired tests: dingo:  W  = 62.0, 
 p  = 0.551,  n  = 14; lavender:  W  = 78.0,  p  = 0.109,  n  = 16). When odors from a dog were 
presented, subjects showed a higher, but not signifi cantly different, mean duration 
of movement behaviors in control trials compared to the corresponding treatment 
trials (Wilcoxon’s paired tests:  W  = 64.0,  p  = 0.470,  n  = 14). 

 All subjects showed a signifi cantly higher mean frequency of movement behav-
iors in treatment trials compared to the corresponding control trials when odors 
from a python were presented (Wilcoxon’s paired tests:  W  = 42.0,  p  = 0.021,  n  = 13). 
Subjects showed a slightly higher, but not signifi cantly different, mean frequency 
of movement behaviors in treatment trials compared to the corresponding control 
trials when odors from a dingo or lavender were presented (Wilcoxon’s paired 
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ing treatment trials (±standard error). Signifi cant differences at  p  < 0.05 are indicated with  bars  and 
 asterisks        

 

19 Evolutionary Aspects of the Use of Predator Odors in Antipredator Behaviors…



270

tests: dingo:  W  = 79.0,  p  = 0.096,  n  = 14; lavender:  W  = 59.0,  p  = 0.682,  n  = 16). When 
odors from a dog were presented, subjects showed a higher, but not signifi cantly 
different, mean frequency of movement behaviors in control trials compared to the 
corresponding treatment trials (Wilcoxon’s paired tests:  W  = 58.0,  p  = 0.382,  n  = 14) 
(Fig.  19.3 ).

   When comparing treatment trials only, subjects spent signifi cantly more time on 
comfort behaviors when lavender was presented compared to treatment trials in 
which odors from a python, a dingo or a dog were presented (ANOVA:  F  3,55  = 5.02, 
 p  = 0.004; Tukey test: lavender vs python:  p  = 0.030; lavender vs dingo:  p  = 0.026; 
lavender vs dog:  p  = 0.017) (Fig.  19.4 ). Frequencies, subjects spent on comfort 
behaviors, did not differ signifi cantly between treatment trials (ANOVA:  F  3,53  = 0.28, 
 p  = 0.840) (Fig.  19.4 ).

   When comparing treatment trials only, subjects remained for a longer mean 
duration vigilant in treatment trials in which predator odors were presented than in 
treatment trials in which lavender was presented. However, the differences were not 
signifi cant (ANOVA:  F  3,52  = 2.21,  p  = 0.097); (Fig.  19.5  ) . Subjects were signifi cantly 
more frequently vigilant in treatment trials in which the odors from a python or a 
dog were presented compared to treatment trials in which lavender was presented 
(ANOVA:  F  3,52  = 4.14,  p  = 0.011; Tukey test: lavender vs python:  p  = 0.031; lavender 
vs dog:  p  = 0.036) (Fig.  19.5 ).

   Subjects did not spent signifi cantly different times on movement behaviors 
when treatment trials were compared (ANOVA:  F  3,55  = 1.45;  p  = 0.238) (Fig.  19.6 ). 
However, subjects exhibited signifi cantly more often movement behaviors in treat-
ment trials in which the odor from a dingo was presented compared to treatment 
trials in which lavender was presented (ANOVA:  F  3,55  = 4.76,  p  = 0.005; Tukey test: 
lavender vs dingo:  p  = 0.002) (Fig.  19.6 ). 
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19.4        Discussion 

 The studied LTK subjects spent less time on comfort behaviors in trials in which 
predator odors were presented than in corresponding control trials in which water 
was presented.  Duration of comfort behaviors   was also signifi cantly reduced in all 
treatments trials with predator odors compared to the treatment with the neutral 
odor lavender. These results suggest that subjects were able to recognize these pred-
ator odors as threats. This conclusion is supported by the results of the amount of 
time the subjects spent vigilant which was higher in the presence of predator odors 
than in presence of a control odor, although signifi cantly higher only in the presence 
of a dog odor. This trend was also demonstrated in the frequencies at which subjects 
displayed vigilance. They were more often vigilant in trials with a predator odor 
than in corresponding control trials (although signifi cantly different only in trials 
with dingo and dog odors). Durations and  frequencies of vigilance   were also lower, 
albeit not always signifi cantly, in treatments with the neutral odor lavender than in 
treatments with predator odors. 

 Increased  vigilance aids   an organism in detecting, localizing, and avoiding 
potential threats (Apfelbach et al.  2005 ; Blumstein et al.  2010 ). Observations of 
LTKs in the wild showed that they spend a large amount of time alerted  (Procter- Gray 
and Ganslosser  1986 ) which may have contributed to the clear response in vigilance 
of the studied subjects to the presented predator odors. 
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 Changes in comfort behaviors and vigilance were demonstrated differently in 
duration and frequency of these behaviors. Increase in comfort behavior was more 
manifested in the duration than in the frequency of this behavior which refl ects 
changes in comfort behaviors more appropriately. Likewise, increased vigilance 
was more manifested in the frequency than in the duration of this behavior, which 
refl ects more appropriately changes in the degree of alertness of a subject. 

 In the presence of the neutral odor lavender, subjects did not show any changes 
in durations and frequencies of comfort behaviors and vigilance in comparison to 
the control odor water. Extended times and frequencies of comfort behaviors and 
decreased vigilance in the presence of lavender indicate that subjects  do not feel  
threatened by this neutral and novel odor. This response suggests that LTKs do not 
seem to have a generalized avoidance response to novel odors or stimuli, which is 
known as  neophobia   (Brown et al.  2013 ). Neophobia, however, has been reported 
for other species (Węsierska et al.  2003 ; Brown et al.  2013 ). 

 The apparent lack of response to a novel odor by the studied subjects can have 
several reasons. First, the subjects live in a predator-free environment which has 
been shown to reduce the plasticity of prey species’ neophobia in the context of 
predator avoidance (Brown et al.  2013 ). Second, LTK may not rely on olfactory 
cues to assess its environment. However, this seems to be unlikely for an arboreal 
marsupial that lives in a dense and foliated canopy that may restrict vision and hear-
ing. Third, LTK may detect  novel odors  , but does not respond to them in an adverse 
manner. This would be in accordance with observations of LTK leaving forest frag-
ments and utilizing non-forested matrices and small isolated forested patches 
(Laurance  1990 ; Tree-kangaroo and Mammal Group  2000 ). 

 Since the majority of subjects had no prior experience with different predators, 
but recognize predator odors as threats, this recognition must be an inherited or 
hard-wired trait (Blumstein et al.  2004 ). The only subject that experienced a dog 
attack prior to the experiment did not show a more profound response in her comfort 
behaviors and vigilance to dog odors compared to the other subjects. 

 The recognition of odors from predators as threats is attributed to the presence of 
high amounts of sulfurous metabolites, which are typically linked with excretions 
from meat digesting predators (Nolte et al.  1994 ). All predator donors received 
meat regularly before the experiment commenced. Therefore, the similarity in the 
composition of their feces is likely to be responsible for the general recognition of 
the odor cues by the subjects. The reliability on  chemical cues in   predator recogni-
tion by marsupials has often been debated since some studies conclude that the use 
of olfactory cues from predators is not hard-wired but relies on experience 
(Blumstein et al.  2002 ). It also has been argued that olfactory cues emitted from 
feces are rather indirect, depend on the age of the cue and may not pose an immedi-
ate threat to the prey (Dickman and Doncaster  1984 ) while visual and acoustic cues 
signal the proximity of a predator (Bouskila and Blumstein  1992 ; Nernesian et al. 
 2012 ). However, other studies show that marsupials modify their foraging behav-
iors in response to olfactory cues from predators (Gesser  1996 ; Morgan and 
Woolhouse  1997 ). These contrasting results may arise from differences in the envi-
ronments in which the studied species are living. Tree-kangaroos, spending most of 
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their time high up in dense rainforest canopies, may not be able to use acoustic and 
visual cues and therefore rely more on chemical cues instead. Furthermore, the 
humid environment in rainforest habitats promotes the distribution of volatiles 
which facilitates their detection (Müller-Schwarze  2006 ). 

 Because our subjects clearly recognize all three predatory odors as threats, a fail-
ure in recognizing novel predators, and therefore naiveté level 1, must be excluded 
as possible reason for the observed fatalities of LTKs when encountering novel pred-
ators such as modern canines (dog/dingo) (Cruz et al.  2013 ). The co- evolution of 
LTKs with terrestrial predators of similar ‘archetypes’ to the novel predators may 
enable LTK to recognize novel predators as threats (Kovacs et al.  2012 ). Studies of 
other marsupials have, however, repeatedly reported the failure of native Australian 
prey to recognize novel predators (and displaying naiveté level 1) (Russell and Banks 
 2007 ; Mella et al.  2010 ). For instance, southern brown bandicoots ( Isoodon obesu-
lus ) and common brushtail possums ( Trichosurus vulpecula ) do not alter their forag-
ing behavior when odor cues from novel predators are presented in traps (Mella et al. 
 2010 ). Similarly, Russell and Banks ( 2007 ) showed that marsupial antechinus 
(  Antechinus stuartii )   does not avoid traps scented with the odors from a native or an 
introduced, novel predator. These results were often interpreted by a general lack of 
the ability of native Australian marsupials to recognize odors originating from novel 
predators (Mella et al.  2010 ) and may therefore demonstrate a kind of inferiority of 
marsupials within the mammalian class (Coulson  1996 ). The result of the present 
study, however, shows that this conclusion cannot be transferred to LTKs, and that 
the recognition of odors from novel predators by marsupials may not be fully recog-
nizable through trapping experiments (Russell and Banks  2007 ).

 Se veral movement behaviors were combined and analyzed to assess whether 
LTK subjects possess archetype-specifi c antipredator responses. It was predicted 
that LTK would respond to a threat from an arboreal predator by increasing its 
movements in an attempt to descend from the canopy and fl ee on the ground, but 
would decrease its movements in the presence of a threat from a terrestrial predator 
as it remains in the canopy avoiding detection. If this is the case, incidences of 
fatalities of LTKs due to dog attacks could be attributed to the potential weakening 
of LTKs’ response to terrestrial predators due to a time of relaxed predation selec-
tion since the extinction of their ancestral terrestrial predators, or to the inability of 
LTKs to transmit their ancestral response to a terrestrial predator archetype to novel 
terrestrial predators. 

 The results show that subjects signifi cantly increased the frequency as well as the 
duration of their movement behaviors when presented with the odors of an arboreal 
predator (python) compared to a control odor (water). Subjects did increase, but not 
signifi cantly, frequency and duration of movement behaviors in the presence of the 
odor from dingoes. However, when odors from a dog were presented subjects 
showed a decrease, but not signifi cant, in frequency and duration of movements in 
comparisons to control odor (water). These results do not support the prediction that 
LTKs had evolved  archetype-specifi c antipredator responses  , but rather indicate that 
LTKs may respond to all predator archetypes in a similar way. This conclusion is 
supported by the lack of differences in durations and frequencies of movement 
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behaviors between treatments with odors from different predator archetypes, and 
generally higher durations and frequencies of movement behaviors in the presence 
of predator odors compared to treatments with the neutral odor lavender. 

 Since the majority of the studied subjects had no prior experience with the preda-
tors from which the odor sources came, and showed a general increase in move-
ments in response to all predator odors, it can be concluded that they possess a 
general antipredator response and that this response is inherited and hard wired 
(Blumstein et al.  2010 ). 

 Increased movements as a general antipredator ‘escape’ strategy towards all 
predator archetypes in LTK may originate from LTKs ancestors. Tree-kangaroos 
evolved  from rock-wallabies   (  Petrogale spp .)   which adapted to dry, open rocky 
habitats (Flannery et al.  1996 ; Martin  2005 ). Early detection of terrestrial predators 
is facilitated by group living in rock-wallabies, while predator avoidance is based on 
escape at high speed (Blumstein et al.  2001 ). Long legs enable rock-wallabies to 
achieve fast movements while their long tail propelled them across rocky outcrops 
and boulders (Sharman et al.  1995 ). When tree-kangaroos evolved from rock- 
wallabies by moving back into rainforest habitat they re-acquired the original arbo-
reality of marsupials as a secondary trait (Flannery et al.  1996 ), but probably 
retained the escape strategy of rock-wallabies as a general antipredator response. 
The transmission and subsequent application of this general antipredator response 
to modern terrestrial predators, such as dingoes and dogs, makes it an inappropriate 
strategy against these predators and therefore demonstrates a case of naiveté level 2 
(Banks and Dickman  2007 ) [which is described as prey applying wrong, and there-
fore inappropriate antipredator behaviors to novel predators (Cox and Lima  2006 )]. 
In contrast, the persistence of antipredator responses from ancestors has been favor-
able in adaptation to modern terrestrial predators in the case of the brushtail  pos-
sums   ( T. vulpecula ) which typically respond to terrestrial predators by fl eeing up a 
tree, refl ecting their arboreal ancestry (Pickett et al.  2005 ). 

 The general  antipredator response of   LTK to fl ee from predators may have been, 
however, appropriate in the past. The adaptation of LTKs to a life in the canopy 
involved morphological changes (Barnett and Napier  1953 ) related to tibio-fi bular 
articulations resulting in a higher ability to grasp around tree trunks. While these 
morphological changes facilitated the ability to climb they were accompanied by a 
reduction of the primitive freedom of movement of the foot (Jones  1929 ) resulting 
in disadvantaged mobility on the ground. This reduced mobility on the ground may 
lead ultimately to succumbing to modern predators which are superior on the 
ground, and may have more advanced hunting strategies than previous  terrestrial 
predators of   LTKs. Additionally, fragmentation of  LTKs’  habitat due to human- 
caused impacts increases the likelihood of LTKs to move across un-forested areas 
where they can become victims of attacks from modern canines (Laurance  1990 ). 

 Specifi c antipredator responses to terrestrial predator archetypes may not have 
evolved in LTKs due to the short time since LTKs have adapted to the arboreal life 
and since they have been exposed to novel terrestrial predators. While tree- 
kangaroos’ ancestors appear to have evolved from terrestrial kangaroos some time 
during the late Miocene (Flannery  1989 ), fi rst records of tree-kangaroos come from 
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fossil fi ndings in New South Wales, the Nullarbor Plain in Western Australia, and 
near Rockhampton in Queensland which were dated from the late Pliocene and 
Pleistocene (Flannery and Szalay  1982 ; Hocknull et al.  2007 ; Prideaux and 
Warburton  2008 ). During this time large terrestrial predators started to disappear 
from the Australian biota (Roberts et al.  2001 ; Long et al.  2002 ) leaving prey in a 
relaxed predator environment with weak selection for antipredator behavior against 
terrestrial predator (Lahti et al.  2009 ). The more recent introduction of novel ter-
restrial predators in form of the dingo some 5000–3500 years ago (Corbett  1995 ; 
Savolainen et al.  2004 ), and the domestic dog some 200 years ago did not pose a 
strong enough selection pressure on tree-kangaroos to evolve specifi c antipredator 
behaviors against these predators during the short time since their introduction. In 
common ringtail possums (  Pseudocheirus peregrinus )  , on the other hand, selection 
pressure from a novel predator, the red fox (  Vulpus vulpus )   has been suffi cient for 
this semi-arboreal marsupial to develop an effi cient antipredator behavior over a 
few generations since foxes became established (Anson and Dickman  2013 ). This 
stresses the possibility that marsupials are able to develop specifi c antipredator 
strategies towards novel predators which has also been reported for placental prey 
in America which show swift adaptations to newly re-introduced predators by 
learned experience (Berger et al.  2001 ). 

 A potential  evolution of   specifi c responses of LTKs to terrestrial predators by 
climbing higher into the canopy and remain hidden cannot be excluded after their 
more recent adaptation to the arboreal life and the emergence of selective predation 
pressure due to the arrival of novel terrestrial predators. However, due to the short 
time since arrival of these predators, a specifi c response against them cannot be 
expected to be manifested in genes, but rather may depend on experiences and 
learning processes instead. This would correspond with the lack of display of arche-
type specifi c responses in the studied, captive LTK subjects, which had no prior 
experience with terrestrial predators. The exceptional long mother-joey relationship 
in LTK suggests that various traits are learned by juvenile LTKs from their mothers 
(Procter-Gray  1985 ). This may be a valuable prerequisite for the potential adapta-
tion of LTK to novel terrestrial predators. 

 Our results cannot completely exclude the possibility that LTK may have had 
different antipredator responses to different predator ‘archetypes’. The non- 
signifi cant increase in  movement behaviors   when the odor from dingoes was pre-
sented and the inconclusive results with respect to changes in movement behaviors 
of the subjects when odors from dogs were presented would support those specula-
tive conclusions. If LTKs possessed specifi c antipredator behaviors against terres-
trial predators, it can be speculated that these behaviors may have got lost due to 
predator relaxation post Pleistocene extinction. LTKs’ ancestral terrestrial predators 
such as  T .   carnifex   , a large, leopard-sized carnivore that possessed the ability to 
climb, and  T. cynocephalus ,  went   extinct about 3500 years ago (Flannery et al. 
 1996 ; Jones and Stoddart  1998 ; Wroe et al.  2007 ). Additionally, the continuous 
presence of an arboreal predator during the relaxed predation selection against 
 terrestrial predators could have re-enforced antipredator responses which LTKs had 
inherited from their ancestors, the rock-wallabies (Blumstein  2006 ). 
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 Further studies are required to test this possibility. This will be done by more 
detailed analyses of separate movement behaviors, such as climbing down and 
climbing up in response to presented predator odors. Furthermore, the response of 
the studied subjects to an extant terrestrial predator, the Tasmanian Devil (  Sarcophilus 
harrisii )   with which they co-evolved, but which has been isolated from LTK for 
about 3500 years (Brown  2006 ), may help to confi rm conclusions drawn from the 
current study. 

 Currently, the LTK is classifi ed as “near threatened” under the Queensland’s 
Nature Conservation Act of 1992 (Queensland Government  2011 ). Whether fatali-
ties of tree-kangaroos due to domestic dogs and dingoes contribute to the species’ 
abundance and demography remains unknown. Unless we can properly assess the 
reasons and extent of these incidences, novel predators have to be considered a 
potential impact factor on the species (Tree-kangaroo and Mammal Group  2000 ; 
Kanowski et al.  2003 ).     
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    Chapter 20   
 Small Emissions with Major Consequences: 
Specialized Malodorous Defenses in Birds       

       Gregory     Röder     ,     Vittorio     Baglione    ,     Diana     Bolopo    ,     José     M.     Marcos    , 
    Alfréd     Trnka    , and     Daniela     Canestrari   

20.1            Introduction 

 Nowadays, birds are among the most conspicuous living organisms on Earth. Their 
large size, often colorful plumage, breeding behavior, migration, as well as recog-
nizable song and potential for domestication have made them probably the best 
studied group of vertebrates. Ornithologists, biologists, bird watchers, or simple 
amateurs have exhaustively studied their anatomy, physiology, distribution, ecol-
ogy, behavior, and classifi cation. 

 Nevertheless, it would be presumptuous to consider birds as a fully known terri-
tory. Much more remains to be studied among the nearly 10,000 avian species. Now, 
a fresh look at their intra- and interspecifi c interactions might be profi table, as old 
beliefs need to be revised. Largely underestimated, the avian sense of smell, as well 
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as taste to some extent, belong to this category. For decades, this bias has negatively 
impacted potential observations and research on the importance of airborne signals 
in birds. The moment to catch up has arrived. 

20.1.1     The Sense of Smell in Birds 

   If a complete review on avian olfactory abilities would be inappropriate, an over-
view is indispensable to place our work in context. 

 Until recently, most experts considered that birds made little, if any, use of olfac-
tion. John James Audubon, the famous nineteenth century naturalist, was not the 
only scientist to make the argument, but he was particularly infl uential in arguing 
against the idea of a developed sense of smell in birds. His work on the turkey vul-
ture (  Cathartes aura  L.)  , a scavenger from the New World feeding on carrion, sug-
gested the absence of odorous attraction by rotten carcasses hidden in an open fi eld. 
This became the central pillar of a sort of avian anosmia theory, which was cited 
regularly during the next 140 years (Audubon  1820 ). Among other points, it has 
been argued that the extreme diffusion of volatile compounds in the air makes the 
use of smell unreliable to localize food, prey, predators, or mating partners for any 
bird species. Even the fact that myriad other organisms (e.g. thousands of insect 
species) use volatile cues on a daily basis to cope with both complex life cycles and 
diverse environments did not modify such preconceived ideas. Furthermore, the 
exceptionally effi cient sight and hearing capacities of birds were naturally men-
tioned as the major means to orientate and locate. All these elements explain why 
this “insensitive” theory dominated for so long, leading to consideration of the 
olfactory aptitudes of birds as anecdotal, and of little relevance. 

 Within the scientifi c community and beyond, there was real astonishment when 
diverse studies revealed a functional and well developed sense of smell in many 
unrelated avian species. In the 1960s, Kenneth Stager and Bernice Wenzel fi rst 
broke this taboo. Stager tested again the olfactory responsiveness of the turkey vul-
ture. He showed that odors emitted by fresh dead animals did in fact attract the 
vulture (Stager  1964 ). Further experiments on the same model proved its ability to 
fi nd fresh cadavers without visual cues, relying mainly on the typical chemical com-
ponents emitted naturally by dead animals in the early stages of decomposition (i.e. 
butanoic acid, ethanethiol, and trimethylamine). Later, monitoring of individual 
heart frequency and further bioassays revealed the limits of detection for those 
chemicals (Applegate  1990 ; Smith and Paselk  1986 ). Thus, Audubon’s conclusions 
were incorrect, mainly because carcasses in an advanced state of decomposition are 
not the favored diet of the turkey vulture. Surprisingly, this discovery by Stager 
went almost unnoticed by scientifi c and public opinion. A few years later, Bernice 
Wenzel published multiple results on olfaction in  kiwis   ( Apteryx sp .), pigeons 
( Columba sp .), and procellariiformes such as the Northern fulmar (  Fulmarus gla-
cialis  L.)   (Wenzel  1968 ,  1986 ; Wenzel and Rausch  1977 ). Her pioneering observa-
tions proved that unrelated bird species rely on olfactory information to navigate, to 
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forage, or to interact socially. Since this challenge to the dogma, fi eld observations, 
bioassays, anatomical and physiological studies, as well as modern genetic tools 
have been involved to restore the truth about the sense of smell in birds. Studies on 
procellariiform seabirds unite all these complementary aspects and propose a com-
plete view of the role and importance of odors in this group. Albatrosses and petrels 
have in common interesting features such as colonial life, monogamy and long-term 
pairing, philopatry, limited reproductive capacities, and astonishing foraging skills. 
Pelagic seabirds localize directly and precisely fi sh banks kilometers away from 
their colonies along the shore. Olfactory navigation from nest to food resources has 
been observed in several albatross, petrel, and shearwater species (Grubb  1972 , 
 1974 ; Nevitt et al.  2008 ). Bioassays confi rmed the role of dimethyl sulfi de (DMS), 
a foraging cue processed by procellariiform seabirds. Phytoplankton, if consumed 
by zooplankton or other small grazers, release dimethylsulfi onopropionate (DMSP), 
which can be transformed into volatile DMS by aquatic microorganisms. Associative 
learning between DMS scent and areas offering abundant prey is frequent in these 
pelagic birds. Furthermore, fl edglings of these species learn the importance of DMS 
before they have to forage themselves (Nevitt et al.  1995 ; Nevitt and Bonadonna 
 2005 ). During the same period, olfactory aptitudes in many non- procellariiform 
birds were observed, such as in the owl parrot or kakapo ( F. glacialis , Gray 1845) 
which is endemic to New Zealand (Hagelin  2004 ). 

 On the morphological and functional side, complete olfactory systems including 
nasal cavities, tubular nasal passages, and olfactory bulbs have been studied in many 
species (Bang  1960 ; Wenzel  1971 ), and most extensively in procellariiformes (Bang 
and Cobb  1968 ; Bang and Wenzel  1985 ; Wenzel and Meisami  1987 ). Avian olfac-
tory bulbs found close to the brain are responsible for the processing and integration 
of odorous volatiles. Their size and shape varies among species, with a positive 
correlation between a prominent bulb and a well-developed sense of smell. With a 
bulb proportionally larger than most of the other birds studied so far, the fl ightless 
kiwi is a perfect example of this morphological adaptation (Bang and Cobb  1968 ). 
In this species, chemoreception is crucial, with nostrils placed at the apex of a long 
beak used to “scent” earthworms and small arthropods in soil litter. On a physiologi-
cal level, measurements of heart rate and electrical impulses in olfactory nerves 
have been used to identify some of the molecules that birds of diverse groups can 
smell (Clark et al.  1993 ). Finally, modern genetic tools have identifi ed hundreds of 
functional olfactory receptor genes in birds (OR genes), with some species showing 
equivalent numbers of OR genes to other vertebrate species. Additionally, many of 
these avian OR genes are exclusive to this taxon, and they demonstrate a high degree 
of functionality, unlike in humans where 60 % of OR genes are not expressed. These 
results are indisputable, especially in kiwi and kakapo species with an estimated 
total number of OR genes close to 600 (Steiger et al.  2008 ). More surprisingly, even 
the common canary (  Serinus canaria  L.)  , described as a typical visual species, 
exhibits more than 150 OR genes. Finally, specifi c differences in genetic patterns in 
olfactory receptor genes have been observed between nocturnal and diurnal species, 
stressing again the existence of a fully functional and specialized avian sense of 
smell (Steiger et al.  2009 ). 
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 Nowadays, after 40 years of multidisciplinary scientifi c studies, all this evidence 
should convince the last skeptics that an olfactory sensibility in birds can no longer 
be denied. But as in other vertebrates, the avian sense of smell shows signifi cant 
interspecifi c disparities.    

20.1.2     Roles and Importance of Odors in Birds 

   With these new convictions in mind, the ornithological community has begun to 
carry out investigations into the roles and the importance of odors in bird behavior. 
Themes such as (1) navigation, (2) foraging, and (3) reproduction became the most 
familiar and well documented.

    1.    The infl uence of airborne signals for avian navigation gained real credibility 
with comprehensive studies on homing in pigeons, which add olfaction to other 
senses in order to orientate (Papi  1976 ; Wallraff  1982 ). In addition, procellari-
iformes brought new evidence that the localization of their colonies and nests 
may rely on odorous cues. In harsh and night conditions, Leach’s storm  petrels 
  ( Oceanodroma leucorhoa , Vieillot 1818) showed such ability (Grubb  1973 ), 
whereas other species were able to reach their nest burrows in very poor visibil-
ity (Bonadonna and Bretagnolle  2002 ). Furthermore, the global role of odors in 
navigation has been considered in many other species (Papi  1990 ; Jorge et al. 
 2009 ).   

   2.    On the foraging side, albatrosses and other pelagic seabirds have been observed 
and tested meticulously. As described previously, captivating studies pointed out 
an essential olfactory assistance used to reach restricted nutritive resources in 
vast oceans (Hutchison and Wenzel  1980 ; Verheyden and Jouventin  1994 ; Nevitt 
et al.  1995 ).   

   3.    As in other organisms, probable links between avian-produced odors and repro-
duction have been suspected in birds. Early research has proved that Leach’s 
petrels use volatile indicators to join potential partners in precise places of repro-
duction (Grubb  1979 ), while diverse Antarctic seabirds rely on olfactory signa-
tures to identify appropriate sexual partners (Bonadonna and Nevitt  2004 ; 
Jouventin et al.  2007 ). In 2003, Freeman-Gallant et al. studied the effect of simi-
lar or dissimilar major histocompatibility complexes (MHCs) on female mating 
fi delity in savannah  sparrows   ( Passerculus sandwichensis , Gmelin 1789). MHCs 
present very diverse genes involved in immunity, and complementary genes 
brought by each parent should result in an optimal immunocompetency in their 
descendants. The classic hypothesis suggests that individual odors in vertebrates 
contain information related to this genetic assortment. Birds are not an exception 
(Zelano and Edwards  2002 ). If no precise odorants were identifi ed in the afore-
mentioned study, females in MHC-similar pairs were revealed to mate more 
regularly with extra-pair males, whereas breeding pairs showing MHC- 
dissimilarities exhibited higher fi delity, as expected (Freeman-Gallant et al. 
 2003 ). Likewise, specifi c odors released by different body parts and glands may 
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serve as a perfect signaling tool to assess the status of a mating partner. In the 
preen oil of dark-eyed juncos (  Junco hyemalis  L.)  , the quantities of volatiles and 
semivolatiles have been correlated with hormonal variations, such as for testos-
terone. The resulting chemical signal may attest to the receptiveness of a poten-
tial mating partner during the breeding season (Whittaker et al.  2011 ). Going 
further, overall individual fi tness and potential reproductive performance might 
be evaluated directly through perfumed messages emitted intentionally or uncon-
sciously by both partners (Whittaker et al.  2013 ). Obviously, assessing this func-
tion is not an easy task because both the emission and perception of odors may 
vary considerably, among species, seasons, ages, migration areas, and popula-
tions (Clark and Smeraski  1990 ; Whittaker et al.  2010 ). Variability in uropygial 
gland secretions of  budgerigars      ( Melopsittacus undulates , Gould 1840) (Zhang 
et al.  2010 ), gray catbirds (  Dumetella carolinensis  L.)   (Shaw et al.  2011 ), and 
 starlings   ( Sturnus unicolor , Temminck 1820) (Amo et al.  2012 ) have been inves-
tigated in this context. Linked with earlier observations, the existence of true 
pheromones in birds has also been debated (Balthazart and Schoffeniels  1979 ; 
Caro and Balthazart  2010 ), adding credit to the overall role of odors in bird 
reproduction (Lambrechts and Hossaert-McKey  2006 ).     

 In addition to the above areas, further hints support a major role of avian- 
produced  volatile organic compounds (VOCs)   in antagonist interactions as preda-
tion, parasitism, or microbial infections. To avoid or to repel those enemies is of 
the main importance for all avian species. Moreover, several birds are predators 
themselves, and regularly on other birds. In these circumstances, both sense of 
smell and production of  VOCs   act directly in various defensive or offensive avian 
interactions.    

20.1.3     Chemical Defenses in Birds 

   Birds are among the most detectable inhabitants of most ecosystems, so they can 
represent a perfect target for predators. While the ability to fl y is certainly the best 
strategy to fl ee from predators, some species are fl ightless, and the risk of predation 
can itself come from the sky. Moreover, both eggs and hatchlings show great vulner-
ability, with the greatest risks when the parents are foraging far from the nest. These 
risks might have led birds to evolve repulsive defenses, aiming to increase survival 
at any step of their life cycles. In this context, diverse avian defensive behaviors and 
strategies have been described in the literature, including some examples relying on 
chemical compounds. In the 1940s, Cott observed dead laughing doves (  Streptopelia 
senegalensis  L.)   being consumed by scavenger hornets (  Vespa orientalis  L.)  , whilst 
the fresh carcass of pied kingfi sher (  Ceryle rudis  L.)   stayed intact because of likely 
unpalatable components contained in its tissues (Cott  1947 ). The same naturalist 
conducted experiments on 200 species from 57 families in order to assess the 
palatability of the eggs and meat for humans, hedgehogs, rats, ferrets, and cats. 
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Without any identifi cation of putative repellent compounds, the results suggested a 
correlation between the visibility of a bird species and its unpalatability (Cott  1954 ; 
Müller-Schwarze  2012 ). Nevertheless, re-analysis of Cott’s data questioned whether 
the criteria used to assess conspicuousness were appropriate. Indeed, some bias may 
have been introduced because mainly females with usually less bright plumages 
than related males were considered in the past (Götmark  1994 ). Almost 40 years 
after the publications of Cott, observations of the New Guinean pitohuis (fam. 
Oriolidae and Pachycephalidae), and especially the hooded  pitohui   ( Pitohui 
dichrous , Bonaparte 1850), revealed the poisonous birds to the world (Dumbacher 
et al.  1992 ). Shortly after this initial discovery, the blue-capped  ifrit   ( Ifrita kowaldi , 
De Vis 1890) was described as another toxic passerine (Dumbacher et al.  2000 ). 
Both studies highlighted the presence of batrachotoxin alkaloids (e.g. homoba-
trachotoxin) as defensive chemicals in these species. In all likelihood, these com-
pounds are sequestered in the skin and feathers of noxious birds. The repellent 
chemicals are obtained by feeding on soft-wing fl ower beetles of the   Choresine    
genus (Coleoptera: Melyridae) (Dumbacher et al.  2004 ). Aposematism is present in 
these bird genera in the form of warning coloration of the plumage. In the same way, 
but on other continent, the African spur-winged goose (  Plectropterus gambensis  L.)   
exhibits toxic properties when it eats blister beetles (Coleoptera: Meloidae). This 
time, cantharidin is the sequestered compound, which is a familiar toxin found in 
several insect species (Bartram and Boland  2001 ). All these observations prove that 
chemical defenses in birds might be more widespread than expected at fi rst glance. 
Undoubtedly, toxins play a role in chemical protection of various bird species, 
whereas avian volatile-produced compounds identifi ed recently open the door to a 
further question: are the odoriferous  VOCs   emitted by birds involved in defensive 
purposes?    

20.1.4     Avian Odorous Defenses 

   The production and release of odors in birds has not suffered the same negative 
prejudice as their sense of smell. For centuries, it has been established that many 
species emit perfumes, with written scientifi c reports, popular books, or even sacred 
texts mentioning the malodorous hoopoe (  Upupa epops  L.)  . Scientifi c studies have 
rapidly shown that odors released by birds can contribute to their protection in 
many ways. 

 The scent of the predator itself may indicate its presence to avian prey. This has 
been documented both in Eurasian blue tits (  Cyanistes caeruleus  L.)   and house 
 fi nches   ( Haemorhous mexicanus , Müller 1776) exposed to mustelid odors and 
mammalian predator feces, respectively (Amo et al.  2008 ; Roth et al.  2008 ). 
Nevertheless, this aptitude might be scarce: untroubled Eastern bluebirds (  Sialia 
sialis  L.)   build their nests close to the natural odors of their main predators (Godard 
et al.  2007 ), while both native New Zealand  rifl eman   ( Acanthisitta chloris , Sparrman 
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1787) and South Island  robin   ( Petroica australis , Sparrman 1788) are unable to 
detect and to react appropriately toward odors from their introduced mammalian 
predators (Stanbury and Briskie  2015 ). 

 Otherwise, avian chemical emissions have been shown to keep away various 
ectoparasites. The crested  auklet   ( Aethia cristatella , Pallas 1769) produces a strong 
tangerine-like odor based on two aldehydes with remarkable repulsive properties 
against ticks (Douglas et al.  2004 ; Douglas  2006 ). In seabirds, some of the VOCs 
produced by the colony deter mosquitoes (Douglas et al.  2005 ). Antiparasitic and 
antimicrobial properties might occur in nests perfumed with aromatic plants, as in 
the Eurasian blue tit (Petit et al.  2002 ). Many species exhibit obvious malodorous 
defenses against intruders. The fulmars and some other procellariiform birds spit 
stinking stomach oil on avian or mammalian invaders (Swennen  1974 ; Clarke and 
Prince  1976 ). Unsurprisingly, hatchlings are especially prompt to release such an 
unpleasant-smelling liquid in order to defend themselves. Still about the nests, eider 
 ducks   ( Somateria mollissima  L.) and  shovelers   ( Anas sp .) have been observed using 
feces to protect their own (Swennen  1968 ), while insectivorous Eurasian roller  nest-
lings   ( Coracias garrulus  L.) emit an orange oral secretion as defense against poten-
tial predators (Parejo et al.  2013 ). Through olfaction, the same vomit can even 
inform the parents about recent attacks at their nests and modulate their parental 
cares (Parejo et al.  2012 ). Currently, the classic example of repulsive secretion in 
birds is found in hoopoes. Both adults and young rely on pungent odors and smelly 
substances to dissuade potential predators. In this species, extreme malodorous 
 VOCs   and other chemicals are produced in the uropygial gland, some through bac-
terial transformation of ubiquitous organic precursors (Ligon  2001 ). Multiple func-
tions have been assessed or hypothesized for such secretions: repellent effect against 
predators of both adults and hatchlings (nests are covered with uropygial secretion 
by parents); direct attraction of small invertebrate prey (e.g. insects) for fl edglings 
in the nest; and antimicrobial activity protecting young hoopoes against numerous 
infections (Martin-Platero et al.  2006 ; Martín-Vivaldi et al.  2010 ). 

 As suggested earlier, studies on odorous chemical defenses in birds are complex 
to carry out, as the studied volatiles may fl uctuate considerably. Uropygial and other 
secretions show great variability, depending on several environmental and genetic 
parameters (Ruiz-Rodríguez et al.  2014 ). Comprehensive investigations are required 
to obtain better knowledge of the importance and use of odoriferous protections in 
birds. Axes of research may include juvenile-adult specifi cities, types of nests, sea-
sonality, or migration behaviors. For instance, the possible development of apose-
matic colors linked to avian malodorous defensive abilities has only been recently 
investigated in four European Coraciiformes and Upupiformes species, suggesting 
that their colorful plumages do not reduce attacks by potential predators (Ruiz- 
Rodríguez et al.  2013 ). Finally, in-depth approaches are required to disentangle the 
respective roles of the same avian volatile. This remains a real challenge, because 
the same group of odors might be used in defense, intraspecifi c information, and 
reproduction. Such multiple functions have already been observed in the crested 
auklets (Hagelin and Jones  2007 ).     
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20.2     Foul-Smelling Defense of a Brood Parasitic Bird and Its 
Consequences 

20.2.1     Avian Interspecifi c Brood Parasitism 

   Among all the various ecological interactions observable between birds, brood par-
asitism has drawn the attention of scientists for decades. Interspecifi c avian brood 
parasites lay eggs and leave their progeny in the nests of other species. Many but not 
all cuckoos (fam. Cuculidae) are commonly associated with typical brood parasites 
in birds. Usually, hosts raise the foreigner hatchling and undergo massive reduction 
of their own reproductive success. This failure can be due to either evicting para-
sites, which clear the nest of native eggs and offspring, or from non-evicting para-
sites, whose chicks can monopolize parental care and drive native offspring to starve 
to death (Spottiswoode et al.  2012 ). In evolutionary biology, the arms race between 
brood parasites and their hosts has been studied thoroughly. Host parents are known 
to harass parasitic adults in the proximity of the nest, or to remove parasitic eggs 
(Kilner and Langmore  2011 ). Generally, this leads to a costly waste of time and 
effort. In addition, harassment attempts present some risks, as adult parasites are 
often bigger and stronger than parasitized species. On the other side, many alien 
eggs imitate the legitimate ones in terms of size, shape, and color pattern, limiting 
effi cient ejection by hosts, whereas under particular conditions some parasitic spe-
cies can discourage their ejection with punitive actions against the entire host nest 
(the mafi a hypothesis or mafi a-like behavior) (Zahavi  1979 ). Despite this arms race, 
it has been hypothesized that the absence of defense might be seen between a brood 
parasite and its host, if: (1) interaction is too recent for there to have been the neces-
sary time for defenses to evolve; (2) costs of defenses exceed their benefi ts; (3) 
presence of the parasite might be benefi cial to its host, as suggested half a century 
ago (Smith  1968 ). This last counterintuitive possibility, tested successfully on giant 
 cowbirds   ( Molothrus oryzivorus , Gmelin 1788) in the late 1960s, was never repli-
cated (Davies  2000 ). Recently, our new observations in a non-evicting cuckoo-host 
system with the release of avian-produced volatile defense have revealed remark-
able outcomes supporting the controversial Smith’s hypothesis (Canestrari et al. 
 2014 ). More than an isolated case, these observations strengthen the crucial role and 
the importance of VOCs emitted by birds at various ecological levels.    

20.2.2     Malodorous Secretion Produced by a Juvenile Brood 
Parasite Modifi es Host–Parasite Interaction: 
A Concrete Case 

   For both avian connoisseurs and the population in general, cuckoos are infamous for 
their brood parasitic members. This label is partly wrongfully appropriated, the major-
ity of the cuckoo species raising their own chicks like other birds. Among the parasitic 
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 cuckoos  , more than 50 species are obligate brood parasites, laying their eggs in nests 
built by unrelated bird species. Few are non-obligate brood parasites, but occasionally 
place their eggs in the nests of other members of the same species (Payne  2005 ). 

 In southern Europe, the great spotted  cuckoo   ( Clamator glandarius  L.) is a com-
mon brood parasite of corvids, mainly magpies (  Pica pica  L.)  . This non-evicting 
 cuckoo species   frequently outcompetes magpie nestlings for food, and is therefore 
responsible for major reproductive failure in this host, which has evolved defensive 
strategies to discourage adult cuckoos from laying their eggs (Arías de Reyna  1998 ). 
As far as possible, parent magpies also try to remove cuckoo eggs (Soler et al. 
 1999a ,  b ). In northern Spain, great spotted cuckoo chicks are also found in the nests 
of carrion crows (  Corvus corone corone  L.)  , which, unlike magpies, are larger than 
the parasite. In these nests, legitimate and parasitic hatchlings are frequently raised 
together (Pict.  20.1 ), and crows surprisingly do not show any defensive arsenal 
against their brood parasite (Canestrari et al.  2009 ). As in the controversial hypoth-
esis of Smith, a benefi cial brood parasite might explain the lack of host-parasite 
defenses observed in this system, opening the door to further investigations.

       Those researches were carried by Daniela Canestrari and her colleagues during 
the last 16 years. During this period, intensive observations and monitoring on crow 
reproductive success in hundreds of nests ( n  = 741) and territories ( n  = 109) showed 
that parasitized and non-parasitized host nests produce, on average, an equivalent 
number of young crows annually (1.584 ± 0.149 vs. 1.379 ± 0.068, respectively; 
 z  = 0.390,  p  = 0.694,  n  = 550) (Canestrari et al.  2014 ). This unusual outcome derives 
from the combination of two counterbalancing effects: surprisingly, parasitized 
nests are more likely to successfully complete the reproductive cycle (i.e. are more 
likely to fl edge at least one crow) compared with non-parasitized ones, whereas in 
successful nests fewer crow fl edglings are produced if a cuckoo chick is present, as 
a consequence of competition for food among host and parasitic chicks (Canestrari 
et al.  2014 ). Experimental translocations of cuckoo hatchlings from parasitized to 
 non-parasitized nests   showed that nests where a cuckoo was added experienced an 

  Pict. 20.1    An example of 
 a   non-evicting brood 
parasite that does not 
monopolize all crucial 
resources. In this nest, one 
great spotted cuckoo chick 
and three carrion crow 
fl edglings are raised 
together successfully. This 
contributes to reduce the 
negative outcomes for the 
host. Courtesy of 
D. Canestrari and 
V. Baglione       
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increased probability of fl edging at least one crow chick compared to naturally 
non- parasitized nests, while nests where the cuckoo was removed failed more often 
than naturally parasitized nests. In a parallel control treatment, crow chicks were 
translocated among naturally non-parasitized nests, in order to exclude a possible 
confounding effect of brood size change (Canestrari et al.  2014 ). These results dem-
onstrate that having a cuckoo chick in the nest is responsible for the advantageous 
effect on nest success, discarding the possibility that cuckoo adults defending the 
nest where they have laid eggs (Soler et al.  1999a ,  b ) is the mechanism behind the 
patterns observed in the long-term dataset. The most plausible explanation for the 
positive effect of parasitism on crow nest success is increased nest protection against 
potential predators, through a copious, foul-smelling secretion released by juvenile 
cuckoo chicks when frightened by an intruder in the vicinity of the nest (Pict.  20.2 ). 
Interestingly, only nestlings produce such secretion in this species, adults being 
unable to emit this mixture even when threatened. The supposed repulsiveness of 
this pungent emission and its benefi cial effect were tested in several ways: (1) gas 
chromatography and mass spectrometry (GC-MS) were used to identify and quantify 
the volatile blend from the cuckoo  secretion  ; (2) an artifi cial transparent solution 
mimicking the odor of juvenile cuckoo excretion was synthetized in order to assess 
the exact role of volatiles in repulsiveness; (3) deterring tests of both natural secre-
tion and artifi cial solution were carried out on representative nest predator species 
(Canestrari et al.  2014 ; Röder et al.  2014 ).

     1.    First of all,  VOCs   released by the juvenile parasite secretion were trapped with 
the  solid phase microextraction (SPME)   technique and analyzed with GC-MS 
(Röder et al.  2014 ). The results revealed a caustic mixture of malodorous organic 
volatiles, which must deter most of the usual mammalian and avian nest preda-
tors (Fig.  20.1 ). Several short-chain fatty acids (e.g. propanoic, butyric, valeric 
acid, etc.), organosulfur compounds (dimethyl disulfi de, dimethyl trisulfi de, etc.), 
phenolic compounds (e.g.  p -cresol), and indoles (e.g. indole and scatole) were 

  Pict. 20.2    Upon 
harassment, a juvenile 
great spotted  cuckoo   
releases its  defensive 
  foul-smelling secretion. 
The odors from this 
emission can repel most 
nest predators. Courtesy of 
D. Canestrari and 
V. Baglione       
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well represented in this emission and create rancid and rotten perfumes, known 
to repel predators such as coyotes, dogs, or wolverines (Lehner et al.  1976 ; Landa 
and Tømmerås  1997 ).   

   2.    In the overall repellent effect of the secretion, an evaluation of the effi ciency of 
volatiles alone was not possible, as the natural secretion is dark tinted and sticky. 
To disentangle these traits, a liquid synthetic blend that mimicked the odor of 
juvenile cuckoo secretion was obtained by mixing together the 22 pure standards 
of the dominating volatile compounds found in the natural emission. In this 
 solution, the ratios between the 22 compounds were based on the analytical 
results for four different defensive secretions of young great spotted cuckoos 
(Röder et al.  2014 ).   

   3.    Finally, repellent properties of the juvenile cuckoo secretion were tested in wild, 
semi-captive and captive mammals and birds used as models of potential preda-
tors of crow nests. As expected, both natural secretion and artifi cial solution 
caused a clear deterrence in  quasi  feral cats that usually hunt in the neighbor-
hood, carrion crows which show intraspecifi c predation, and hand-raised raptor 
birds (  Falco sp .)   (Table  20.1 ) (Canestrari et al.  2014 ; Röder et al.  2014 ). In arti-
fi cial solution trials, one exception has to be mentioned regarding the carrion 
crows: they consumed the same amount of treated and control chicken baits. 
In this species, visual cues might play a role in repulsiveness, whilst a non-
repellent effect by the odor of the secretion alone would be logical in terms of 
feeding habits (carrion feeders), as well as the care at the nest that adoptive crow 
parents must offer even after a cuckoo hatchling has released the secretion. 

  Fig. 20.1     Representative   chromatographic profi le of the volatiles found in defensive excretion of 
the great spotted cuckoo hatchling. The volatiles were analyzed by various methods (Canestrari 
et al.  2014 ), including the SPME method shown here. The major compounds are: 1, acetic acid; 2, 
propanoic acid; 3, dimethyl disulfi de; 4, isobutyric acid; 5, butyric acid; 6, pivalic acid; 7, isovale-
ric acid; 8, 2-methylbutanoic acid; 9, valeric acid; 10, α-pinene; 11, dimethyl trisulfi de; 12, phenol; 
13, caproic acid; 14, 3-carene; 15, 2-ethylhexanol; 16, limonene; 17, acetophenone; 18,  p -cresol; 
19, nonanal; 20, camphor; 21, dimethyl tetrasulfi de, 22, indole; 23, skatole; 24, longicyclene; 25, 
longifolene       
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These recent fi ndings offer a signifi cant breakthrough, being one of the fi rst 
studies to identify and test exhaustively avian-produced volatiles and their repel-
lent effects on potential predators. Furthermore, they confi rm that juvenile great 
spotted cuckoo use such preventive emissions for protection, and by extension 
the entire crow nest against intruders. The annual outcome of crow/cuckoo inter-
action is context- dependent. As the presence of cuckoos reduces nest failure due 
to predation, raising a cuckoo chick conveys a net benefi t in terms of annual 
reproductive success for crow foster parents only in years with high predator 
pressure, while in years with low predation, parasitized crows produce, on aver-
age, fewer young and the net effect of parasitism is negative. Additional records 
on laying date, dependency period, annual adult survival, effort to raise a cuckoo 
chick, the condition of crow fl edglings growing alongside cuckoos, or subse-
quent reproductive success of parasitized parents indicate that the costs of rais-
ing a parasitic chick in terms of adult provisioning effort do not erode the net 
benefi t on crow  reproductive success in years of high predation, because raising 
a cuckoo requires signifi cantly less effort than a crow chick, due to the smaller 
size and shorter dependence period of the parasite (Canestrari et al.  2014 ). 
Annually, all these parameters lead to a fl uctuation from parasitic to mutualistic 
interaction in this system. Because the abundance and composition of the preda-
tor community varies annually and geographically within the same host, and 
also differs among host species, the effect of the presence of a great spotted 
cuckoo chick on nest success is likely to vary with space and time within the 
same host, and among different host species.

       It may be argued that alternative mechanisms, such as the “farming” and “mafi a” 
hypotheses, which suggest a role of adult cuckoos as potential predators of non- 
parasitized nests (“farming”) or of parasitized nests where cuckoo eggs or chicks 
have been tossed out by host parents (“mafi a”) in order to force hosts to re-lay, may 

   Table 20.1    Repellant effects against potential nest predators   

 Repellent effect of  natural  secretion 
 Mammals ( quasi  feral cats)  Corvids (captive crows)  Raptors (captive raptors) 
  n  = 17   n  = 7   n  = 7 
 Ten pieces of chicken 
meat, treated or control 

 Six pieces, one at a time, 
three treated and three control 

 Six pieces, one at a time, 
three treated and three control 

 Strongly avoided;  p  = 0.01  Strongly avoided;  p  = 0.008  Strongly avoided;  p  = 0.001 
 Repellent effect of  artifi cial  blend 
  n  = 6   n  = 7   n  = 7 
 Ten pieces of chicken 
meat, treated or control 

 Six pieces, one at a time, 
three treated and three control 

 Six pieces, one at a time, 
three treated and three control 

 Strongly avoided;  p  = 0.014  Consumption equivalent; 
 p  = 0.755 

 Strongly avoided;  p  = 0.008 

  Both natural defensive secretion of juvenile great spotted cuckoo and synthetic solution mimicking 
its pungent odors were applied on chicken baits. Fisher’s Exact tests were used for statistical inter-
pretation. Complete experiments are described in Canestrari et al. ( 2014 ) and Röder et al. ( 2014 )  
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explain the increased success of crow nests with cuckoos (Zahavi  1979 ; Soler et al. 
 1995 ; Arcese et al.  1996 ). However, both hypotheses can be discarded (Canestrari 
et al.  2014 ). A “farming strategy” is not consistent with the patterns found in the 
long-term dataset, where failure rate of non-parasitized nests was higher at the 
hatching stage but not at the egg stage, when crows are more likely to re-lay upon 
failure and thus adult cuckoos are expected to destroy host clutches. Furthermore, 
annual failure rate of non-parasitized nests did not increase with annual parasitism 
pressure (which is expected under the “farming hypothesis” scenario). Theoretically, 
a “mafi a tactic” by adult cuckoos may be responsible only for the increased failure 
rate of experimental nests where cuckoo chicks were removed (as crows do not toss 
out alien eggs or chicks from the nest), but it cannot explain why nests where cuck-
oos were added experienced an increased success. 

 Based on our long-term fi eld observations, carrion crow parents are not monopo-
lized if they raise a foreigner cuckoo chick in their nests, suppressing the likely 
development of costly but useless defenses. The simple chemical signals produced 
by this juvenile brood parasite species illustrates the role and the importance that 
avian odors and sense of smell can have in precise ecological interspecifi c interac-
tions. The system offers a signifi cant advance in brood parasitism, as well as in 
research considering the importance of volatile cues in vertebrates.     

20.3     New Perspectives in Malodorous Avian Chemical 
Defenses 

   Pioneering studies carried out on great spotted  cuckoos                     and their carrion crow hosts 
have brought as many questions as answers. This opens new perspectives of research 
in avian chemical ecology. In many circumstances, both interspecifi c and intraspe-
cifi c interactions are of ecological importance. In the paradoxical interactions 
between a brood parasitic bird and its host, what might be the various consequences 
when  VOCs   are emitted by one species cohabiting with another? Most of the brood 
parasite–host interactions have been well studied and documented, but never from 
the point of view of ecological effects ruled by odorants released from parasites or 
hosts. Based on the great spotted cuckoo—carrion crow system, many questions are 
currently being evaluated: (1) In the great spotted cuckoo, is the specialized secre-
tion very different from characteristic excrements? (2) Which anatomical structure(s) 
is/are responsible for the production of the mixture? (3) Is the secretion based on 
metabolic byproducts or biosynthesized by symbiotic bacterial strains? (4) Can an 
equivalent secretion be found in other brood parasitic bird species, and what is its 
effect? (5) Is the production and the effi ciency of such malodorous excretion cor-
related with a specifi c pattern of brood parasitism (e.g. evicting or non-evicting 
avian parasites; only in juvenile or at different ages; sedentary or migrant habits; 
host–parasite size ratio, etc.)? Further experiments will explore these paths. In the 
meantime, our recent investigations provide some hint of answers:
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  Fig. 20.2    This chromatographic profi le of the VOCs emitted by excrements of great spotted 
cuckoo chicks was obtained by the SPME method. Comparison with Fig.  20.1  underlines the dras-
tic differences between the foul-smelling volatiles of the defensive secretion and the less odorifer-
ous compounds found in the feces       

    1.    After initial batches of  VOCs   analysis carried out on the secretion produced by 
juvenile great spotted cuckoo, it has been necessary to test whether the defensive 
emission was a special excretion or a sort of natural excrements. New repulsive 
secretions of the great spotted cuckoo chicks were analyzed at the University of 
Neuchâtel (Switzerland). In addition, samples of excrements from each protago-
nist involved in this brood parasite–host system were added. All the different 
vials of fresh secretions and feces were sent from Spain in a frozen container at 
−20 °C. Immediately after arrival, volatile components were trapped with a solid 
phase microextraction (SPME) technique and analyzed with GC-MS, exactly as 
described in Röder et al.  2014 . The odors found in these secretions were then 
compared with those found in excrements of juvenile great spotted cuckoos, car-
rion crow hatchlings, and parental carrion crows (Fig.  20.1 ). The comparison of 
the odorant profi les showed evident differences both in composition and quan-
tity, as illustrated in Fig.  20.2 . This chromatogram presents the volatiles trapped 
from the excrements of juvenile great spotted cuckoo. For a human nose, the 
repulsive secretion produced by cuckoo chicks is undoubtedly the worst smelling. 
Various vomit and rancid perfumes are issued by carboxylic acids whilst 
remarkable amounts of  p -cresol or skatole are responsible for the standard odors 
of mammalian dirty hair and feces, respectively. On the other hand, excrements 
produced by birds showed diverse odorous profi les, but with few volatile com-
pounds and limited malodorous properties. After exhaustive data processing 
with MSD ChemStation Enhanced Data Analysis (Agilent), XCMS online 
(Scripps Center for Metabolomics), and MassLynx Mass Spectrometry Software 
(Waters), a principal component analysis (PCA) based on the constitutive ions 
of  VOCs   linked with GC-MS retention time attest the dissimilarities between 
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specialized repulsive emissions of the great spotted cuckoo chicks, and the feces 
produced by both cuckoos and carrion crows (Fig.  20.3 ). Identical lettering in 
this PCA shows that two different portions of each sample were analyzed sepa-
rately to assess the homogeneity of such production. Finally, fi ve corresponding 
control analyses were run aiming to exclude ghost peaks and to determine which 
of the chemicals were not of avian origin (Fig.  20.3 ). Without further analysis, 
our results prove that the defensive secretion emitted by the great spotted cuckoo 
chicks is special, and distinct from the usual excrements. This trait supports the 
defensive function of this secretion produced only in great spotted cuckoo 
nestlings.   

   2.    Until now, avian-produced malodorous volatiles have been mainly associated with 
uropygial glands, as in hoopoes (Cramp  1998 ), or with oils expelled from diges-
tive organs, as in procellariiformes (Swennen 1974; Clarke and Prince  1976 ) and 
nestlings of Eurasian rollers (Parejo et al.  2013 ). Interestingly, these two com-
mon origins are not the source of the defensive secretion of cuckoo nestlings. In 

  Fig. 20.3    Unsupervised  principal   component analysis (PCA) based on aligned features (ions) 
obtained with GC-MS analysis carried out on three great spotted cuckoo chick defensive secre-
tions, seven excrements (1 juvenile cuckoos—3 young crows—3 adult crows), and fi ve control 
samples. Each sample has been split in two parts and analyzed individually (same letter in the 
graphic). The more a sample is close to the controls ( white squares ), the less it smells. Variability 
exists in defensive secretion of the juvenile great spotted cuckoo but cannot be mistaken for any 
other classic droppings       
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the great spotted cuckoo, the exact place of production for this  mixture is not yet 
known. We can expect that with a sudden ejection of more than 10 ml, the respon-
sible gland or structure will be easily identifi ed and described soon. The avian anal 
gland, cloacal gland, or cecum are the best candidates to assume this function. 
Birds typically have paired ceca hosting numerous bacteria, which help in the 
digestion of various nutriments. Presently, this organ seems to show all the required 
traits to produce this foul-smelling secretion.   

   3.    The constitutive compounds of the secretion produced by the juvenile great spot-
ted cuckoo have a biochemical origin which remains unclear. The cecum and 
glands contain a rich bacterial fauna, which is commonly associated with the 
production of malodorous volatiles. Hence, a bacterial biotransformation of met-
abolic precursors is a logical explanation, as described in the uropygial gland of 
hoopoes and red-billed  woodhoopoe   ( Phoeniculus purpureus , Miller 1784). In 
hoopoe, the production of odoriferous excretion requires the presence  of 
   Enterococcus faecalis  (Martín-Vivaldi et al.  2010 ), whereas the uropygial gland 
of the red-billed woodhoopoe houses   Enterococcus phoeniculicola    among oth-
ers (Law-Brown and Meyers  2003 ). As we can imagine, the bacterial strains 
present in an uropygial gland may vary under several parameters, adding diver-
sity and variability in avian-produced volatiles (Lucas and Heeb  2005 ). In the 
secretion of  C .   glandarius   , high production of scatole (i.e. 3-methylindole), 
indole, and other unpleasant odorants supposes a comparable bacterial transfor-
mation, especially because avian excrements do not emit such compounds. 
Within bacterial communities, the enterobacteria (e.g.   Enterobacter cloacae )   are 
known to generate such molecules (Jensen et al.  1995 ). More interestingly, our 
previous repellence tests revealed an optimal protection against mammals. Here, 
we can hypothesize that evolution has developed an ideal odoriferous protection 
for great spotted cuckoo chicks. Indeed, predators remain strongly repelled by 
their own excrements, mainly to avoid disease and intoxication. Therefore, a 
juvenile cuckoo smelling like their own dung surely deters most mammals. It 
would not be a surprise if classic mammalian fecal bacteria would be present in 
the avian structure producing the defensive secretion, corroborating the expected 
bacterial origin of this protection.   

   4.    Interspecifi c parasitic cuckoo chicks cannot rely on their own parents for protec-
tion. Usually, smaller and weaker host parents raise them. For a juvenile cuckoo, 
the development of effi cient defenses might be a plus. Although the young great 
spotted cuckoos exhibit such malodorous defense, nothing is known in other 
parasitic bird species. Is the secretion of the great spotted cuckoo unique, or is 
there any equivalence in other species? Currently, this question is being evalu-
ated by comparison with the common cuckoo (  Cuculus canorus  L.)  , whose nest-
lings also produce a sticky secretion upon harassment (Pict.  20.3 ). Preliminary 
volatile analyses have been carried out on the secretion produced by young com-
mon cuckoos. As previously described, GC-MS was used to obtain chromato-
graphic descriptions of both the likely new defensive secretion and classic 
excrements of juvenile common cuckoo chicks. The fi nal publication is in prepa-
ration, but some informative results can be presented here. The unlabeled chro-
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matographic profi le shows the odorants found in the secretion released by young 
common cuckoos (Fig.  20.4 ). It suggests that odors are far from identical with 
those emitted by  C .   glandarius   . Compared with this species (see Fig.  20.1 ), the 
main malodorous volatiles are absent or very weak in the common cuckoo hatch-
lings. This highlights the great variability of such secretions, and suggests varia-
tion in the effectiveness of defense. The common cuckoo is an evicting brood 
parasite, which reduces strongly the reproductive success of its hosts. Compared 
with the great spotted cuckoo, both the strategy and needs are different. 
Consequently, we can expect that being alone in the nest with full parental care 
might have led to the evolution of different traits, including less fetid secretion 
ensuring that host parents will stay after emission. Obviously, the evolution of 
these defensive secretions might be under many selective parameters, and may 
have diversifi ed as a function of the main brood parasitic strategies.

  Pict. 20.3    A common 
cuckoo  fl edgling in 
defensive posture  , before 
the emission of its 
foul-smelling secretion. 
Courtesy of A. Trnka       

  Fig. 20.4    Another  defensive secretion   in a brood parasite: Preliminary chromatographic results of 
the volatiles released by juvenile common cuckoo upon threat. Visually, the secretion produced by 
common cuckoo hatchling looks like the one of the great spotted cuckoo chick, but chemically the 
constitution is very different. This odorant profi le was obtained by the SPME method       
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       5.    Finally, an extensive study of  odorous                     defensive secretions in parasitic cuckoos 
may reveal a correlation of various types of secretions with particular ecological 
patterns. In our studied organisms, only juvenile great spotted and common 
cuckoos are able to produce and release a specialized secretion against intruders. 
Is this true for all other parasitic cuckoo species, in which adults would be unable 
to use any malodorous defense? As described previously, the different strategies 
between evicting and non-evicting cuckoos may have consequences for the pro-
duction of odoriferous defenses. Moreover, many brood parasitic adults are 
migrant species, which may have an impact on the production, use, and effi -
ciency of likely smelly protections. With many other future questions, all these 
current interrogations are waiting for answers. These new perspectives will 
surely lead to new captivating fi ndings in the fi eld of avian-produced volatile 
defenses.    

20.4         Conclusion 

 Clearly, birds represent a group in which chemical signals are numerous, diverse, 
and essential. Today, the main types of olfactory communication and behaviors ini-
tially observed in mammals have been documented in one or another avian species. 
In some very specifi c ecological interactions, such as host–brood parasitism, avian 
odors can play an unsuspected but crucial role. In attempting to understand the rela-
tions between individuals, species, and their biotopes,  VOCs   should no longer be 
excluded. Here, we have showed that the extreme precariousness of interspecifi c 
brood parasite–host interactions might be strongly infl uenced by a few volatile mol-
ecules. A small emission of individual odorants may have serious ecological conse-
quences for an entire system. For researchers and ornithologists, this constitutes a 
great challenge, as well as some fantastic opportunities to work with emblematic 
systems and species, but with a new approach. Chemical ecology in birds is surely 
at the dawn of major discoveries.     
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    Chapter 21   
 A Review of Chemical Defense in Poison 
Frogs (Dendrobatidae): Ecology, 
Pharmacokinetics, and Autoresistance       

       Juan     C.     Santos     ,     Rebecca     D.     Tarvin     , and     Lauren     A.     O’Connell    

21.1            Introduction 

 Chemical defense has evolved  multiple                                             times in nearly every major group of life, 
from snakes and insects to bacteria and plants (Mebs  2002 ). However, among land 
vertebrates, chemical defenses are restricted to a few monophyletic groups (i.e., 
clades). Most of these are amphibians and snakes, but a few rare origins (e.g.,  Pitohui  
birds) have stimulated research on acquired chemical defenses (Dumbacher et al. 
 1992 ). Selective pressures that lead to defense are usually associated with an organ-
ism’s limited ability to escape predation or conspicuous behaviors and phenotypes 
that increase detectability by predators (e.g., diurnality or mating calls) (Speed and 
Ruxton  2005 ). Defended organisms frequently evolve warning signals to advertise 
their defense, a phenomenon known as aposematism (Mappes et al.  2005 ). Warning 
signals such as conspicuous coloration unambiguously inform predators that there 
will be a substantial cost if they proceed with attack or consumption of the defended 
prey (Mappes et al.  2005 ). However, aposematism is likely more complex than the 
simple pairing of signal and defense, encompassing a series of traits (i.e., the apose-
matic syndrome) that alter morphology, physiology, and behavior (Mappes and 
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Alatalo  1997 ; Hagman and Forsman  2003 ; Darst et al.  2005 ; Despland and Simpson 
 2005 ; Ozel and Stynoski  2011 ; Santos and Cannatella  2011 ; Zhen et al.  2012 ). 

 Several lineages within fi ve families of anurans have chemical defense and are 
known as poison frogs (i.e., Bufonidae, Dendrobatidae, Eleutherodactylidae, 
Mantellidae, and Myobatrachidae); see references for accounts in non-dendrobatid 
groups (e.g., Daly et al.  2005 ; Rodriguez et al.  2011 ). However, the most studied of 
these frogs are those within Dendrobatidae; our use of the term “poison frog” in this 
review will refer only to this group. For some time, defensive compounds in dendro-
batids were thought to be products of biosynthetic pathways that evolved once in 
this family (Myers et al.  1991 ). However, ecological and phylogenetic studies 
revealed that poison frogs sequester alkaloids from their diet and that this capacity 
has evolved at least four times across Dendrobatidae (Fig.  21.1 ). This evolutionary 
complexity makes dendrobatids an unparalleled model clade for the study of 
acquired defenses among vertebrates. Although much research effort has focused 
on natural product discovery and characterization of chemicals found in the skin 
of poisonous anurans, other aspects of poison frog ecology remain poorly studied. 
In this review, we present an integrative summary of dendrobatid chemical ecology 
with an evolutionary perspective, highlighting some of these poorly studied aspects 
and exploring potential avenues of future research.

21.2        Evolutionary Ecology of Dendrobatid Poison Frogs 

  Dendrobatidae is a monophyletic clade containing more than 300 species. All mem-
bers of this lineage are Neotropical endemics and common leaf litter inhabitants 
across tropical and mountainous forests in Central and South America (Santos et al. 
 2009 ). One species (  Dendrobates auratus )  , however, occurs outside of this range in 
O’ahu and Maui (Hawaii, USA) since its introduction as a pest control in 1932 
(McKeown  1996 ; Kraus and Duvall  2004 ). Most dendrobatid species have lowland 
distributions at altitudes of less than 2000 m and they tend to be diurnal, terrestrial, 
and locally abundant near streams. Many are popular pet trade animals, and many 
color morphs exist in the pet trade that do not exist in the wild (Lötters et al.  2007 ). 

 Approximately two-thirds of dendrobatids are considered to be nontoxic and 
cryptically colored. The remaining ~100 species are regarded as aposematic because 
they have both visual warning signals and defensive compounds (Summers and 
Clough  2001 ; Santos et al.  2003 ; Vences et al.  2003 ). Of the total 12 dendrobatid 
genera, six contain aposematic species:  Ameerega  (31 species),  Colostethus  (1 sp.), 
 Epipedobates  (6 spp.),  Dendrobates  (50 spp.),  Hyloxalus  (2 spp.), and  Phyllobates  
(5 spp.). The genus  Dendrobates  is the most studied and the focus of frequent 
taxonomic reviews (Myers  1987 ; Bauer  1994 ; Grant et al.  2006 ; Brown et al.  2011 ). 
Seven lineages within  Dendrobates  have been proposed as new genera (Fig.  21.1 ), 
which we consider as subgenera until further taxonomic work is provided. Other 
chemically defended but non-aposematic dendrobatids include members of 
  Aromobates   ,   Epipedobates   , and   Colostethus    (Myers et al.  1991 ; Daly et al.  1994b ; 
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Cipriani and Rivera  2009 ). The remaining dendrobatids in the genera   Allobates   , 
  Anomaloglossus   ,   Hyloxalus   ,   Mannophryne   ,   Rheobates   , and   Silverstoneia    are largely 
considered to lack chemical defenses (Grant et al.  2006 ). However, at least one spe-
cies of   Hyloxalus    (Santos et al.  2014 ) has defensive alkaloids (i.e.,  H. erythromos )    
and another ( H. azureiventris )    might be able to sequester them (Saporito et al. 
 2009 ; Santos and Cannatella  2011 ). In both instances, each species is closely related 
to non-defended   Hyloxalus    species, suggesting that there might be two indepen-
dent origins of chemical defense in this clade, in addition to the three other 
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  Fig. 21.1    Relative predominance (quantity and diversity) of different compound classes found in 
skin extracts of poison frogs of the family Dendrobatidae. Toxic and unpalatable genera are indi-
cated by approximate age in millions of years (MYA) since diversifi cation from their last common 
ancestor.  Colostethus  is split in two clades (i.e.,  Colostethus  1 and  Colostethus  2) because it is 
paraphyletic with respect to  Ameerega  (i.e.,  Colostethus  2 is the sister taxa to  Ameerega ). The 
number of species in each genus/subgenus that has been tested for alkaloid presence is indicated 
over the total number of species in that genus. Diet is indicated by the percentage of the most 
representative prey items that are known sources of alkaloids: ant and mites. The relative predomi-
nance of each alkaloid class was determined by the sum of all the different compounds in that class 
multiplied by its quantity (i.e., trace, minor, major), then divided by the total number of species in 
the genus and fi nally adjusted to 100 %. Some uncertainties exist for chemical defense character-
ization. For example,  Dendrobates  ( Excidobates )  captivus  and  Hyloxalus azureiventris  have 
tested positively for presence or ability to sequester alkaloids but the identity of alkaloids seques-
tered in wild populations of these species is unknown (indicated by *). The abbreviation of alka-
loid classes is as follows:  Pyr  Pyrrolidines,  Pip  Piperidines,  5,8-I  5,8-disubstituted indolizidines, 
 5,6,8-I  5,6,8-trisubstituted indolizidines,  3,5-I  3,5-disubstituted indolizidines,  Qui  Quinolizidines, 
 Epiq  Epiquinamide,  3,5-P  3,5-disubstituted pyrrolizidine,  Lehm Lehmizidines ,  PTX/aPTX  
Pumiliotoxins/Allopumiliotoxins,  DHQ  Decahydroquinolines,  HTX  Histrionicotoxins,  CPQ  
Cyclopentaquinolizidines,  Spiro  Spiropyrrolizidines,  GTX  Gephyrotoxins,  BTX  Batrachotoxins, 
 Epib  Epibatidines,  Pyrid  Pyridinic alkaloids,  Indol  Indolic alkaloids,  TTX  Tetrodotoxin,  Mercap  
Mercaptan-odor,  DEET  N,N-diethyltoluamide       
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well- studied origins in   Ameerega   ,  Dendrobates  +   Phyllobates   , and   Epipedobates   . 
More biochemical work is necessary to determine the extent of chemical defenses 
present in other purportedly non-aposematic species. 

 Both aposematic and non-aposematic dendrobatids breed nearly continuously 
throughout the year, but especially during rainy seasons. Almost all species use 
audiovisual signals during courtship, and their advertisement calls make them easy 
to locate (Zimmermann and Zimmermann  1988 ; Hödl and Amezquita  2001 ; Santos 
et al.  2014 ). Reproduction is largely terrestrial with egg masses deposited in leaf 
litter or phytotelmata (pools of water in leaf axils or bromeliads). Parental care is 
nearly ubiquitous in the group. Paternal care is the most common mode of parent-
ing, but maternal and biparental types of care have also been reported (Summers 
et al.  2006 ). Nursing frogs usually guard and hydrate eggs, transport tadpoles, and 
in some species, provide unfertilized eggs as food to offspring reared in phytotel-
mata (Weygoldt  1987 ; Summers and McKeon  2004 ). Only recently it was discov-
ered that these unfertilized eggs contain trace alkaloids, suggesting that some 
dendrobatid mothers may provide both food and chemical defense through parental 
care (Stynoski et al.  2014a ,  b ). 

 Natural selection via predation may have driven the evolution of chemical 
defense in poison frogs. There are few reports of predation on aposematic dendro-
batids, suggesting that their chemical defense is highly effective (Poulin et al.  2001 ; 
Santos and Cannatella  2011 ). Nevertheless, experimental evidence using clay model 
frogs suggests that avian predators are relatively important (Summers and Clough 
 2001 ; Saporito et al.  2007b ; Noonan and Comeault  2009 ; Rojas et al.  2014 ) and 
visual perception models support that birds are likely to recognize brightly colored 
poison frog species as conspicuous (Maan and Cummings  2012 ). However, natural 
history anecdotes suggest a diversity of predators including  birds   (e.g.,  Baryphthengus 
martii ; see Alvardo et al.  2013 ) and  snakes   (e.g.,  Rhadinaea decorate ; see Lenger 
et al.  2014 ). In fact, most accounts refer to snake predation (69 % or 25/36 events), 
followed by spiders (17 % or 6/36), then birds (6 % or 2/35), and a few others (9 % 
including ants, fi sh, and crabs). Consequently, poison frogs might be under selec-
tion by multiple predators with diverse sensory biases and varied tolerances to den-
drobatid defenses (Santos and Cannatella  2011 ). Alternatively, it is possible that 
aposematic species do not have specialized predators and that most predation events 
come from inexperienced individuals sampling aposematic frogs for the fi rst time. 
Such learned avoidance is a critical prediction of the evolution and maintenance of 
aposematism (Speed and Ruxton  2005 ). 

 Dendrobatid defensive compounds appear to deter diverse organisms (Tables  21.1 , 
 21.2  and  21.3 ). However, the toxic and repellent effects of these substances on preda-
tors and their possible accumulation at higher trophic levels are relatively unstudied. 
Dendrobatid species with signifi cant quantities of toxic alkaloids, such as members 
of   Phyllobates   ,  Dendrobates  sensu lato,   Ameerega ,   and   Epipedobates    should have a 
large impact on their ecological communities. Organisms that consume these poison 
frogs may become toxic to their own predators, cascading the effects of alkaloid 
accumulation up the trophic chain. Likewise, poison frogs may impact lower trophic 
levels by altering the diversity and abundance of their arthropod prey because most 

J.C. Santos et al.
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defensive substances sequestered by these frogs come from specialized diets (Daly 
et al.  1994a ; Caldwell  1996 ). More ecological studies will reveal the impact of toxic 
dendrobatids on the ecological dynamics of their communities. 

21.2.1         Diet and Defense in Dendrobatidae 

  There is a tight association between diet and defense within Dendrobatidae (Daly 
 1998 ). In the wild, dendrobatids feed continuously during the day and actively 
defend territories that are likely associated with food and chemical defense resources 
(Caldwell  1996 ; Pröhl  2005 ). Diet specialization on alkaloid-bearing arthropods 
such as ants and mites is phylogenetically correlated with origins of chemical 
defense (Darst et al.  2005 ); both have evolved in parallel in at least three clades of 
aposematic dendrobatids (Fig.  21.1 ;  Epipedobates ,  Ameerega , and  Dendrobates )      . 
These lineages include diet specialists that have morphological and biomechanical 
adaptations that allow them to consume large quantities of diminutive prey (i.e., 
microphagy), including changes in tongue shape and use (elongated, narrow, fast 
and shooting), reduction of teeth, and compaction of cranial shape (Toft and 
Duellman  1979 ; Toft  1980 ,  1981 ,  1995 ; Emerson  1985 ; Lieberman  1986 ; Donnelly 
 1991 ; Simon and Toft  1991 ; Vences et al.  1998 ). 

 Most dendrobatid alkaloids appear to have a dietary origin. Identical alkaloids 
have been found in leaf litter arthropods (e.g., ants, mites, and millipedes) and den-
drobatids; moreover, wild-caught frogs kept in captivity show a marked reduction 
in alkaloid diversity and quantity (Daly et al.  1992 ,  2000 ,  2002 ; Saporito et al.  2003 , 
 2004 ; Jones et al.  2012 ). However, a few chemicals found in dendrobatids may have 
another source (Tables  21.1 ,  21.2  and  21.3 ). For example, one cryptic dendrobatid 
  Colostethus panamansis  has   tetrodotoxin (TTX) (Daly et al.  1994b ). The mecha-
nisms of acquisition, transport, and storage of TTX by this frog are unknown, but in 
other TTX-defended systems this substance is usually produced by endosymbiont 
bacteria or sequestered following the consumption of other TTX-defended prey 
(Daly et al.  1997 ; Chau et al.  2011 ; Wood et al.  2012 ; Bane et al.  2014 ). Another 
interesting case is   Aromobates nocturnus   , a nocturnal species that releases a pun-
gent (mercaptan) defensive odor when handled (Myers et al.  1991 ). Unfortunately, 
individuals of this species have not been found for at least 20 years (Barrio-Amoros 
et al.  2011 ). However,   Aromobates    relatives are common at lower elevations 
(~2000 m) in geographic regions close to the known distribution of  A .   nocturnus    in 
the Merida Andes in Venezuela. Interestingly, some of these sympatric  Aromobates  
(e.g.,  A. saltuensis )    release a similar mercaptan odor when manipulated (Barrio- 
Amoros and Santos  2012 ; JCS  pers. obs .). 

 The ultimate origin of dendrobatid alkaloids is a topic of continuous research, 
although many are found in arthropods, including ants (formicine and myrmicine), 
coccinellid beetles, siphonotid millipedes, and oribatid mites (Table  21.1 ; see also 
Saporito et al.  2009 ). Some alkaloids might be produced by plants, which are con-
sumed by arthropods and then taken up by poison frogs (Daly et al.  1999 ; Saporito 
et al.  2012 ). For example, the chimonanthine and calycanthine alkaloids found in 
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  Phyllobates terribilis    (Daly et al.  1999 ) might originate from syntopic   Psychotria    
(Rubiaceae) plants (Verotta et al.  1998 ). Several genera of ants are attracted to and 
consume  Psychotria  including   Solenopsis    ( Diplorhoptrum ) sp.,  which   is an ant genus 
found in stomachs of several poison frog species (Born et al.  2010 ; Arce- Dominguez 
and Rengifo-Mosquera  2013 ; Bieber et al.  2013 ). Alternatively, evidence also sup-
ports that ants (and to a lesser extent, mites) are in fact producing alkaloids, rather 
than acting as intermediaries (Jones et al.  2012 ; Saporito et al.  2011 ). Recent obser-
vations (LAO unpublished data) of the diet of  D . ( Oophaga )  sylvaticus  show a preva-
lence of several species of fungus-growing ants, which are known to be in close 
association with diverse bacteria and fungi symbionts (Mueller et al.  1998 ; Currie 
et al.  1999 ). Hence, some dendrobatid alkaloids may actually originate in plants and 
microbes, but so far they have only been traced to their arthropod diet.   

21.2.2     Toxicity and Unpalatability 

  Poison frog alkaloids can be toxic (i.e., causing damage to the consumer), unpalat-
able (i.e., distasteful or repellent to predators), or both. Among the fi rst to notice the 
toxicity of dendrobatids were the Native Americans of the Chocoan Emberá and 
Noanamá tribes in Western Colombia (Myers et al.  1978 ). Several anthropologists, 
ethnologists, and zoologists have described in detail how these indigenous people 
use skin extracts of   Phyllobates    frogs to poison blowgun darts to hunt large game 
(Cochrane  1825 ; Posada-Arango  1883 ; Wassen  1935 ; Marki and Witkop  1963 ). 
These observations attracted the attention of biochemists, who were interested in 
understanding the basis of poison frog toxicity. Early work focused on the physio-
logical effects of dendrobatid alkaloids in model organisms such as mice, rats, and 
frogs (Daly and Myers  1967 ; Daly and Spande  1986 ; Daly et al.  1999 ). Thereafter, 
the rapid development of gas chromatography–mass spectrometry stimulated 
intense work on alkaloid structure, classifi cation, synthesis, and mechanism of 
action (Daly et al.  1978 ,  1987 ,  1999 ; Saporito et al.  2012 ). A summary of the toxic 
and unpalatable effects of these dendrobatid compounds is provided in Tables  21.1 , 
 21.2  and  21.3 . 

 An early method used to detect chemical defense in anurans was tasting (e.g., 
licking) their skin secretions (Neuwirth et al.  1979 ). Species rich in alkaloids (e.g., 
 Dendrobates  sensu lato) were usually described as bitter and causing burning and 
numbing sensations (Myers and Daly  1976 ; Neuwirth et al.  1979 ). These observa-
tions led researchers to propose that some dendrobatid chemical defenses may not 
actually be lethal (Daly et al.  2005 ). Certain classes of dendrobatid compounds with 
low toxicity instead appear to be distasteful to a broad diversity of predators, even 
at small quantities (Daly et al.  2005 ). Such repellents may allow potential predators 
to rapidly develop an aversion to consuming poison frogs because they will recall 
their unpleasant taste (Darst and Cummings  2006 ; Bassoli et al.  2007 ). Among 
these unpalatable compounds are histrionicotoxins (HTX) and decahydroquinolines 
(DHQ), which have relatively low toxicity in mammals (Daly and Spande  1986 ), 
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and several types of izidines (e.g., indolizidines, pyrrolizidines, and quinolizidines), 
which are considered bitter or unpalatable (Table  21.1 ). However, aside from their 
unpleasant taste, some HTXs, DHQs, and izidines are surprisingly toxic to arthro-
pods that might parasitize poison frogs (Table  21.3 ). Interestingly, these substances 
also appear to have antibiotic and antifungal properties although this should be fur-
ther investigated (Macfoy et al.  2005 ). 

 The evolutionary signifi cance of toxicity versus unpalatability in dendrobatids is 
a topic of continuous research. To frame this hypothesis phylogenetically, we deter-
mined relative measurements of both properties based on how predominant each 
compound class is among the genera of poison frogs (Fig.  21.1 ). However, we 
emphasize that many of the species that potentially have defensive compounds have 
not been analyzed and some surveys show signifi cant variation among species and 
even individuals (Daly et al.  1978 ,  1992 ; Saporito et al.  2007a ). Given these caveats, 
we summarize the following observations. Most species within  Dendrobates  sensu 
lato are both toxic and unpalatable as many of their members have PTX/aPTXs 
(toxic) and DHQ, HTX, and izidines (unpalatable) as predominant alkaloid classes 
(i.e., >50 μg/100 mg of frog skin). Most notable in this group is the subgenus 
  Oophaga   , >90 % species of which have PTX/aPTX as its major alkaloid type. 
  Phyllobates    and   Epipedobates   , on the other hand, are toxic with predominance of 
BTX, PTX 251D and epibatidine alkaloids respectively, but they are relatively poor 
in unpalatable compounds such as DHQs, HTXs, and izidines.   Ameerega    is mostly 
unpalatable and less toxic, with a predominance of DHQ and HTX alkaloids. Insect 
repellent compounds have also been isolated from   Ameerega    species, including 
DEET (N,N-diethyltoluamide) and polyzonamine, which might function against a 
broad spectrum of ectoparasites.    

21.3     Acquiring Chemical Defenses: A Pharmacokinetics 
Perspective 

  Although very little is known about the physiological mechanisms of toxin seques-
tration and chemical modifi cation in poison frogs, recent technological advances 
have opened the possible exploration of these unique biological mechanisms like 
never before. The question of how poisonous amphibians have evolved physiologi-
cal mechanisms to sequester dietary chemical defenses is essentially a study in 
pharmacokinetics. Here we discuss current and future directions in advancing our 
understanding of the mechanistic basis of toxin acquisition and storage in amphib-
ians. Approaching this topic of toxin physiology will require pursuing questions 
within an integrative framework and combining methods in genomics, proteomics, 
and pharmacology. 

 A dendrobatid’s ability to sequester alkaloids is genetic, as captive-raised den-
drobatids fed with alkaloid-dusted fruit fl ies are able to uptake, modify, and accu-
mulate most alkaloids (Daly et al.  1994a ,  2003 ; Saporito et al.  2009 ). Dermal 
granular glands are the main alkaloid storage organs and are responsible for their 
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release, but some reports also suggest that small traces of alkaloids are present in 
other tissues including liver, muscle, and oocytes (Neuwirth et al.  1979 ; Delfi no 
et al.  2010 ; Saporito et al.  2010b ,  2012 ; Prates et al.  2012 ; Stynoski et al.  2014a ). 
The number and size of granular skin glands increases allometrically with body 
size, allowing larger and older frogs to accumulate more alkaloids than juveniles 
(Saporito et al.  2010b ). However, the physiological mechanisms of alkaloid seques-
tration are topics of ongoing research. 

 As poison frogs acquire chemical defenses through their diet (Saporito et al. 
 2012 ), the fi rst candidate tissue to uptake small molecule lipophilic alkaloids is the 
intestine. The gut has long been known to play a major role in the oral bioavailabil-
ity of compounds in the context of orally prescribed drug absorption in humans 
(Zhang and Benet  2001 ). Lipophilic compounds, like alkaloid toxins found on many 
poisonous amphibians, undergo passive absorption in the gut, but that does not 
imply that lipophilic compounds pass through the gut into the blood unhindered. In 
many organisms, the fi rst line of defense against ingested toxic substances is a series 
of membranes between the gut epithelium and the blood. Within these barriers are 
highly expressed protein families that interact with dietary compounds, including 
the ABC (ATP-binding cassette) transporters that promiscuously bind compounds for 
transport either back into the lumen for excretion or into the blood for circulation, 
and the cytochrome p450 family of enzymes that metabolize compounds (Chan 
et al.  2004 ). Some ABC effl ux proteins are known to transport alkaloid compounds 
that are used in cancer treatments (Chan et al.  2004 ), and it is likely they transport 
other lipophilic alkaloids as well, making them good candidates for sequestration of 
alkaloid toxins in amphibians. It is currently unknown if dietary alkaloids that suc-
cessfully surpass these fi ltering mechanisms are sequestered in the skin (rather than 
being excreted) or if poisonous amphibians have altered expression patterns of these 
protein families in the gut to prevent loss and favor uptake of dietary alkaloids. 

 Much of the circulating blood is fi ltered through the liver, an environment rich in 
enzymes that metabolize and neutralize potentially toxic substances. The cyto-
chrome p450 superfamily of enzymes is highly abundant in the intestines and espe-
cially in the liver, and is best known for metabolism of drugs through oxidation 
(Danielson  2002 ). Although many of the frog alkaloid toxins are sequestered 
unchanged through the diet, there is one example of a compound that is chemically 
modifi ed by frogs. Some species of South American frogs can stereoselectively 
hydroxylize PTX (+)-251D to aPTX (+)-267A, which is roughly fi vefold more toxic 
than its precursor (Daly et al.  2003 ). Although only a few species in the Dendrobatidae 
clade were tested, only frogs in the  Dendrobates  genus were able to metabolize 
pumiliotoxin into allopumiliotoxin, whereas this chemical modifi cation was not 
observed in species in the genus   Phyllobates    or in the more distant   Epipedobates   . 
As the conversion from PTX (+)-251D to aPTX (+)-267A involves a 7- hydroxylation, 
obvious candidate enzymes for this metabolism are members of the cytochrome 
p450 family. The question of how dendrobatids can accomplish this conversion, but 
  Phyllobates    or   Epipedobates    cannot, remains to be determined. With next- generation 
sequencing technologies becoming common for nontraditional model species, a 
molecular evolution study comparing the cytochrome p450 family would be a step 
forward towards understanding these differences in toxin metabolism. 
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 As alkaloid toxins are sequestered in various tissues, they must eventually be 
bound and transported in the blood, passing through various tissues to eventually 
accumulate in the skin; however the identity of such alkaloid transporters in poison 
frogs is unknown. There is little known about proteins that bind neurotoxins in gen-
eral, with the exception of saxitoxin, a shellfi sh alkaloid neurotoxin that targets 
sodium channels in a manner similar to tetrodotoxin (Terlau et al.  1991 ). In plasma, 
saxitoxin is bound by saxiphilin, a unique member of the transferrin family of Fe 3+ -
binding proteins that has evolved to bind alkaloid toxins (Morabito and Moczydlowski 
 1994 ). Saxiphilin was initially discovered in the plasma of the North American 
 bullfrog   ( Rana catesbeiana ) (Mahar et al.  1991 ), but it was then determined that this 
protein is highly conserved throughout animals as a mechanism to bioaccumulate 
shellfi sh toxins encountered in the environment away from the animal’s nervous 
system (Llewellyn et al.  1997 ). It is possible that a similar mechanism has evolved 
in poison frogs, with neofunctionalization (e.g., a paralog gene that takes on a totally 
new function) of transport carrier proteins to bind and transport alkaloids in plasma 
en route to the skin granular glands where toxins are stored until secretion (Neuwirth 
et al.  1979 ). Once more genetic information becomes available for poison frogs, 
molecular evolution methods could be employed to determine candidate genes that 
may play a similar role as saxiphilin in the binding and transport of alkaloid toxins 
compared to nontoxic amphibians. 

 Well-studied examples of toxin sequestration and storage mechanisms and their 
fi tness consequences are insect herbivores that specialize on alkaloid-producing 
plants. In many of these cases, the host-plant derived alkaloids are pyrrolizidines 
coopted for defense by some moths, beetles, and other insects (see Opitz and Muller 
 2009  for detailed review). Some plants synthesize these pyrrolizidines in a non-
toxic N-oxide form, which is unstable and easily reduced to a toxic form in the 
insect gut by cytochrome p450s (Hartmann et al.  1997 ,  1999 ; Narberhaus et al. 
 2005 ). Moths adapted to specialize on pyrrolizidine-producing plants have devel-
oped a monooxygenase that reoxidizes the toxic alkaloid into the N-oxide form 
where it is stored in tissues inaccessible to cytochrome p450s (Lindigkeit et al. 
 1997 ; Naumann et al.  2002 ). Interestingly, controlled feeding experiments with 
labeled alkaloids have shown beetles that specialize on pyrrolizidine-producing 
plants have a specifi c membrane carrier for the pyrrolizidine alkaloid senecionine 
(Narberhaus et al.  2004 ), although the exact protein has yet to be identifi ed. In 
some arctiid insects, many of these alkaloids sequestered from the diet are stored 
and repurposed for critical roles in reproductive behavior (Conner et al.  1981 , 
 2000 ). Females store alkaloids in eggs (Dussourd et al.  1988 ), which has recently 
been shown to occur in poison frogs (Stynoski et al.  2014a ). Similarly, male arctiid 
insects incorporate alkaloids into spermatophores (Dussourd et al.  1988 ) and/or 
convert them into pheromones (Hartmann and Witte  1995 ; Hartmann et al.  2003 ). 
Females are highly attracted to these alkaloid-derived pheromones and prefer males 
with higher alkaloid content (Bogner and Boppre  1989 ), potentially selecting for 
more effi cient sequestration mechanisms (Eisner and Meinwald  1995 ; Opitz and 
Muller  2009 ). These studies in insects can inform new directions for researchers 
interested in poison frog sequestration mechanisms, such as specifi c membrane 
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transporters for alkaloids or how sequestration of alkaloids may play a role in poison 
frog reproduction and mate choice. 

 An example of the importance of considering pharmacokinetics in the study of 
frog chemical ecology is the strawberry dart frog [ Dendrobates  ( Oophaga )  pum-
ilio ]   . In this species, females have a greater quantity and diversity of alkaloids pres-
ent in the skin than males (Saporito et al.  2010a ). Although such differences tend to 
be explained by ecologists as purely environmental (i.e., males and females may 
have different foraging preferences, although diet was not examined in the above 
study), there is evidence in humans that there are many gender effects in pharmaco-
kinetics of orally administered compounds, especially involving drug binding and 
metabolism (Harris et al.  1995 ). It is possible then that there are also sex differences 
in absorption and/or metabolism of small lipophilic alkaloids in anurans and the 
relative contributions of diet and physiology need to be further dissected. 

 Although great and insightful work in chemical ecology of poisonous amphibians 
has mostly focused on descriptive ecological contributions (Saporito et al.  2012 ), the 
emergence of new high-throughput technologies has opened the doors to under-
standing the chemical ecology of poisonous amphibians in a mechanistic way. For 
example, RNA sequencing could be applied to dietary studies in poisonous frogs to 
determine how gene expression changes across various tissues with a toxic or non-
toxic diet. Whole transcriptome sequencing for many species is now possible and 
creates many opportunities to examine sequence variation in protein families that 
may be involved in toxin sequestration and metabolism. Moreover, the ease of 
sequencing a transcriptome now makes high-throughout proteomics possible, 
enabling the identifi cation of proteins that bind alkaloids, which would have been 
extremely diffi cult fi ve to ten years ago. We predict that harnessing these technolo-
gies will lead to rapid and informative advances in the fi eld of amphibian chemical 
ecology, moving the fi eld past correlative ecology and into a deeper mechanistic 
understanding of how amphibians have evolved these unique traits. It is even more 
remarkable that toxin sequestration in anurans has independently evolved several 
times (Santos et al.  2003 ), and in similar ways (i.e., to sequester the same families of 
small molecule compounds from the diet). Once more is known about the physiolog-
ical mechanisms of toxin sequestration in a model poison frog family, one can begin 
to ask if the convergent evolution of toxin sequestration among amphibians involves 
a convergence in underlying mechanism or entirely different molecular pathways. 

 The physiological adaptation of sequestering a large variety of small molecule 
alkaloids in poison frogs is distinctive among complex biological systems and 
represents a unique opportunity to investigate binding properties of protein sys-
tems. Poison frogs have presumably evolved a set of proteins that bind small mol-
ecule alkaloids with some selectivity and yet have promiscuous enough binding 
properties to bind a range of alkaloids. The evolution and kinetics of this yet-to-be- 
discovered protein family promises not only rich insights into the evolution of 
toxicity in amphibians but also general insights into protein systems that bind 
toxins targeting the nervous system. Such studies focusing on basic mechanisms 
could lead to more translational research of therapeutics for human pathologies 
and chemical defense strategies.   
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21.4     Autoresistance as a Component of Chemical Defense 

  Chemical defense is a complex phenotype that involves a suite of ecological, 
morphological, physiological, and genetic changes over time (Härlin and Härlin 
 2003 ; Santos and Cannatella  2011 ). One often-overlooked component is autoresis-
tance—how do chemically defended organisms resist self-intoxication, and how 
does resistance evolve? Long-term exposure to low levels of toxins may select for 
some degree of toxin resistance in organisms without any chemical defense (Hua 
et al.  2013 ). In species with diet-derived defense, both chemical sequestration and 
diet specialization increase toxin exposure, which in turn would select for greater 
resistance (Dobler et al.  2011 ). Hence, autoresistance in aposematic organisms may 
evolve as a combination of pre-existing resistance and resistance that evolves in par-
allel with chemical defense. In this section, we describe the evolution of toxin resis-
tance in a number of taxa and explore the potential complexity of this phenotype in 
dendrobatid poison frogs. These amphibians are an ideal study system for the evolu-
tion of autoresistance because within this clade chemical defense has evolved inde-
pendently at least four times at various evolutionary timescales (Fig.  21.1 ).  

21.4.1     Tetrodotoxin as an Example of the Evolution of Toxin 
Resistance 

   One of the best-studied naturally occurring toxins is tetrodotoxin (TTX). This neu-
rotoxic alkaloid is found in many organisms including pufferfi sh, frogs, newts, mol-
luscs, crabs and the blue-ringed octopus, among other animals (Noguchi et al.  1984 , 
 1986 ; Tsuruda et al.  2002 ; Soong and Venkatesh  2006 ; Hwang et al.  2007 ). In 
anurans, TTX is found in   Brachycephalus   ,   Polypedates   ,   Atelopus   , and the dendro-
batid   Colostethus panamansis    (Daly et al.  1994b ; Tanu et al.  2001 ; Pires et al. 
 2005 ). The toxicity of TTX is well characterized: it binds to and blocks  voltage-
gated sodium channels (VGSCs)  , cell membrane proteins encoded by the Nav1 
gene family that mediate neural communication and muscle contraction (Wang and 
Wang  1998 ; Cestele and Catterall  2000 ). The Nav1 genes are functionally impor-
tant, evident by the maintenance of gene duplications and their subfunctionalization 
in a number of lineages (six genes in amphibians, eight in teleosts, and ten in mam-
mals) and the extremely high conservation of amino acid (AA) sequences in these 
genes across animals (Zakon  2012 ). By disrupting VGSCs, TTX causes paralysis or 
respiratory failure; at low doses it slows muscle reaction and diminishes sensory 
input (Soong and Venkatesh  2006 ). However, AA substitutions in  VGSCs   at the 
TTX binding site prevent TTX from binding; hence, TTX resistance can be traced 
to specifi c AA substitutions in Nav1 genes. Alternatively, TTX resistance could 
potentially be conferred by compartmentalization or metabolic inactivation of TTX 
(Saporito et al.  2012 ). However, there is overwhelming support that high levels of 
TTX resistance is conferred by nonsynonymous (i.e., AA changing) substitutions in 
Nav1 genes. 
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  VGSCs   have tissue-specifi c expression and TTX can cross cell membranes, so 
whole-body resistance to TTX likely requires AA substitutions in all Nav1 para-
logs. In pufferfi sh, TTX resistance has independently evolved in four species 
( Takifugu rubripes ,  Tetraodon nigroviridis ,  Canthigaster solandri ,  Arothron nigro-
punctatus ) via convergent AA substitutions in all eight Nav1 paralogs (Jost et al. 
 2008 ). However, in   Thamnophis sirtalis   , a snake that consumes TTX-defended 
newts ( Taricha ), Nav1 genes expressed in the peripheral nervous system have TTX- 
resistant AA substitutions, but those expressed in the central nervous system do not, 
suggesting that selection for whole-body TTX resistance is less in garter snakes 
than in pufferfi sh (McGlothlin et al.  2014 ). TTX-defended newts ( Cynops pyrrho-
gaster ,  Taricha granulosa ) and other species of snakes ( T. couchii ,  T. sierrae ,  T. 
atratus ,  Liophis epinephelus ,  Amphiesma pryeri ,  Rhabdophis tigrinus ) that con-
sume TTX-defended amphibians ( Taricha ,  Cynops ,  Polypedates ,  Atelopus ) have 
convergent AA substitutions in the skeletal muscle VGSC Nav1.4 (Kaneko et al. 
 1997 ; Hanifi n et al.  1999 ; Feldman et al.  2009 ,  2012 ). However, other Nav1 para-
logs in these species have not yet been sequenced, so patterns of whole-body resis-
tance cannot be assessed across taxa. 

 Other defensive alkaloids and steroids affect ion channels and transporters in a 
similar way as TTX and resistance can also be traced via nonsynonymous AA sub-
stitutions in target proteins. Many organisms are exposed to low levels of these 
compounds, so pre-existing resistance may sometimes play a role in the evolution 
of chemical defense. For example, in milkweed butterfl ies (Nymphalidae, Danaini) 
and leaf beetles (Chrysomelidae,  Chrysochus ), some resistance to cardenolides via 
one AA substitution in the sodium-potassium pump evolved prior to diet specializa-
tion on and sequestration from cardenolide-rich plants (Dobler  2001 ; Dobler et al. 
 2011 ; Aardema et al.  2012 ). In diet specialized and toxic lineages, three additional 
substitutions conferring greater levels of resistance are found (Petschenka et al. 
 2013a ). Similarly, in salamanders, one TTX-resistance-conferring AA substitution 
in the Nav1.4 pore evolved prior to the origin of chemical defense in this clade, fol-
lowed by the accumulation of four other AA substitutions that provide higher levels 
of resistance in the toxic lineages (Hanifi n and Gilly  2015 ). Pre-existing resistance 
may have also contributed to the multiple recurrent origins of TTX-defended newt 
consumption by garter snakes and of bufadienolide-defended toads by natricine 
snakes (Savitzky et al.  2012 ; McGlothlin et al.  2014 ). Resistance to plant secondary 
compounds in insects other than monarchs and beetles has arisen many times, but 
whether or not some of this resistance evolved prior to chemical defense remains 
largely uninvestigated (Dobler et al.  2011 ).   

21.4.2      Evolution of Alkaloid Resistance in Dendrobatidae 

   Chemically defended poison frogs sequester alkaloids from arthropod prey, deposit 
them in granular dermal glands, and release them as defense (Neuwirth et al.  1979 ; 
Daly et al.  1994c ; Saporito et al.  2009 ). These substances are generally unpalatable; 
some are toxic and highly effective deterrents against diverse predators and 
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parasites (Tables  21.1 ,  21.2  and  21.3 ). Like TTX, dendrobatid alkaloids affect the 
function of ion channels and transporters causing neuromuscular disruption in sen-
sitive organisms (Karalliedde  1995 ; Daly et al.  2003 ; Vandendriessche et al.  2008 ; 
Petschenka et al.  2013a ). Although resistance could be conferred by metabolic inac-
tivation (see Petschenka et al.  2013b ), most alkaloids are taken up and released 
without any sort of modifi cation (Daly et al.  2003 ), suggesting the absence of such 
a detoxifi cation process. Hence, poison frog autoresistance should be conferred by 
key AA substitutions in target proteins like in other chemically defended systems 
(Wang et al.  2006 ; Jost et al.  2008 ; Dobler et al.  2011 ; Feldman et al.  2012 ; Zakon 
 2012 ; Petschenka et al.  2013a ). We propose that this is the major mechanism of 
autoresistance in dendrobatids. 

 Dendrobatids have an outstanding diversity of alkaloids (Table  21.1 ; ~520 types), 
with substantial variation across species, populations, and individuals (Clark et al. 
 2005 ; Daly et al.  2005 ; Darst and Cummings  2006 ; Saporito et al.  2007a ). The sheer 
variation of alkaloid profi les among species is perhaps the most predictable aspect 
of poison frog defense. This makes dendrobatid clades diffi cult to categorize by 
their alkaloid profi les (Fig.  21.1 ). The only two types of alkaloids that appear to have 
a synapomorphic (unique to a single clade) distribution are batrachotoxin (BTX) in 
  Phyllobates    and epibatidines in   Epipedobates    (  Saporito    et al.  200 9). However, the 
large diversity of alkaloid types within a single species of dendrobatids presents a 
unique problem for the evolution of autoresistance. This particularity of dendrobatid 
chemical ecology clearly contrasts with other chemical defense systems that pre-
dominately involve one toxin that targets only one type of ion channel. 

 We propose that because most, if not all, dendrobatids consume some amount of 
alkaloid-rich prey (Table  21.1 : ants and mites) there must exist some common alka-
loid resistance that evolved prior to and facilitated the four origins of chemical 
defense in the group (Fig.  21.1 ). The signifi cant correlation between diet specializa-
tion on alkaloid-bearing arthropods and the evolution of chemical defense in den-
drobatids highlights the evolutionary ties between alkaloid exposure, sequestration, 
and presumed resistance (Darst et al.  2005 ). Increasing exposure to alkaloids via 
diet specialization likely resulted in selection for increased resistance, closely timed 
with the evolution of chemical sequestration and defense (Saporito et al.  2012 ; 
Savitzky et al.  2012 ). From these patterns, two major questions arise: (1) how have 
dendrobatids responded to selection for diverse alkaloid resistance; and (2) what 
role has alkaloid resistance played in the evolution of dendrobatids?    

21.4.3     How Have Dendrobatids Responded to Selection 
for Diverse Alkaloid Resistance? 

   Despite numerous studies of TTX resistance in multiple organisms, there is almost 
no information regarding autoresistance in poison frogs, perhaps because of its inher-
ent complexity. Dendrobatid alkaloids target at least fi ve families of ion channel 
genes (>30 genes) and bind to different regions of the channels, diversely affecting 
their function (Table  21.2 ). Moreover, many ion channel proteins are composed of 
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multiple subunits, so one ion channel complex may be encoded by more than four 
distinct genes or isoforms (Hille  2001 ). Most dendrobatid alkaloids are lipophilic, 
meaning that they cross cell membranes and may permeate the blood–brain barrier. 
Hence, all expressed channels targeted by poison frog alkaloids should be subject to 
selection for resistance, even if their expression is limited to specifi c tissues. However, 
there may be variation in the level of selection on genes with tissue- specifi c expres-
sion correlated with alkaloid concentrations of each tissue, as is seen in garter snakes 
(McGlothlin et al.  2014 ). Moreover, the role of ion channel isoforms in autoresis-
tance across alkaloid-defended taxa is virtually unstudied. Such attributes make 
in vitro studies of ion channel/receptor proteins challenging and imply that the 
genetic basis of autoresistance in Dendrobatidae is rather complex. 

 Most studies of dendrobatid alkaloids were performed in the 1970–1980s using 
mice or frog nerve and muscle preps (Daly and Spande  1986 ; Daly et al.  1999 ). These 
assays elucidate physiological effects of alkaloids but do not always reveal specifi c 
target channels and binding sites; for these, in vitro expression assays are required 
(e.g., Vandendriessche et al.  2008 ). Experiments of alkaloid resistance using dendro-
batid tissues are limited to  Dendrobates  ( Oophaga )   histrionicus   ,   Phyllobates terribi-
lis   , and  P .   aurotaenia    (Albuquerque et al.  1973 ,  1974 ; Daly et al.  1980 ). These assays 
demonstrated that  Phyllobates  frogs are physiologically resistant to batrachotoxin 
(BTX) while   Rana pipiens    (not defended) and   D. histrionicus    (alkaloid defended but 
not by BTX) were not. For HTX toxicity,  D. histrionicus  were more resistant than 
  R. pipiens   , although at high concentrations,  D. histrionicus  were not completely 
resistant;   Phyllobates    were not tested. These authors also showed through a breeding 
experiment that the basis for alkaloid resistance in  P. terribilis  is genetic. We now 
know that BTX interacts with the inner pore of voltage- gated sodium channels and 
that BTX resistance is conferred by amino acid substitutions in these regions (Wang 
and Wang  1998 ,  2003 ; Wang et al.  2006 ). However, no published studies have inves-
tigated the genetics of alkaloid resistance in dendrobatids, although data suggest that 
various species of   Phyllobates   ,   Dendrobates   ,   Epipedobates   , and   Ameerega    have 
multiple AA substitutions in the inner pore of Nav1.4, of which at least two appear to 
be unique to   Phyllobates    and may provide BTX resistance (Frezza et al.  2010 ; 
Marquez and Amezquita  2014 ; Tarvin et al.  2014 ). No other information of sensitiv-
ity to BTX, PTX, or other compounds is available. Much more is to be learned from 
studying these channels across dendrobatids.    

21.4.4     What Role Has Alkaloid Resistance Played 
in the Evolution of Dendrobatids? 

   Evolutionary patterns of poison frog alkaloid resistance likely infl uenced the evolu-
tionary trajectories of alkaloid defense in dendrobatids. If some resistance is ances-
tral to Dendrobatidae (Darst et al.  2005 ; Savitzky et al.  2012 ), this exaptation 
(pre-adaptation) may have facilitated early stages of alkaloid sequestration and 
dietary specialization by diminishing the negative effects of increased alkaloid 
exposure. Therefore, phylogenetic patterns of autoresistance in ion channel gene 
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families across the poison frog phylogeny should correlate with alkaloid profi les 
and toxicity of each lineage, refl ecting their co-evolutionary history. 

  Alkaloid profi les      are dependent on available arthropods, by the ability to 
sequester alkaloids, and variation in sequestration rates of the different compounds 
across species (Daly et al.  1994c ; Clark et al.  2005 ; Saporito et al.  2007a ,  2009 ). 
Similar alkaloid profi les in other defended anuran groups (i.e., Mantellidae: 
 Mantella , Myobatrachidae:  Pseudophryne , Bufonidae:  Melanophryniscus , 
Eleutherodactylidae:  Eleutherodactylus ) suggest a common metabolic pattern of 
chemical sequestration (Daly et al.  1987 ; Smith et al.  2002 ; Clark et al.  2005 ; 
Rodriguez et al.  2011 ). Sequestration of the same classes of alkaloids is likely also 
evidence of either their broad dietary availability and/or a selective advantage in 
sequestering these particular compounds. For example, pumiliotoxins (PTX) are 
found in all fi ve groups (Daly et al.  1999 ). One of these toxins, PTX 251D, modu-
lates both voltage-gated sodium and potassium channels and is known to deter 
mosquitoes and ants (Table  21.2 ). Perhaps this compound is particularly effective 
in defense; however, resistance to PTX 251D would require genetic changes in 
more genes than is required for resistance to BTX or TTX. Alternatively, resis-
tance to PTX 251D may require AA substitutions in less-conserved regions of ion 
channels that are subject to lower levels of purifying selection. 

 If  alkaloid      resistance affects alkaloid profi les, selection for resistance to com-
pounds like PTX 251D with diverse physiological effects may promote diversifi ca-
tion in alkaloid defense. The most toxic alkaloid found in dendrobatids, BTX, 
occurs in   Phyllobates    at the level of oldest origin of chemical defense (Dendrobatinae: 
 Phyllobates  +  Dendrobates ; Fig.  21.1 ).   Dendrobates    species presented with BTX- 
dusted fruit fl ies reject them as prey and are physiologically sensitive to BTX, sug-
gesting that  Dendrobates  may either be incapable of sequestering BTX or not 
resistant enough to do so (Daly et al.  1980 ,  1999 ). It may be possible that the accu-
mulation of AA substitutions providing resistance to various alkaloids in the 
 Dendrobates  sensu lato clade facilitated the evolution of resistance to and sequestra-
tion of BTX in   Phyllobates   . However, more rigorous experiments of alkaloid resis-
tance, availability, and sequestration are needed to clarify what determines the 
alkaloid profi le of a species and why certain alkaloids are more common than oth-
ers. Further analyses of alkaloid diversity may reveal unexpected patterns in alka-
loid resistance and vice versa.     

21.5     Future Directions 

 Many questions remain regarding the chemical ecology of poison frogs. How are 
alkaloids transported from the digestive system to the skin? What physiological 
changes during metamorphosis facilitate the sequestration of alkaloids from diet? 
What are the relative roles of resistance and dietary specialization in the evolution 
of alkaloid sequestration and defense? Do defended diet generalists have different 
patterns of resistance than defended diet specialists, owing to their exposure to a 
broader array of alkaloids? How does dietary conservatism of predators (Thomas 
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et al.  2003 ; Marples et al.  2005 ; Darst and Cummings  2006 ; Lee et al.  2010 ) affect 
these patterns? If AA substitutions are not found in all alkaloid-affected proteins, 
how is the expression of both sensitive and resistant forms modulated and what 
effect does this have on sequestration, defense, and resistance? Moreover, how does 
the evolution of autoresistance and sequestration in poison frogs compare to that of 
frogs that synthesize their own toxins (e.g.,   Pseudophryne   ; see Smith et al.  2002 )? 
New next-generation sequencing methods will facilitate the genetic aspects of these 
studies (Li et al.  2013 ). 

 The large volume of pharmacological research on poison frog alkaloids high-
lights its signifi cance. Some of these compounds have extremely promising applica-
tions in development of novel anesthetics (e.g., epibatidine) and basic research on 
neuromuscular functions (e.g., pumiliotoxins, batrachotoxins, and izidines) (Daly 
 2005 ). The work of John Daly and colleagues (Savitzky and Saporito  2012 ) has 
resulted in a prolifi c fi eld of artifi cial synthesis of dendrobatid alkaloids and design 
of therapeutic agents based on their structures (Toyooka and Nemoto  2002 ). 
However, detailed in vitro assays of their function are scarce except for a few com-
pounds (BTX, PTX 251D, epibatidine) and progress in studying these compounds 
in general has slowed under stricter legal regulations in response to concerns regard-
ing bioprospecting for commercial drugs (Angerer  2011 ). Nevertheless, it is sur-
prising that the synthesis of these compounds has not ameliorated some of these 
problems. New emphasis should be given to collaborative efforts between native 
and international researchers to further the exploration and causal bases of dendro-
batid chemical defenses. Our labs are working towards uncovering the basis of 
resistance and sequestration across Dendrobatidae; in conjunction with a more com-
plete survey of alkaloid profi les across dendrobatids and more in-depth physiologi-
cal studies of these alkaloids, we should soon be able to answer many questions 
regarding dendrobatid evolution.     
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    Chapter 22   
 Semiochemicals in Anurans: Testing Different 
Categories with One Poison Frog Species       

       Lisa     M.     Schulte      

22.1            Communication by Semiochemicals in Anurans 

   Adult anurans, i.e., frogs and toads,  are                  particularly known for their acoustic 
communication (Gerhardt and Huber  2002 ; Narins et al.  2006 ). However, over 
100 years ago, it was shown that they also have a sense of smell and are able to 
detect chemical compounds by olfaction (artifi cial smells in adults and smell of 
food in tadpoles; Risser  1914 ). Thirty-fi ve years later, a further study regarding 
anuran semiochemicals was published (Eibl-Eibesfeldt  1949 ). Since then, over 200 
studies regarding the use of semiochemicals in anurans have been published. 

 The term semiochemicals was introduced by Law and Regnier ( 1971 ) and 
describes a chemical substance that serves as a messenger for chemical communica-
tion, within and among species. Semiochemicals used in intraspecifi c communica-
tion are termed pheromones (Karlson and Lüscher  1959 ), and can be divided into 
releaser pheromones that trigger behavioral changes, and primer pheromones that 
trigger physiological changes in the receiving animal (compare Fig.  22.1 ).

   Considering that  pheromones                                                                  are typically produced consistently across individ-
uals of one species, semiochemicals that differ among individuals (or colonies) of 
the same species and allow the distinction between them are defi ned as signature 
mixtures (Wyatt  2010a ). Interspecifi cally used semiochemicals are summarized as 
allelochemicals, which can be divided into kairomones (advantageous for the receiv-
ing animal), allomones (advantageous for the emitting animal), and synomones 
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(advantageous for both emitter and receiver). To the best of my knowledge, all but 
the latter two types of semiochemicals have been described for chemical communi-
cation in anuran amphibians (Nordlund et al.  1981 ; Wyatt et al. 2010b).   

22.1.1     Releaser Pheromones in Anurans 

   A number of studies regarding chemical communication in anurans are focused on 
tadpole alarm substances (e.g., Kulzer  1954 ; Wilson and Lefcort  1993 ; Ferrari et al. 
 2007 ). Although in most studies the chemical alarm substances are described as 
unintentionally released alarm cues (Schreckstoffe), Fraker et al. ( 2009 ) showed 
that the release of these chemicals is actually an active secretory process, during 
which two different peptides are combined. In this case when already dead or killed 
tadpoles were crushed, no behavioral effect could be elicited in conspecifi c indi-
viduals, i.e., the alarm substance was not released. This means that the correct term 
would be alarm signals as cues provide information unintentionally whereas signals 
are intentional (Steiger et al.  2011 ). Most of these signals elicit behavioral changes 
between conspecifi c and not heterospecifi c tadpoles (e.g., Hews and Blaustein 
 1985 ; Petranka  1989 ; Hagman and Shine  2008 ). However, some species are able to 
also recognize heterospecifi c alarm signals (see Sect.   1.4    ). Other types of releaser 
pheromones described in anurans occur between adults and stimulate for example 
aggression among individuals of the same sex, (King et al.  2005 ; Poth et al.  2012 ) 
or attraction and agitation among individuals of the opposite sex (e.g., Rabb and 
Rabb  1963 ; Wabnitz et al.  1999 ; Asey et al.  2005 ).    

22.1.2     Primer Pheromones in Anurans 

   Just as behavioral responses can be triggered by tadpole alarm pheromones, so can 
longer-term physiological alterations. However, the defi nitions of releaser and 
primer pheromones are not mutually exclusive, since physiological changes also 

  Fig. 22.1    Different categories of  semiochemicals   divided into substances used in intraspecifi c and 
interspecifi c communication. Modifi ed after Nordlund et al. ( 1981 )       
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trigger behavior. In anurans physiological effects are typically of morphological 
nature (e.g., Mandrillon and Saglio  2008 ; Hagman et al.  2009 ), but they can also 
infl uence time until hatching or metamorphosis (e.g., Kiesecker et al.  2002 ; Touchon 
et al.  2006 ; Mandrillon and Saglio  2007 ). Based on an extensive literature review, 
primer pheromones infl uencing the adult stage have not been described thus far in 
anurans.    

22.1.3     Signature Mixtures in Anurans 

   Several studies have shown that anurans in different life stages were able to differ-
entiate between kin and non-kin, or self and nonself (e.g., Blaustein et al.  1984 ; 
Waldman  1985 ; Lee and Waldman  2002 ; Eluvathingal et al.  2009 ). This indicates 
the existence of signature mixtures in anurans, which may be either endogenous or 
acquired from the environment (e.g., Pfennig  1990 ; compare Wyatt  2010b ).    

22.1.4     Kairomones in Anurans 

   For tadpoles there is abundant evidence that they are able to recognize and avoid 
kairomones of predators. In many cases, alarm cues of previously digested tadpoles 
are involved (e.g., Lefcort et al.  1999 ; Chivers and Mirza  2001 ), but there are also 
examples where the predators themselves are recognized (e.g., Kiesecker and 
Blaustein  1997 ; Polo-Cavia et al.  2010 ). The same is true for froglets and adults (e.g., 
Flowers and Graves  1997 ; Murray et al.  2004 ). Furthermore, some tadpoles are able 
to take advantage of alarm signals of heterospecifi cs tadpoles (e.g., Hrbáček  1950 ; 
Pfeiffer  1966 ; Adams and Claeson  1998 ). Considering that this does not benefi t the 
releasing species, alarm signals in this context might be classifi ed as a kairomones.    

22.1.5     Allomones and Synomones in Anurans 

    As far as is known, allomones and synomones, the allelochemicals that are advanta-
geous to either only the emitting or to both emitting and receiving species, have not 
been tested and described in any anuran species, neither for larval nor adult frogs.      

22.2     The Poison Frog  Ranitomeya variabilis  

  Poison frogs of the family Dendrobatidae are mainly diurnal frogs that occur in the 
Neotropics. Many of them are brightly colored and secrete skin alkaloids (Lötters 
et al.  2007 ; Saporito et al.  2012 ). Besides their coloration, poison frogs are 
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especially known for their remarkably diverse parental care behaviors (e.g., 
Weygoldt  1987 ; Summers and McKeon  2004 ,  2006 ). The species  Ranitomeya vari-
abilis  occurs in the rainforests east of the Andes in Peru, Ecuador, and Colombia 
and uses small phytotelmata (water bodies in plants such as leaf axils; Varga  1928 ) 
for both clutch and tadpole depositions (Brown et al.  2008b ,  2011 ). Reproduction is 
initiated by the male, who usually starts calling in response to the presence of a 
female. Once the female is in close proximity, the male leads it to a phytotelm, 
where the eggs are attached to the inner wall, just at the water’s surface (Brown 
et al.  2008b ). After development, males retrieve tadpoles by either removing them 
from the eggs or the phytotelm into which they hatched. Because tadpoles of this 
species are highly cannibalistic and feed on eggs as well as on conspecifi c tadpoles 
when deposited together, tadpoles are usually transported individually and deposi-
tions with conspecifi c tadpoles are avoided (Summers  1999 ). Unlike some conge-
neric species,  R. variabilis  does not regularly feed its tadpoles with unfertilized 
eggs, but facultative feeding with fertilized eggs, as well as seasonal feeding with 
younger tadpoles can be observed for this species (Schulte and Lötters  2013 ; Schulte 
 2014 ). The main predators of the tadpoles of this species (besides conspecifi c can-
nibalistic tadpoles) are damselfl y larvae of the phytotelmata breeding species 
  Microstigma rotundatum    (Brown et al.  2008a ; Schulte et al.  2013 ).   

22.3     Communication by Semiochemicals in  Ranitomeya 
variabilis  

   Due to its very specifi c set of behaviors,  R. variabilis  is an excellent species to study 
chemical communication. On the one hand, the interaction of different life stages 
(e.g., cannibalism, tadpole transportation) creates an optimal precondition for pos-
sible interactions via pheromones. On the other hand, the multitude of species 
occurring in the same habitat with  R. variabilis , favors testing for possible interac-
tions via allelochemicals. The following passages give an overview of the semio-
chemicals already tested in this species, as well as those that still need to be studied 
(see also Fig.  22.2 ).  

22.3.1       Releaser Pheromones in  Ranitomeya variabilis  

   The behavioral reaction of adult  R. variabilis  towards potential releaser pheromones 
was studied under two different circumstances, during parental care behavior and in 
relation to conspecifi c adults: 

 During parental care behavior, the reaction of adults towards chemical com-
pounds of conspecifi c tadpoles was tested. To answer the question how are tadpole- 
transporting males able to distinguish between free and already occupied 
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phytotelmata (for tadpoles are often hidden on the ground, thus invisible to the frogs), 
in-situ pool-choice experiments were conducted. Artifi cial phytotelmata were hung 
up in pairs in the natural habitat of the frogs. One phytotelm of each pair was fi lled 
with rainwater, the other one with water used by conspecifi c tadpoles. It turned out 
that  R. variabilis  only requires the chemical compounds of conspecifi c tadpoles to 
locate and avoid them for tadpole and clutch deposition (Schulte et al.  2011 ), and 
visual tadpole cues are irrelevant in this decision (Schulte et al.  2013 ). However, this 
avoidance behavior could only be observed during the rainy season. In the dry sea-
son, the frogs completely changed their reaction towards the chemical tadpole com-
pounds. Parental  R. variabilis  did not avoid but preferred conspecifi c cues during 
the dry season for tadpole depositions (Schulte and Lötters  2013 ). This may be 
interpreted as a way to provide the older tadpoles in their territories with food (i.e., 
with younger tadpoles), to accelerate their development when facing desiccation risk. 

  Fig. 22.2     Overview   of semiochemicals used by  Ranitomeya variabilis . Emitters are positioned on 
the  left , receivers on the  right  side;  green arrows  represent positive reactions of the receiver 
towards the chemical substances of the emitter (e.g., attraction, offspring deposition);  red arrows  
signify negative reactions towards the chemical substances (e.g., repulsion, avoidance for offspring 
deposition);  black , crossed out  arrows  signify that no reaction towards possible chemical sub-
stances could be found;  question marks  mean that there are no data regarding this category of 
semiochemicals       
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A similar behavior was shown in a congeneric species (previously   Dendrobates 
ventrimaculatus    and now  R. ventrimaculata ) that feeds its offspring seasonally with 
fertilized eggs (Poelman and Dicke  2007 ). 

 Although the parental avoidance during the rainy season is disadvantageous for 
the chemical-emitting tadpoles (i.e., missing out on a possible food resource), the 
feeding behavior during the dry season seems to benefi t both, tadpoles and adults. 
The tadpoles have an extra food resource helping them reach metamorphosis faster 
and escape the coming drought, while the adults support the survival of their older 
offspring. Therefore, I conclude that at least the chemical compounds involved dur-
ing the dry season can be deemed to be pheromones. It remains unknown if the 
compounds triggering these two opposite parental behaviors are identical. Although 
the compounds that trigger the avoidance of the conspecifi c tadpoles during the 
rainy season have been already analyzed (Schulte et al.  2015 ; see Sect. 3.5), those 
compounds that trigger their preference towards the tadpoles during the dry season 
are still unknown. 

 Aside from the reaction towards larval releaser pheromones,  R. variabilis  was 
tested for possible sex specifi c pheromones. Considering that there are no mor-
phological differences between males and females in this species, it seems likely 
that males recognize females (that trigger their calling behavior) chemically. It 
was hypothesized that males would be attracted to chemical substances of females 
and repelled by those of conspecifi c males, which in contrast would trigger attrac-
tion in females. Instead, all individuals showed avoidance behavior towards the 
conspecifi c chemicals (Schulte and Rößler  2013 ). This might be an artifact due to 
confi nement stress of the releaser animals that may cause the emission of distur-
bance cues, which trigger avoidance behavior in their conspecifi cs. However, it is 
unknown if these disturbance cues are merely excretory byproducts (e.g., urine), 
or if they are comparable with the alarm cues shown in tadpoles of other anuran 
species, which were just recently shown to be actively emitted signals (Fraker 
et al.  2009 ).    

22.3.2     Primer Pheromones in  Ranitomeya variabilis  

   Primer pheromones have not yet been described for  R. variabilis . Tadpoles growing 
up together in their hatching phytotelm (when not transported by the male, as 
observed on several occasions by Brown et al.  2008b ) may be infl uenced by chemi-
cal cues of their cannibalistic siblings, and thereby they might grow at a different 
rate and reach metamorphosis at a different time than usual (e.g., compare  Rhinella 
marina : tadpoles exposed to conspecifi c cues during embryonic development and 
hatching phase had strongly reduced survival and growth rates and reached meta-
morphosis slightly later; Crossland and Shine  2012 ).    
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22.3.3     Signature Mixtures in  Ranitomeya variabilis  

   To test if  R. variabilis  is able to distinguish its offspring chemically to feed only its 
own tadpoles (and not those of other males) during the dry season, frogs were con-
fronted again with in situ pool-choice experiments during tadpole transportation. 
Pools of each cup-pair were either fi lled with plain rainwater or with chemical cues 
of single tadpoles that were found in the males’ territories. Genetic kinship analyses 
were conducted between those tadpoles emitting the chemical cues and those depos-
ited in the same cup-pair. Then, the distribution of the related and unrelated tadpoles 
(i.e., together with or in the cup next to the emitting tadpole) was compared with 
each other. However, the results showed that frogs did not choose to deposit their 
offspring with or without another tadpole due to relatedness, i.e., kin recognition by 
chemical cues and thereby the use of signature mixtures could not be confi rmed in 
 R. variabilis  (Schulte and Veith  2014 ).    

22.3.4     Kairomones in  Ranitomeya variabilis  

   Besides the detection of conspecifi c tadpoles during parental care behavior, the 
reaction of  R. variabilis  was tested toward possible chemical cues of several hetero-
specifi c tadpoles ( Rhinella poeppigii ,  Osteocephalus mimeticus ,  Amereega trivit-
tata ,  Hyloxalus nexipus , and  H. azureiventris ) as well as towards predatory damselfl y 
larvae ( M. rotundatum ). The latter, being the most dangerous heterospecifi c preda-
tor of  R. variabilis  tadpoles, was only avoided by visual but not by chemical cues 
(Schulte et al.  2013 ). There are two possible explanations: (1) the frogs are just 
unable to receive or recognize the cues of the damselfl ies or (2) the damselfl y larvae 
are able to mask or break down their byproducts in a way that they are chemically 
cryptic in the phytotelmata. Therefore, predator and prey (i.e., their parents) that use 
the same phytotelmata for breeding might be involved in an evolutionary predator–
prey arms race (Brodie and Brodie  1999 ). 

 The heterospecifi c tadpoles in contrast were all recognized chemically by parental 
 R. variabilis . Although for tadpole depositions only chemical cues of dendrobatid 
tadpoles occurring in phytotelmata were avoided (i.e.,  H. azureiventris  and 
 A. trivittata ; see Sect.   3.5    ), cues of all species were avoided for clutch deposition, 
no matter whether or not they shared the same breeding resource (Schulte et al. 
 2011 ; Schulte and Lötters  2014 ). Accordingly, it seems that  R. variabilis  recognizes 
all tadpoles as potential egg predators, and thus uses their chemical excretions as 
kairomones to protect their clutches. 

 Additionally, the chemical substances of tadpoles of the genus   Osteocephalus    
were recognized by parental  R. variabilis . However, they were not avoided but pre-
ferred for tadpole depositions. Considering that one species of this genus also 
breeds in phytotelmata, these tadpoles might be recognized as a potential prey for 
the predatory poison frog larvae—another way to use kairomones to the advantage 
of their own offspring (Schulte and Lötters  2014 ).    
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22.3.5     Allomones or Synomones in  Ranitomeya variabilis  

    One of the poison frogs whose tadpoles were avoided chemically by adult  R. variabilis  
for both tadpole and clutch depositions was the phytotelmata breeding, non- 
predatory species   Hyloxalus azureiventris   . To see if the chemical substances 
released by the tadpoles of this species are identical to those released by the 
 R. variabilis  tadpoles (i.e., possibly due to their evolutionary relationship), the 
active chemical substances of both species were analyzed. It was found that each 
species released two compounds responsible for the avoidance behavior in  R. varia-
bilis , of which one was the same (C 9 H 18 N 2 O) and one differed between the two 
species ( R. variabilis : C 8 H 7 NO,  H. azureiventris : C 13 H 25 NO 2 ; Schulte et al.  2015 ). 
The species- specifi c chemical compounds of the  H .   azureiventris    tadpoles may be 
defi ned as chemical signals since they are advantageous for their non-predatory 
releasers, preventing the addition of predatory tadpoles into their habitat. Depending 
on the effect the avoidance has on the predatory  R. variabilis  tadpoles, these inter-
specifi c signals might be defi ned either as allomones or as synomones. On the 
one hand, allomones would be only advantageous to the  H. azureiventris , not the 
 R. variabilis  tadpoles, which miss out on a potential food resource. On the other 
hand, synomones would be advantageous for the  R. variabilis  tadpoles, too. This 
might be the case because the  H. azureiventris  tadpoles outgrow  R. variabilis  
tadpoles quickly and therefore might represent a potential competitor, rather than a 
food resource to the predatory tadpoles (Schulte et al.  2015 ).      

22.4     Conclusion 

 The overview represented here of semiochemicals used (or not used) by  R. variabi-
lis  (see Fig.  22.2 ) clearly illustrates how fruitful it can be to carefully analyze differ-
ent categories of chemical communication to obtain a better overall understanding 
of the chemical abilities of a species. Although over 80 anuran species are known to 
react towards semiochemicals, most species have only been tested towards one or 
two different types of semiochemicals (mostly predator kairomones and alarm pher-
omones in tadpoles). Only a few species have been examined for the biological 
relevance of more than two different semiochemical categories. One of them is the 
American toad  Anaxyrus  ( Bufo )  americanus . This species is known to react towards 
alarm pheromones, both behaviorally (i.e., releaser pheromones; e.g., Mirza et al. 
 2006 ) and physiologically (i.e., primer pheromones; Touchon et al.  2006 ), as well 
as towards sex pheromones (Forester and Thompson  1998 ), predator kairomones 
(e.g., Gallie et al.  2001 ) and signature mixtures (differentiation between kin and 
non-kin; Waldman  1985 ). A similar wide range of the use of semiochemicals is 
described for the common frog  Rana temporaria . Like  A. americanus , this species 
is known to react toward alarm pheromones both behaviorally (e.g., Marquis et al. 
 2004 ) as well as physiologically (e.g., Laurila et al.  2001 ). It was further shown to 
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react towards kairomones (e.g., Saglio and Mandrillon  2006 ), but the ability for kin 
recognition could not be confi rmed (Kiseleva  1996 ). In addition, there is evidence 
that sexual pheromones might also exist in this species (Willaert et al.  2013 ). 

 These examples underline once more how the conduction of different experi-
ments covering several or all categories of semiochemicals, might expand our often 
unilateral focus and offer us a broader view and a better understanding of chemical 
communication in animal species. Chemical communication is the evolutionary 
oldest way of intraspecifi c and interspecifi c interactions (Wilson  1970 ; Wyatt 
 2010b ); the extent of the usage of this communication form over a multitude of 
closely related species might give us answers regarding the evolution of different 
communication modes between species (i.e., communication by pheromones versus 
acoustic communication) and within species (i.e., over different developmental 
stages).     
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    Chapter 23   
 Chemical Communication in Archaic 
New Zealand Frogs       

       Bruce     Waldman    

23.1            Introduction 

  Studies  of   the social behavior  of anuran amphibians   traditionally have centered on 
the role of  bioacoustic   signaling in mate choice. Only in recent years have research-
ers begun to realize that frogs and toads communicate through multimodal channels 
including not only bioacoustic but also visual, seismic, and chemical signals 
(Starnberger et al.  2014a ,  b ). Amphibians use chemical cues for detecting prey and 
predators, homing and navigation, territorial defense, alarm signaling, mate choice, 
and social recognition (reviewed in Waldman and Bishop  2004 ). By-products of 
physiological processes incidentally may inform conspecifi cs or heterospecifi cs of 
individuals’ sex, diet, size, health, movements, reproductive state, or dominance 
status. When revealing this information benefi ts the sender, natural selection may 
favor the specialization of these cues into signals that foster social communication 
(Steiger et al.  2011 ). 

 While  salamanders   and  caecilians   are known to communicate through the  che-
mosensory modality  , the importance of chemical signaling in anurans only now is 
becoming appreciated (Belanger and Corkum  2009 ; Woodley  2010 ,  2014 ).  Sex 
pheromones      that may be important in male–male interactions and female mate 
choice have been identifi ed in aquatic frog species (Wabnitz et al.  1999 ; Pearl et al. 
 2000 ). Some frogs secrete contact courtship pheromones, chemically similar to 
those produced by salamanders, from their nuptial pads (Willaert et al.  2013 ), while 
others release volatile pheromones to which conspecifi cs respond (Poth et al.  2012 ). 
Chemosignals modulate calling behavior in some terrestrial frogs (Byrne and Keogh 
 2007 ), and may be broadcast in concert with bioacoustic signals from vocal sac 
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glands (Starnberger et al.  2014b ). Even for species that communicate primarily 
through  bioacoustic   signaling, chemical communication probably infl uences social 
interactions. 

 Anurans that lack the ability to communicate  through   bioacoustic signaling, such 
as the archaic New Zealand frogs (family Leiopelmatidae) and the North American 
tailed frogs (family Ascaphidae), appear to rely on chemical cues as a primary 
means of social communication (Lee and Waldman  2002 ; Waldman and Bishop 
 2004 ; Asay et al.  2005 ). These taxa comprise the most basal lineage of extant 
anurans (Pyron and Wiens  2011 ), possessing characters found in Mesozoic fossils 
(Roček  2000 ). Although  leiopelmatid frogs   occasionally emit calls that may startle 
predators (Bell  1978 ), these vocalizations lack the structural properties characteris-
tic of anuran advertisement or contact calls and thus are unlikely to serve as signals 
to conspecifi cs (Waldman, unpublished data). Furthermore, these frogs lack exter-
nal eardrums that are characteristic of modern frogs (Lewis and Lombard  1988 ). 
Their hearing thus lacks acuity, but anatomical studies suggest that their vomeronasal 
and olfactory systems are functional (Stephenson  1951 ,  1955 ). Possibly the earliest 
anurans never evolved mechanisms to communicate by bioacoustic signaling 
(Bogert  1960 ). Thus, study of their abilities to use chemosignals may offer a win-
dow into the early evolution of anuran social systems. 

 Of the three extant species of  leiopelmatid frogs  , Hamilton’s frog,  Leiopelma  
  hamiltoni   , has the most limited distribution, living only on Maud and Stephens 
Islands in the Marlborough Sounds, New Zealand. The species is one of the rarest 
frogs in the world and access to its habitat is strictly regulated. Although frogs on 
Maud Island are considered by some to be a separate species (named  L. pakeka ) 
from those on Stephens Island (Bell et al.  1998 ), molecular analyses suggest that 
they are best considered different populations of the same species (Holyoake et al. 
 2001 ). The frogs are fully terrestrial, occupying small home ranges on the forest 
fl oor. They demonstrate site tenacity to rocks, logs, and litter, under which they fi nd 
shelter during the day. At night, depending on environmental conditions, they 
emerge and travel over short distances, forage, and periodically interact with con-
specifi cs including potential mates (Webster  2004 ). The frogs are extremely long- 
lived, and individuals have been repeatedly censused over 40 years or more in the 
same area, even under the very same rocks (Bell and Pledger  2010 ; B.D. Bell, per-
sonal communication).   

23.2     Materials and Methods 

23.2.1     Animal Collection and Odor Sampling 

   To   investigate whether  L .   hamiltoni    communicates by chemical cues, my research 
group conducted a series of fi eld experiments over several years on the social rec-
ognition abilities of these frogs. We collected frogs that we found on or under rocks 
during evening hours. Sometimes several frogs co-occupied particular areas and 
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could be repeatedly found under the same rocks. In such cases, we collected all of 
the frogs. We mapped their locations and measured distances among them. Distances 
ranged from 0 to 90 m. We held the frogs for 72 h in plastic containers (33 × 20 × 8 cm) 
lined with clean, moist paper towels which we stored in a dark, quiet room in the 
fi eld station on Maud Island. During this time, body secretions, urine, and feces 
from the subjects were collected on the paper substrates in each container. In this 
manner, subjects were allowed to “mark” the paper substrates. Different subjects 
were used in each experimental series, and no subject was tested more than once in 
any experiment.   

23.2.2     Self/Nonself Recognition 

  First,    we conducted tests to determine whether frogs could discriminate between 
chemical cues that they themselves had deposited on the substrate and those 
deposited by conspecifi c individuals. Three series of tests were run, using frogs 
collected in the same home range (under the same rock), nearby home ranges (less 
than 5 m apart), or distant home ranges (more than 5 m apart). Twenty frogs were 
tested in each series. 

 For all experiments, subjects were placed into a testing apparatus consisting of 
a plastic container (33 × 20 × 8 cm) divided by a line drawn in its center. On one 
side, we placed a paper towel that previously had been marked by the test subject 
itself; on the other side, we placed a paper towel that had been marked by another 
individual. We removed fecal matter from the towels prior to running the trials, but 
odors from feces, urine, as well as exocrine gland secretions may have persisted 
on the towels. Movements on either side of the testing apparatus were recorded for 
60 min. Halfway through each trial, we switched sides by rotating the testing 
apparatus 180° to control for potential biases of subjects to move in particular 
directions.   

23.2.3     Self Attraction vs. Conspecifi c Avoidance 

  Frogs  might   be attracted to odors of any conspecifi cs (e.g., Graves et al.  1993 ), but 
discrimination, if it occurs, may arise from attraction to one’s own odor or avoid-
ance of those of conspecifi cs. To distinguish between these possibilities, we placed 
frogs into containers and gave them a choice either between a paper towel with 
which they previously had had contact and an unmarked paper towel, or between an 
unmarked paper towel and one marked by a conspecifi c. Conspecifi cs were col-
lected from a distant home range (more than 5 m away). Movements of subjects on 
either side of the apparatus were recorded for 60 min, following the same testing 
protocol as above. Twenty frogs were tested in each series.   
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23.2.4     Source of Chemical Cues 

  To  determine   the source of the chemical cues used in recognition, we next repeated 
these experiments but using paper towels marked only by specifi c cue sources. 
We tested subjects on paper substrate imbued with isolated samples of urine, feces, 
or skin secretions. Samples were collected from frogs from distant home ranges 
(more than 5 m apart). Urine was collected from frogs by gently inserting a blunt-
ended cannula into each frog’s cloaca until urine was released. The urine then was 
transferred onto the conspecifi c’s side of the apparatus. Feces were collected from 
the containers in which subjects were housed and stored in sealed vials until needed. 
Feces were rubbed into the conspecifi c’s substrate so that no tactile information was 
available to the experimental subject. Skin secretions were collected by swabbing 
the dorsal surface of a frog with a cotton bud. The contents of the cotton bud then 
were rubbed into the conspecifi c’s substrate. Twenty-two frogs were tested in each 
series, following the same testing protocol as  above.  

23.2.5     Testing Conditions and Analysis 

   In   all experiments, moisture levels were kept similar on both sides of the testing 
apparatus. Frogs respond differently to odors of larger and smaller frogs (Lee and 
Waldman  2002 ), so we matched sizes of frogs used in every test. This species can-
not be reliably sexed by external traits, but adult females can be larger than adult 
males (Bell  1978 ). Thus, we were unable to break down results by sex. Times sub-
jects spent on either side of the apparatus were summed over both halves of the 
experiment and, as data were normally distributed, compared by paired  t -tests. 
Differences in preferences as a function of distance between home ranges were 
analyzed by one-way analysis of variance. Statistical analyses were conducted with 
Minitab 13.30. All statistical inferences were based on two-tailed probabilities.    

23.3     Results 

23.3.1     Self/Nonself Recognition 

   Frogs   preferred the substrate that they themselves had marked to that marked by a 
conspecifi c but only if they had not previously shared a home range with them. The 
strength of the preference varied depending on the distance between the home 
ranges of the two individuals (Fig.  23.1 ). If frogs were collected together, under the 
same rock, they did not discriminate between the sides ( t  19  = 0.07,  P  = 0.94). 
Presumably the individuals had become familiar with each other, and their odors, 
prior to collecting them. However, frogs demonstrated preferences for their own side 
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if the conspecifi cs were from nearby ( t  19  = 2.37,  P  = 0.028) or distant home ranges 
( t  19  = 2.30,  P  = 0.033). The further apart their home ranges, the stronger were their 
preferences for their own substrate to that of a conspecifi c ( F  2,57  = 3.30,  P  = 0.044). 
Additional analyses on other behavioral measures confi rm these results (Lee and 
Waldman  2002 ; Waldman and Bishop  2004 ). 

23.3.2        Self Attraction vs. Conspecifi c Avoidance 

   Frogs   preferred their own odor to that of an unmarked substrate ( t  19  = 2.53,  P  = 0.020) 
but preferred an unmarked substrate to one marked by a conspecifi c ( t  19  = 2.15, 
 P  = 0.045) (Fig.  23.2 ). Thus, individuals recognize and respond both to their own 
odors and those of conspecifi cs, moving toward their own marked areas but away 
from those of others (also see Waldman and Bishop  2004 ). 

23.3.3        Source of Chemical Cues 

   Urine   collected from frogs was suffi cient to elicit discrimination ( t  21  = 2.11,  P  = 0.047) 
(Fig.  23.3 ). In contrast, we did not observe signifi cant preferences for substrate 
marked with subjects’ own feces to those marked by conspecifi cs ( t  21  = 0.96,  P  = 0.35). 
Discrimination between self and nonself markings was strongest in response to 
odors collected from swabs of frogs’ skin ( t  21  = 3.04,  P  = 0.006) (Fig.  23.3 ). Thus, 
social discrimination in some contexts may be based on skin secretions or odorants 
in the urine rather than fecal cues (Waldman and Macfi e  2005  ).
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  Fig. 23.1    Mean times (+SE) subjects spent on substrate that they had marked themselves and 
those marked by a conspecifi c collected in the same home range (under the same rock), nearby 
home ranges (less than 5 m apart), or distant home ranges (>5 m apart) (modifi ed from Waldman 
and Bishop  2004 )       
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23.4         Discussion 

    Leiopelma     hamiltoni   is   capable of chemosensory recognition of self, neighbors, and 
strangers, and maintains the ability to discriminate among these classes even after 
being held in separate containers for 72 h. Individuals from the same home range 
appear to tolerate one another and elicit no responses that result in assortative 
behavior. Individuals from distant home ranges elicit maximal levels of withdrawal 
behavior. This behavior corresponds with the known dispersal behavior of this spe-
cies. Individuals travel slowly over small home ranges (<25 m 2 ) and return to their 
daytime refuges as morning approaches (Webster  2004 ). Frogs thus become famil-
iar with the odors of their neighbors and learn to recognize chemical traces that 
mark their home ranges. 
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  Fig. 23.2    Mean times (+SE) subjects spent on substrate that they had marked themselves and 
blank substrate ( left ), and on substrate marked by unfamiliar conspecifi cs (collected >5 m away) 
and blank substrate ( right ) (modifi ed from Waldman and Bishop  2004 )       
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  Fig. 23.3    Mean times (+SE) subjects spent on substrates marked with their own urine, feces, or 
skin secretions and those marked by conspecifi cs collected from distant home ranges (>5 m apart)       
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 This social discrimination may be useful in a variety of contexts. The ability to 
discriminate between neighbors from the same or adjacent home ranges and strang-
ers from afar, termed “dear enemy recognition”, can be advantageous because it 
minimizes time and energy expended to maintain exclusive access to resources 
(Jaeger  1981 ). Furthermore, chemosignals may function to facilitate cooperation 
among close kin or selection of non relatives as mates (Madison  1975 ). The avoid-
ance of close inbreeding, or optimal outbreeding (Bateson  1983 ), can be particu-
larly important for species such as  L. hamiltoni  that live in highly structured genetic 
populations (Waldman and McKinnon  1993 ). The propensity of Hamilton’s frogs to 
travel around fi xed home ranges, apparently over their lifetimes, should enable them 
to recognize and respond appropriately to strangers that may be potential mates or 
competitors. 

 The source of the cues used by the frogs for social communication remains to be 
determined. Skin secretions and urine, and possibly to a lesser extent feces, all seem 
suffi cient to elicit discrimination. In other studies, we found that fecal odors not 
only were suffi cient to elicit discrimination between one’s own substrate and those 
of conspecifi cs, but effectively conveyed information about individuals’ body con-
dition and physiological state. For example, frogs were able to effectively judge the 
size of conspecifi cs based on exposure just to their fecal cues, withdrawing from 
substrates marked by frogs larger than themselves but approaching those marked by 
subjects smaller than themselves (Lee and Waldman  2002 ). However, our most 
recent results suggest that the substrate used in those experiments may have been 
contaminated with skin secretions or urine. 

 The skin of  L .   hamiltoni    contains mucous glands and two types of granular 
glands, each of which appears to secrete different peptide mixtures (Melzer et al. 
 2011 ). Although thought to be important in predator defense or as antimicrobial 
peptides that confer disease resistance, the secretions provide a rich source of che-
mosignals that might be used for social recognition. Further research is needed to 
analyze the chemical composition and biological properties of these secretions. 
Aside from information about sex, size, health, and genetic identity, chemical cues 
may refl ect environmental factors, such as the frogs’ diet which can vary among 
home ranges (Bell  1995 ). 

  Leiopelma    hamiltoni    never has been observed to breed in the wild. Because in 
many aspects of its ecology and behavior, this species resembles  L. archeyi  that 
lives in parts of New Zealand’s North Island, researchers have assumed that, like 
 L. archeyi , the frogs breed under rocks or leaf litter, with subsequent paternal care 
of young (Bell  1978 ). However, one night while conducting frog surveys on Maud 
Island, I was surprised to witness a  L. hamiltoni  frog adopting a posture, similar to 
those used by other species when making advertisement vocalizations, from a 
 crevice in a tree trunk about 3 m above ground (Fig.  23.4 ). A few hours later, I found 
the frog amplexed with another less than 50 cm away (Fig.  23.5 ). These observa-
tions raise the possibility that  L. hamiltoni  climbs to fi nd a suitable perch site from 
which it can more effectively broadcast chemosignals to attract potential mates.

    Amphibians worldwide, including New Zealand  Leiopelma  frogs, are declining 
at precipitous rates as a result of numerous factors including habitat destruction, 
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introduced predators and competitors, chemical contaminants, and emerging 
infectious diseases. While communication by chemical signaling offers advantages 
for conveying information about home range boundaries, social status, reproductive 
condition, and individual identity, chemosignals have inherent properties that also 
may make frogs more vulnerable to predation (Hamer et al.  2011 ). Chemical com-
munication systems are especially vulnerable to disruption by anthropogenic change 
(Park et al.  2001 ). Pesticides, herbicides, and industrial pollutants, even at low, sub-
lethal concentrations, may have unpredictable effects on the stability of social sys-
tems based on communication with chemosignals. Ecotoxicological studies need to 
be broadened in scope to examine whether chemical noise makes social communi-
cation more diffi cult and interferes with normal reproductive behavior. Knowledge 
of the underpinnings of how frogs communicate may prove vital to the conservation 
of threatened and endangered species (Waldman and Tocher  1998 ).      

  Fig. 23.4     Leiopelma  
  hamiltoni    individual 
observed on a perch site 
within a tree crevice about 
3 m above ground, 
possibly broadcasting 
chemosignals       

  Fig. 23.5    An amplectant 
 Leiopelma    hamiltoni    pair 
observed near the perch 
site from which one had 
appeared to be signaling 
immediately before       
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    Chapter 24   
 Chemical Signals in Giant Panda Urine 
( Ailuropoda melanoleuca )       

       Martin     Dehnhard     ,     Thomas     B.     Hildebrandt    ,     Cathleen     Meerheim    , 
    Iain     Valentine    , and     Frank     Göritz   

24.1            Introduction 

  The rarest member of the bear family, the  Giant panda ( Ailuropoda melanoleuca )   
lives mainly in rainy bamboo forests high in the mountains of western China at 
elevations between 1500 and 3000 m, where they almost entirely feed on the leaves, 
stems, and shoots of various bamboo species. Restricted and degraded habitat, 
through logging and agricultural operations, is the greatest threat to giant pandas. 
Since the mid-1970s three range-wide surveys have been conducted and results 
from the most recent survey in 2004 indicated a total wild population of 1600 indi-
viduals ~40 % more than were thought to exist in the 1980s (  http://wwf.panda.org    ). 
The Giant panda is a conservation reliant endangered species and establishing self- 
sustaining panda bear populations in breeding stations and zoos are long-term aims 
to create healthy, self-sustaining wild panda populations through the release of cap-
tive pandas to strengthen small isolated populations of wild pandas. However, a 
slow reproductive rate in captivity (Hu and Wei  1990 ) limits the reproductive suc-
cess of pandas in zoos. 

 According to Zhang et al. ( 2004 ) the most common reasons for mating failure 
were motivation in males and/or the inability to achieve intromission, even if almost 
all female pandas displayed strong behavioral estrus. A husbandry reducing stress 
and establishing a more natural environment are among the factors associated with 
increased reproduction (Zhang et al.  2004 ). A 2013 report shows a total number of 
registered pandas in captivity of 332 individuals held in China and at institutions in 

        M.   Dehnhard      (*) •    T.  B.   Hildebrandt    •    C.   Meerheim    •    F.   Göritz    
  Leibniz Institute for Zoo and Wildlife Research ,   PF 601103 ,  10252   Berlin ,  Germany   
 e-mail: dehnhard@izw-berlin.de   

    I.   Valentine    
  Edinburgh Zoo ,  Royal Zoological Society of Scotland ,   Edinburgh ,  Scotland    

http://wwf.panda.org/
mailto:dehnhard@izw-berlin.de


364

Europe and North America in which only 25 cubs were born in 2011 (International 
Studbooks for Rare Species of Wild Animals in Captivity  2013 ). 

 Unfortunately, panda  breeding management   is hampered by diffi culties inherent 
in the maintenance and breeding of this species in zoos. This can be attributed, in 
part, to the unique reproductive life history patterns of Giant pandas. Reproductive 
biology of pandas is complicated by three main traits, namely experiencing only 
one single estrus with spontaneous ovulation in the spring (seasonality), delayed 
implantation and the occurrence of pseudo-pregnancy (Spady et al.  2007 ). 

 In the wild, Giant pandas are usually solitary, except during the breeding season 
between March and May where females may breed with multiple males. Behavioral 
and non-behavioral cues regulate many aspects of social interactions related to 
reproduction in mammals. Among the non-behavioral cues, vocal (Charlton et al. 
 2010 ) and chemical [pheromones (Karlson and Luscher  1959 )] stimuli release spe-
cifi c behavioral or endocrine reactions in the recipient. Mechanisms of pheromone 
release into the environment are manifold and secretion with urine represents one 
mechanism. Giant pandas are known to rely heavily on chemical signals released 
with  anogenital gland secretions (AGS)   and urine to coordinate their reproductive 
and social activities (Schaller et al.  1985 ; Swaisgood et al.  1999 ; Nie et al.  2012a ). 

  Scent marking     in pandas using both sources is higher during the mating season 
than the non-mating season (Nie et al.  2012a ). Male pandas mark their territory by 
urinating on trees. It has been assumed that they urinate as high as possible so that 
rival males know how large they are (Swaisgood et al.  2004 ). Females often mark 
with urine and  AGS  , especially around the time of sexual receptivity (Kleiman et al. 
 1979 ; Kleiman  1983 ; Schaller et al.  1985 ). AGS contain volatile components which 
consist of a series of short- and long-chain fatty acids (Zhang et al.  2008 ; Hagey and 
Macdonald  2003 ). Female’s urine also appears to function as a chemical signal 
(Swaisgood et al.  2000 ) and high concentrations of short chain fatty acids have been 
demonstrated to appear 6–8 days prior to sexual receptivity (Dehnhard et al.  2004 ). 
It has been shown that male pandas displayed a signifi cant investigatory preference 
for estrous over non-estrous female urine, as indicated by sniffi ng and fl ehmen 
(Swaisgood et al.  2002 ). Thus female scent may play an important role in coordina-
tion of mating, e.g., to attract males, to signal estrus, and to act as an aphrodisiac. 

 Chemical analyses using mass spectrometry identifi ed 951 chemical components 
from scent glands, urine, and vaginal secretions of pandas collected during the 
spring breeding season (Hagey and Macdonald  2003 ). The scent marks of the two 
genders contained a similar composition of chemicals but varied particularly in the 
concentration of short chain fatty acids making up more than one half of the gland 
secretion in males and approximately one eighth in females (Hagey and Macdonald 
 2003 ). A study of Zhang et al. ( 2008 ) solely found 39 different substances in ano-
genital gland  secretions   of pandas collected in December. Short chain fatty acids 
were not confi rmed, however, distinct amounts of long chain fatty acids (C10–C24) 
were detected. The divergence in compounds among the two studies might be 
explained by differences in the analytical systems and the season during which sam-
ples were collected. 

 Chemical analyses of urinary compounds are only limited. A study of Yuliang 
et al. ( 2012 ) found 56 substances, 38 of them were putatively identifi ed, whereby 
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fatty acids were not detected. This contrasts to our previous fi ndings demonstrating 
an increase in fatty acids during spring when ovarian steroid secretion increases 
(Dehnhard et al.  2004 ). 

 The endocrine events associated with the peri-ovulatory period have been 
described by measuring the corresponding urinary steroid hormone metabolites 
(McGeehan et al.  2002 ).  The   excretions of estrogens by female giant pandas 
increased approximately 8 days prior to observed matings, were at maximum during 
the proceptive period, and decreased to basal levels during the period of receptivity 
(Bonney et al.  1982 ; Hodges et al.  1984 ). In captivity, successful reproduction 
depends on the ability of animal managers to detect estrus for the accurate timing of 
mate pairing and artifi cial insemination. Thus, daily estrogen measurements aiming 
to detect the estrogen peak as well as behavioral and morphological indices are used 
for reproductive management. 

 However, a long-lasting continuous estrogen increase which may also include 
intermittent declines (Bonney et al.  1982 ) might complicate a precise estrus prognosis 
because this would require anticipation of the further course; for example, whether 
an attained high value is followed by a decrease (and thus refl ects preovulatory peak 
concentrations) or by an additional increase closer to ovulation. Thus, urinary pher-
omones or volatiles with concentrations that are elevated coincident with the pre-
ovulatory LH surge might be excellent indicators of ovulation to detect the relatively 
brief receptive period in female pandas (McGeehan et al.  2002 ). 

 We hypothesized that female panda urine might possess estrous-related signals 
and that urinary volatiles, which might serve as pheromones in panda communica-
tion, could be used to evaluate ovarian function. Pheromones may represent more 
informative indicators of behavioral and physiological conditions than measure-
ments of circulating or excreted hormones, which do not contain communicator 
functions. Using a combined approach of hormonal analysis and urinary volatile 
monitoring we aimed to detect reproductive stage-related substances. We selected 
three different methods for volatile analyses: (1) solid-phase microextraction 
[SPME; (Arthur and Pawliszyn  1990 )], to reproduce data that had been published 
earlier based on one female panda (Dehnhard et al.  2004 ), (2) static headspace 
(SHS) injecting air saturated with volatiles from above the urine, and (3) stir bar 
sorptive extraction (SBSE) using a TWISTER stir bar adsorbing volatile as well as 
nonvolatile urinary compounds. Finally, we aimed to identify estrous-related sub-
stances and to assess their reliability for monitoring ovarian function.   

24.2     Material and Methods 

24.2.1     Animal and Sample Collection 

 One   adult   female and one adult male (both 11 years) giant pandas maintained in the 
zoo of Edinburgh were involved in the study. Urine samples from the female were col-
lected on a daily basis between January 21st and October 15th, 2013 and February 28th 

24 Chemical Signals in Giant Panda Urine (Ailuropoda melanoleuca)



366

and September 25th, 2014, respectively. Urine samples from the male were collected 
irregularly between February 13th and May 21st, 2014. All samples were frozen 
immediately after collection, stored at −20 °C and shipped to Berlin by overnight 
express, delivered next day, and kept at −20 °C until analyses.   

24.2.2      Determination of Female and Male Reproductive Status 

   Conjugated   steroids were hydrolyzed, extracted, and measured with two enzyme 
immunoassays (EIA) being specifi c to either total estrogens or pregnanediol. 
Hormone determinations were carried out as described in a previous paper (Meyer 
et al.  1997 ). Testosterone determinations were carried out following hydrolysis 
(Meyer et al.  1997 ) as described in a previous paper (Kretzschmar et al.  2004 ). 

 In both years artifi cial inseminations (AI) were scheduled according to the estro-
gen courses and performed at the beginning of the post peak decrease indicating the 
period of receptivity (Bonney et al.  1982 ; Hodges et al.  1984 ), additionally con-
fi rmed by the detection of the ovulatory LH peak in blood applying a semiquantita-
tive LH assay (WITNESS ®  LH test).   

24.2.3     Solid-Phase Microextraction (SPME) 

   Solid-phase  microextraction     uses a fi ber coated with an adsorbent that can extract 
organic compounds from the headspace above urine. Extracted compounds are 
desorbed upon exposure of the SPME fi ber in the heated injector port of a gas chro-
matograph (GC). SPME was carried out with a CTC Combi Pal system autoinjector 
at 70 °C for 60 min using a fi ber coated with a 85 μm Carboxen/PDMS layer. 
Sampling was done in the headspace above the surface of 5 ml diluted, Acetate- 
buffered urine (containing 2 ml urine; 2.5 ml water; 0.5 ml 2 M acetate-buffer, pH 
4.8; 1.83 g NaCl, and 2 μg undecanoic acid as internal standard) in 20 ml headspace 
vials (Shimadzu, Duisburg, Germany).    

24.2.4     Static Headspace Analyses (SHS) 

   Headspace  vials   (20 ml)    were fi lled with 2 ml diluted, acetate-buffered urine (con-
taining 1 ml urine; 1.0 ml 0.5 M acetate-buffer, pH 4.8 and 2 μg camphor as internal 
standard). SHS was carried out at an incubation temperature of 70 °C for 30 min 
using a CTC Combi Pal system autoinjector. Thereafter a volume of 2000 μl from 
the air above the urine surface was injected into the gas chromatograph (GC) using 
a syringe temperature of 85 °C.    
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24.2.5     Stir Bar Sorptive Extraction (SBSE) 

 SBSE   was done in 20 ml  headspace    vials   (Shimadzu, Duisburg, Germany) containing 
1 ml urine, 1 ml 0.5 M acetate-buffer (pH 4.8), and 2 μg undecanoic acid as internal 
standard. Polydimethylsiloxane (PDMS) coated stir-bars (Twisters) for sorptive 
extraction (Gerstel GmbH, Mulheim an der Ruhr, Germany) were conditioned 
according to Jakubowska et al. ( 2009 ). They consisted of a 10 mm long glass-
encapsulated magnetic stir bar with an external PDMS coating of 0.5 mm thickness. 
The stir bar was inserted into the headspace vial fi lled with acetate- buffered urine 
and stirred at 1000 rpm for 60 min at room temperature. After extraction, the stir bar 
was removed from the sample using a magnetic tweezer and excess of water was 
dabbed away with a lint-free tissue. 

 Due to the criteria of higher recoveries of urinary compounds including deca-
noic acid SBSE was chosen as standard method to continue urine analyses (see 
Table  24.1 ). In addition, SBSE also allows enrichment of nonvolatile urinary com-
pounds also adsorbing on the PDMS phase which are undetectable by SPME 
(Benet et al.  2015 ). SBSE is also more concerned with ghost peaks or carryover 
peaks than SPME because it uses 50 μl of sorption media compared to 0.61 μL of 
sorption medium as typical of 100 μm PDMS fi bers (Rodil and Moeder  2008 ).  

     Table 24.1    Comparison of extraction effi ciency between solid phase microextraction (SPME)    
and  stir bar sorptive extraction (SBSE)   based on ten major urinary compounds naturally occurring 
in panda urine   

 No  Substance 
 Retention 
time 

 SPME 
area × 10 6  

 SBSE 
area × 10 6  

 1  Unknown01 a    9.11  0.54  5.28 
 2  Methyl salicylate b    9.16  1.16  41.97 
 3  4-vinylphenol b    9.36  n. d.  14.93 
 4  1-(2,4,6-trimethylphenyl)-ethanone c   10.63  1.19  15.38 
 5  Decanoic acid b   11.40  0.20  4.93 
 6  4-(1,1-dimethylethyl)-2-methyl-phenol c   12.18  n. d.  41.53 
 7  Unknown03 a   13.12  1.74  5.50 
 8  Unknown04 a   13.72  0.25  4.44 
 9  1-(2,6,6-trimethyl-1-cyclohexen-1-yl)-

2-butene- 1-one c  
 14.60  n. d.  167.10 

 10  Civetone c   21.45  0.15  2.45 

  n. d. = not detected 
  a Unknown: compounds that did not match >80 % with any substance (NIST MS search) 
  b Compounds verifi ed with authentic standards 
  c Compounds that did match >80 % with substances from library (NIST MS search)  
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24.2.6        GC-MS Analysis 

  Sample  analysis   was performed on an Agilent 7890A Gas Chromatograph (Agilent 
Technologies, Böblingen, Germany) interfaced with an Agilent 5975C mass selec-
tive detector. For SPME we used the rear injector with the splitless injection mode. 
For SHS as well as SBSE the split/splitless inlet of the front injector was replaced 
with a Gerstel thermo desorption unit (TDU) which mounts directly onto a Gerstel 
cooled injection system (CIS). The GC was equipped with an Agilent HP-5MS (5 % 
phenyl-, 95 % methylsiloxane) fused silica capillary column (30 m × 0.25 mm 
i.d. × 0.25 μm). The initial oven temperature was held at 45 °C for 2 min, increased 
to 105 °C at 15 °C/min, then increased to 175 °C at 10 °C/min, and fi nally 
increased to 255 °C at 4 °C/min with a fi nal temperature hold of 2 min. Ultrapure 
helium at a fl ow rate of 1.1 ml/min was used as the carrier gas. The TDU was oper-
ated in the solvent vent mode. 

 When conducting SHS the TDU was maintained at 250 °C and volatiles were 
swept into the CIS. The CIS inlet was operated using an initial temperature of 0 °C 
cryo-focussing the volatiles and ramped up to 300 °C at 720 °C/min with a fi nal 
temperature hold of 2 min. 

 When operating SBSE an initial TDU temperature was held at 20 °C for 30 s, 
and then increased to 200 °C at 60 °C/min with a fi nal temperature hold of 5 min. 
The TDU thermally desorbs substances adsorbed on the PDMS layer and sweeps 
these analytes into the CIS as well. The CIS inlet was also operated in the solvent 
vent mode using an initial temperature of 25 °C ramped up to 320 °C at 720 °C/min 
with a fi nal temperature hold of 2 min. The purge fl ow was set at 3.0 ml/min. 

 Both, the desorption (TDU to CIS) and the injection (CIS to column) were per-
formed in splitless mode at a helium fl ow of 70 mL/min. A liner fi lled with glass 
wool was installed in the CIS. 

 The CIS and TDU parameters were set using the Gerstel software installed on 
the GC-MS computer system, which consisted of a Hewlett-Packard computer with 
Windows 7 and Agilent MSD Chemstation software. 

 The MS was operated in the EI mode with the electron voltage set at auto-tune 
value. MS acquisition was performed in TIC (total ion chromatogram). The chemsta-
tion data analysis software was used for peak integration and library searches. Spectra 
of unknown urinary components were compared with spectra of known components 
stored in the NIST library containing well over 100,000 spectra. Compounds that 
match (>80 %: methyl salicylate, 4-vinylphenol, decanoic acid) were verifi ed with 
authentic standards using both, retention time and spectra. Compounds that did not 
match (<80 %) with substances from library were regarded as unknowns.   

24.2.7     Data Analyses 

   Urinary   steroid metabolite concentrations were standardized to creatinine (Cr) 
levels to control for water content and are given as ng hormone/mg creatinine (crea). 
For urinary estrogen profi les, an iterative process was used to calculate basal 
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concentrations (Herrick et al.  2010 ). Briefl y, the mean of all samples for the female 
was calculated and samples with concentrations greater than three standard devia-
tions (mean + 3SD) above this mean were removed. This iterative process was 
repeated until there were no samples with concentrations greater than the 
mean + 3SD. The mean of the remaining values was considered as the individual 
basal concentration. An increase above basal was defi ned as the day when urinary 
estrogen concentrations exceeded basal concentrations + 3SD for at least three con-
secutive samples. 

 All hormone and volatile profi les shown in the fi gures refer to the period of 
receptivity when artifi cial insemination (AI) was carried out (day 0, see Sect.  24.2.2 ).    

24.3     Results 

24.3.1      Seasonal Profi le of Reproductive Hormones 

  Figure  24.1  shows  the   course of urinary steroid metabolites in 2013. During January 
to March basal excretion of estradiol remained essentially constant at approximately 
2.6 ng/mg creatinine (crea). On the 8th of April (day −13) estrogens increased above 

  Fig. 24.1    Profi les of urinary estrogens, gestagens and the  stir bar sorptive extraction (SBSE)   profi le 
of decanoic acid throughout the year 2013. Hormone concentrations were standardized to creati-
nine (crea) levels to control for water content and are given as ng hormone/mg creatinine. Day 0 is 
defi ned as the day of artifi cial insemination (AI) corresponding to peak receptivity (confi rmed by 
the detection of the ovulatory LH peak in blood)       
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basal reaching maximal concentrations of 32.8 ng/mg crea 2 days prior to artifi cial 
insemination (AI: April 21, equivalent to peak receptivity). Urinary estrogen con-
centrations fell to baseline levels by 23rd of April and remained low thereafter. 
Following AI urinary gestagen analyses (pregnanediol) were performed to monitor 
luteal activity. The slight increase in gestagens mid-July (day 85) might refl ect the 
period of delayed implantation, the distinct increase above basal + 3SD on the 6th of 
August (282 ng/mg crea, day 105) probably indicates implantation and thus the 
beginning of pregnancy, which was terminated early September due to an abortion 
(as evidenced by an ultrasound investigation in the following year).

   A similar profi le was obtained in 2014 (data not shown) with estrogen concentra-
tions increasing above basal on the 31th of March (day −13) and achieving maximal 
concentrations between the 9th and 11th of April and dropping to basal levels by the 
13th of April, the date when AI was carried out (data not shown). Similar to 2013 
luteal activity increased above basal on the 12th of July (day 90) end ended in early 
September without delivery. Thus, we suspected this period of higher gestagen 
activity signaled a pseudo-pregnancy.   

24.3.2      SPME: Is the Increase in Urinary Fatty Acids Unique 
Among Individual Pandas? 

   SPME analyses  on      the composition of urinary volatiles were carried out through-
out the entire year 2013 covering all phases of panda reproduction. The pattern of 
urinary volatiles remained relatively constant during from January to March. 
In April urinary fatty acids increased whereby decanoic acid reached maximal 
concentrations of 0.84 μg/ml 8 days prior to peak receptivity (when AI was carried 
out, data not shown). This exactly fi ts with our data obtained one decade earlier 
where fatty acids likewise peaked 8 days prior to peak receptivity (Dehnhard et al. 
 2004 ). In contrast to our 2004 report on pandas, however, this female panda showed 
maximal decanoic acid concentrations that were only one-tenth as high and octa-
noic and dodecanoic acid were only barely detectable. 

 This might be attributed to extreme differences in urinary creatinine (crea) levels 
increasing from basal concentrations of 1.06 ± 0.75 mg/ml (mean ± SD) during 
January to March to maximal concentration of 10.7 mg/ml during the period of 
intense estrogen secretion in April (data not shown). A comparison of area responses 
in relation to urine concentration by diluting an urine sample from 6.20 mg/g crea 
down to 0.14 mg/g crea revealed that when crea exceeds concentrations of 2.48 μg/g 
the recovery of added exogenous decanoic acid decreases whereas the number of 
endogenous volatiles and their total area stagnated at crea concentrations of 5.0 and 
6.2 μg/g. This might indicate an inadequate buffering capacity as well as fi ber satu-
ration. Therefore we applied stir bar sorptive extraction (SBSE) using PDMS coated 
stir-bars (Twister).    
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24.3.3     Stir Bar Sorptive Extraction (SBSE) 

24.3.3.1     Comparison of the Sensitivity of SBSE and SPME 

    To  compare        the extraction effi ciency between SBSE and SPME we used ten 
endogenous substances some of them identifi ed by computer MS library research 
and confi rmed with those of the authentic standards. Table  24.1  shows a distinct 
higher recovery when using SBSE. Substances undetectable (n. d.) when applying 
SPME became clearly detectable following SBSE (no 3, 6, and 9), whereas other 
substances were extracted with 3- (no 7) up to 25-fold higher recoveries (decanoic 
acid) when applying SBSE. Therefore SBSE was chosen as standard method to 
continue urine analyses.     

24.3.3.2     Identifi cation of Urinary Volatiles Related to Estrus 

   Fatty Acids 

  To increase the  buffering   capacity and to account for often limited amounts of urine, 
1 ml of urine was buffered with an equal amount of 0.5 M acetate buffer adjusting 
the pH to ~4.8 irrespective diverging urine concentrations. The analysis of the com-
position of urinary volatiles throughout the samples collected in 2013 reveals dra-
matic changes during the period of estrogen secretion in April. Again an increase in 
decanoic acid during that period was confi rmed peaking 5 days following the urinary 
estrogen increase (day −13, see Sect.  24.3.1 ) and therefore 8 days prior to the day of 
peak receptivity (Fig.  24.1 : day 0). Decanoic acid levels decreased thereafter until 
the end of the year except a weak intermediate increase at the end of May (day 37). 
A similar profi le was seen in the same set of samples when SPME was used (see 
Sect.  24.3.2 ). 

 The composition of urinary volatiles in samples collected 2014 changed dramati-
cally during the period of estrogen secretion in April. This time the increase in deca-
noic acid reached peak levels 7 days following the estrogen increase (day −13) and 
6 days prior to the day of peak receptivity (data not shown). Decanoic acid levels 
decreased thereafter until the end of the collection period except two weak interme-
diate increases on days 34 and 85 (May 17th, July 7th).   

   Other (Unknown) Estrus Related Substances 

  Similar to  decanoic   acid an unknown substance appeared in panda urine during the 
phase of intense estrogen secretion in 2013 that reached peak levels on day −3 and 
remained at low levels until the end of the year (Fig.  24.2 ). The mass spectra of the 
substance that has yet to be identifi ed is characterized by an intense mass fragment 
at  m / z  127 (see Fig.  24.2  insert). A similar seasonal pattern was also obtained in 
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  Fig. 24.2     SBSE   profi les of an unknown substance with a distinct mass fragment of 127  (see 
 insert  ) and civetone in relation to the urinary estrogen profi le during the phase of intensive estro-
gen secretion and thereafter throughout the year 2013. Day 0 corresponds to the day of AI       

2014 when the unidentifi ed substance reached maximal concentrations on day −2. 
In contrast to decanoic acid, which has been demonstrated in the Berlin panda Yan 
Yan during the two consecutive years 2002 and 2003, we were unable to detect this 
unknown substance in GCMS fi les from SPME analyses of 2002 and 2003 based 
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on retrospective evaluations. Thus we cannot exclude the  m / z  127 substance as an 
individual phenomenon, as it was clearly detectable in the samples from 2013 when 
SPME was applied (see Fig.  24.3 ). In addition,  m / z  127 and its estrogen depen-
dency was also confi rmed in the samples collected in 2014 (data not shown) when 
applying SBSE. Regarding  m / z  127 SBSE was about fi ve-times more effi cient than 
SPME when comparing samples from 2013 (Fig.  24.3 ).

    In addition to the appearance of decanoic acid and the  m / z  127 substance several 
other compounds became detectable during the episode of intensive estrogen secre-
tion in April such as civetone (see Fig.  24.2 ) and 1-(4-methylphenyl)-ethanone 
(C 9 H 10 O: 93 % match with substance from NIST MS library, not shown). Despite 
low concentrations in the subsequent months, both substances increased again in 
mid-July (civetone) and September (methylphenyl-ethanone), respectively, remain-
ing at high levels until the end of the year as shown for civetone (Fig.  24.2 ) follow-
ing patterns unrelated to urinary gestagens.    

24.3.3.3     Substances with Temporal Relationship to Gestagenes 

     During the episode of increased luteal activity in August 2013 the pattern of urinary 
volatiles changed again whereby two substances α-terpineol and endo- borneol 
(match >80 % with substances from NIST MS library) reached peak levels during the 
episode of highest gestagen production between August 19th and 26th (not shown). 

  Fig. 24.3     Comparative   SBSE and solid phase microextraction (SPME)    profi les of urinary deca-
noic acid throughout the year 2013       

 

24 Chemical Signals in Giant Panda Urine (Ailuropoda melanoleuca)



374

A different result was obtained in samples from the subsequent year when both 
compounds increased late in the year but were not associated with a high level of 
luteal activity.    

24.3.4     Static Headspace Analyses (SHS) 

   Samples   were analyzed as described in material and methods. Best outcome was 
reached with incubation at 70 °C for 30 min and a pH-adjustment at 4.8. Adding of 
salt and enzyme (β-glucuronidase from Helix pomatia) did not improve the analysis 
(data not shown). 

 Through SHS only a few compounds were detectable in the urine. One reoccur-
ring substance was an unidentifi ed compound with the  m / z  of 135/192 and a reten-
tion time at 11.74 min. The substance reached peak levels on the 15th of April, 2 
days following artifi cial insemination (Fig.  24.4 ). The substance was found in urine 
samples from 2013 as well, where its concentration clearly peaked on the 16th of 
April (here 6 days prior to A.I., data not shown).

   In addition, urine samples from the male panda Yang Guang in Edinburgh col-
lected in 2014 were analyzed with SHS. Contrary to our expectations, urine from 

  Fig. 24.4    Results of  static headspace analyses (SHS)   of urine samples of a female and a male 
panda during 2014 showing the substance at  m / z  135/192 in comparison. In addition the profi le of 
urinary estrogens is shown       
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the male panda contained this substance as well. Peak levels for Yang Guang were 
reached on March 13th (Fig.  24.4 ). 

 The substance was found in urine samples from both animals until the end of 
June, when SHS analyses were terminated in favor of SBSE. However, in both ani-
mals concentrations dropped to lower levels during April and remained low until the 
end of June.    

24.4     Discussion 

  The  Giant   panda ( Ailuropoda melanoleuca ) is an endangered species native to 
southwestern China living in fragmented habitats and being vulnerable to continued 
human threats, especially habitat loss. By 2004, there were estimated to be 1600 
pandas alive in the wild (IUCN red list). Thus ex situ breeding programs play an 
important role in the study and recovery of endangered species. One of the many 
challenges to such programs is establishing a mating protocol that simulates, as 
closely as possible, what normally occurs under natural conditions. Because females 
are mono-estrous with a single receptive period of 1–3 days each spring (Kleiman 
 1983 ; Schaller et al.  1985 ) successful reproduction in captivity depends on the abil-
ity of animal managers to detect estrus for the accurate management of pairing and 
artifi cial insemination. The most useful approach is a skilled combination of moni-
toring urinary estrogen hormone profi les and careful observations of reproductive 
behaviors (Zhang et al.  2004 ). 

 Giant pandas are a solitary, seasonally mono-estrous species, and as such they 
certainly rely on chemical signals to coordinate mating efforts (Schaller et al.  1985 ; 
Swaisgood et al.  2002 ). Males displayed a signifi cant investigatory preference for 
estrous over non-estrous female urine (Swaisgood et al.  2002 ). 

 Our systematic SBSE investigations of the composition of urinary volatiles in the 
female panda throughout two consecutive years revealed a characteristic increase of 
urinary decanoic acid associated with the seasonal estrogen increase which triggers 
estrus behavior. The appearance of decanoic acid was also demonstrated in our ear-
lier study where we investigated urine from another female panda during two con-
secutive years (Dehnhard et al.  2004 ). Even with a sample size of only two animals, 
the estrous related appearance of decanoic acid in consecutive years implies that 
this substance might serve as a pheromone to attract males to females which should 
be emitted in time before ovulation. In nature, females approaching estrus may 
attract up to fi ve males that travel long distances and then assemble in the female’s 
home range to compete for copulation opportunities (Schaller et al.  1985 ; Nie et al. 
 2012a ,  b ). In captivity it has been shown that 71.0 % of the panda cubs were pro-
duced from matings occurring on the day of or the day after the urinary estrogen 
peak (Huang et al.  2012 ). In our study AI was performed on the day following the 
estrogen peak and ovulation was confi rmed in 2013 and 2014 by semiquantitative 
detection of the LH surge in blood plasma when AI was carried out (F. Göritz, per-
sonal communication). The occurrence of the decanoic acid peak 6 and 8 days prior 
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to peak receptivity is similar to our earlier fi ndings (Dehnhard et al.  2004 ) and might 
indicate a role of attracting males. This is corroborated with the observation that 
fi rst scent marking activity usually occurs 6 days prior to the estrogen maximum 
(McGeehan et al.  2002 ). 

 The origin of decanoic acid is unknown. However, our lab identifi ed decanoic 
acid in four samples of bladder urine obtained between 1999 and 2003. In addition, 
decanoic acid has not been found in anogenital gland secretion (AGS)    of giant pan-
das (Zhang et al.  2008 ) which might rule out the possibility of an extrarenal source 
from accessory glands of the reproductive tract. However, long chain fatty acids 
from tridecanoic acid to tetracosanoic (C24) acid had been shown to occur in AGS 
(Zhang et al.  2008 ). So far decanoic acid has been found in temporal gland secre-
tions of  Asian elephant bulls ( Elephas maximus )   during musth (Rasmussen et al. 
 1990 ) and in scents on cheeks and foreheads of the  tiger ( Panthera tigris )   emitted 
during facial marking behavior (Soini et al.  2012 ). In both species decanoic acid 
was part of a cocktail of chemical compounds and a pheromonal action of the sub-
stance was not investigated. 

 In the panda comparisons of urinary volatiles can also be complicated by the 
appearance of a metabolic by-product due to changes in bamboo quality. Profi ling 
of volatile compounds of bamboo from Taiwan has shown changes in urinary con-
stituents and their relative contents when comparing spring and winter bamboo 
shoots. This particularly concerns the concentrations of methyl salicylate that dif-
fered markedly between spring and winter (Chung et al.  2012 ). This substance has 
been clearly demonstrated recently in panda urine (Table  24.1 ) but also in our for-
mer analyses. Thus when searching for reproductive state related volatiles that may 
have semiochemical functions it is important to differentiate between hormone and 
nutrition caused changes in the profi le of substance. Thus, feeding the fi rst spring 
bamboo might interfere with the appearance of estrus related volatiles. In addition, 
the increase in urine concentration from approximately 1.06 + 0.75 mg/ml and 
0.57 + 0.36 mg/ml creatinine up to 10.7 mg/ml and 9.5 mg/ml, respectively, in 2013 
and 2014 during the follicular phase might also impair the recovery of volatiles. 
Thus an adequate buffering capacity should be chosen to exclude an effect of pH on 
the recovery of decanoic acid. 

 When applying static headspace analysis (SHS) we assumed that we would 
obtain a pattern refl ecting similar to what the panda could smell. However, only a 
few compounds of the urine became detectable. Among them was an unknown sub-
stance that reached peak levels in April which were not closely related to estrogen 
secretion as they occur 6 days before (2013) and 2 days after the day of AI (2014). 
At approximately the same time, this substance was also detected in urine samples 
from the male panda coinciding with high urinary testosterone concentrations, but 
became undetectable when urinary testosterone levels decreased to zero (data not 
shown). The results from both animals might indicate a relationship to reproductive 
activities, however, additional analyses and substance identifi cation are needed until 
potential physiological aspects of the substance can be discussed. 
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 In addition, with SBSE we were able to demonstrate the presence of an unknown 
substance with a marked ion of 127. The substance shows a clear estrogen depen-
dency increasing during the follicular phase in two consecutive years. Unfortunately 
our fi nding is limited to one animal and reanalyses of GCMS data collected 10 years 
ago did not reveal evidence for this substance in the panda investigated in our previ-
ous paper (Dehnhard et al.  2004 ). 

 In this paper we also confi rmed the presence of civeton in panda urine, a sub-
stance which was absent in urines of 20 other mammal species we investigated 
earlier (Dehnhard et al.  2004 ). Urinary civetone did not refl ect a cycle that can be 
clearly attributed to reproductive activity. The fi rst distinct increase appears during 
the estrogenic phase in April but increases were also measured late in September 
and October. Currently, we have no evidence for a signal function of civetone. Its 
continuous but variable presence in female panda urine and its absence in other 
investigated species might imply a biological function. Civetone belongs to the 
macrocyclic musk compounds. In the wild the powerful musky odor of panda urine 
had been detected from as far as 5 m (Schaller et al.  1985 ). The  exocrine odor glands   
of the  musk deer ( Moschus moschiferus )   also produce an intensive musk odor which 
is used by female musk deer for tail marking which attracts male partners over great 
distances during the rutting season (Meng et al.  2008 ). There is a distinct possibility 
that civetone in panda urine might serve as an ingredient for territorial marking in 
females. 

 We obtained no evidence for volatile substances that might depend on luteal 
activity and, thus, may be used as pregnancy indicators as previously described in 
the Asian elephant (Dehnhard et al.  2003 ). In pandas, pregnancy diagnosis is com-
plicated by the occurrence of pseudo-pregnancies; which are characterized by a 
similar duration of luteal gestagen production after infertile matings but also infer-
tile AI. Thus a “true” pregnancy indicator as recently described for felids (Dehnhard 
et al.  2012 ) would be of great diagnostic value. However, a comparison between 
samples from this study between 2013 (when the animal was pregnant but aborted) 
and 2014 (when the animal was pseudo-pregnant) is inappropriate because of SBSE 
methodological improvements between the 2 years. 

 In conclusion, the role of decanoic acid as a pheromone remains to be investi-
gated and studies on their behavioral relevance are required. Is has been shown that 
environmental enrichment can enhance welfare of captive animals through provi-
sioning of stimuli needed for optimal physiological and psychological well‐being 
which has gained popularity in the last few decades (Rafacz and Santymire  2014 ). 
If decanoic acid is of biological relevance for male pandas it could be used as olfac-
tory stimuli to enhance their reproductive behavior and, therefore may have impli-
cations for captive-breeding programs.      

  Acknowledgements   We thank the keepers from Edinburgh Zoo for collecting urine samples 
from the two pandas.  
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    Chapter 25   
 Semiochemical Communication in Dogs 
in the Context of Reproductive Behavior       

       Michał     Dzięcioł     ,     Antoni     Szumny    ,     Wojciech     Niżański    ,     Marcin     Wrzosek    , 
    Ewa     Stańczyk    , and     Joanna     Polikowska   

25.1            Semiochemical Communication 

 Semiochemical signaling is one of the oldest means of communication used by 
organisms of all taxa. This kind of communication plays an important role in initiat-
ing and modifying many types of behavior, including sexual behavior (Archunan 
 2009 ; Dzięcioł et al.  2012b ; Stevens et al.  1982 ; Pageat and Gaultier  2003 ; Raymer 
et al.  1986 ; Tod et al.  2005 ; Vázquez and Orihuela  2001 ). Taking into account very 
strong impact of sex pheromones on the behavior as well as on physiology of 
 signals’ recipient (releaser and primer effect), the understanding of mechanism of 
action of this group of semiochemical substances could be benefi cial for better 
understanding of whole semiochemical communication mechanisms. In this con-
text, considering the length of estrus period, strength of the expression of sexual 
behavior and level of domestication allowing for close, direct observation of undis-
turbed natural reactions and refl exes, dog seems to be a good experimental model. 
The aim of this study was the analysis of the chosen aspects of the semiochemical 
communication in animals in the context of sex pheromones on the model of 
 domestic dogs ( Canis familiaris ).  
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25.2        What Do We Know About  Canine Sex Pheromones     ? 

 The rapid development of sophisticated, modern, analytic methods of identifi cation 
of chemical compounds (GC/MS) in the second half of the twentieth century held 
great promise of fast and easy identifi cation of active substances able to modify 
animal behavior. The search for sex pheromones in dogs was performed mostly in 
the 1970s and 1980s; however, the results obtained by different researchers present 
confl icting opinions. In the study by Goodwin et al. ( 1979 ), methyl  p - hydroxybenzoate  
(methyl paraben,  MP  ) was postulated to be the main sex pheromone in dogs. When 
this compound (MP) was applied to the vulva of bitches that were not in estrus, male 
dogs behaved toward the females as though they were in estrus. As the most often- 
cited article in the area of canine sex pheromones, this study seemed to settle the 
question of the identity of the primary canine sex pheromone (Kustritz  2005 ; Kutzler 
 2005 ; Pageat and Gaultier  2003 ; Person  1985 ; Santos et al.  2013 ;  Wani et al.  2013 ). 
However, some authors exploring the issue of canine sex attractants did not share 
the opinion that methyl paraben was the estrous pheromone. Kruse and Howard 
( 1983 ) stated that methyl  p -hydroxybenzoate cannot be considered as a key sexual 
attractant for male dogs. The study by Schultz et al. ( 1985 ) as well as results 
obtained by Dzięcioł et al. ( 2014c ) did not confi rm the presence of methyl paraben 
in samples of urine collected from bitches during estrus. Santos et al. ( 2013 ) 
obtained better quality semen from dogs after stimulation with methyl paraben 
 during electroejaculation procedures, but these results could not confi rm its effec-
tiveness because these males also received an injection of prostaglandins, which 
could have signifi cantly infl uenced the results (Estienne and Harper  2000 ; Kozink 
et al.  2002 ). Moreover, Santos et al. ( 2013 ) clearly stated that in their study they did 
not observe any excitement of the males during contact with methyl paraben. 

 Even though there have been many critical opinions over the usefulness of 
methyl paraben as a sex pheromone in dogs, there still exists a common belief that 
this substance is effective and can be useful in veterinary practice as well as in 
breeding. This feeling is supported by the presence of a commercially available 
product called Eau D’Estrus (Synbiotics, USA) containing methyl paraben as a 
major component. However, similar to the observations of Santos et al. ( 2013 ), 
we did not note any kind of interest of male dogs either toward bitches marked with 
MP or during contact with samples of cotton swabs soaked in MP (this method of 
stimulation was also suggested by the producer of artifi cial pheromones) (Dzięcioł 
et al.  2011 ). Taking into account the common presence of methyl paraben in our 
environment (cosmetics, food preservatives, etc.), previous reports presenting MP 
as a compound of canine urine could result from contamination: in the studies by 
Goodwin et al. ( 1979 ) and also by Kruse and Howard ( 1983 ), the samples of urine 
examined were collected from the fl oor. This idea could be correct considering that 
other compounds identifi ed during the Goodwin et al. ( 1979 ) studies nowadays are 
usually identifi ed as artifacts comprising very popular industrial plasticizers.     
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25.3      Sex Pheromones in Dogs:  Suspected Structure   

 In animal reproduction, female attractiveness to a male, which is essential for proper 
conduct of the subsequent sexual act, is determined mostly by the presence of 
 specifi c semiochemical substances emitted into the environment (Kustritz  2005 ; 
Mertens  2006 ). 

 According to current knowledge, semiochemicals usually act not as a single 
 substance, but rather as mixtures of a few compounds that are active together. 
Also, while a few different types of chemical substances are usually considered as 
candidate pheromones, however, volatile compounds are the predominant type in 
most reports. Evaluation of male dogs’ behavior as a response to the message seems 
to be important for proper analysis of chemical signaling of bitches during estrus. 

 During analysis of stud dogs’ behavior, a few phases of breeding behavior could 
be distinguished. The fi rst step is approaching the bitch, which serves as a reaction 
to volatile substances, because this signal is recognizable from a great distance. 
Although this signal is present from the fi rst to the last day of estrus, during the fi rst 
few days the females, however attractive, do not allow the males to copulate. From 
the biological point of view, this mechanism could be benefi cial because during this 
time a number of males are able to receive the signal and close in on the females. 
This is also probably the time for competition among the male dogs and when the 
strongest male can dominate other competitors. 

 The second step during the process of recognizing the status of the female after 
approaching is sniffi ng from close proximity of the different parts of her body 
(mostly the ano-genital region, the tarsal region, and muzzle areas). It appears 
important that this phase usually involves intensive licking behavior. During the act 
of licking, a temporary immobilization is usually observed and the ano-vaginal 
region is the predominant place of interest. Moreover, males like to sniff and lick 
objects (grass, etc.) marked by the bitch with urine, a type of behavior that is often 
observed in other species (cattle, elephants, and others) (Rasmussen et al.  1982 ; 
Marchlewska-Koj  2011 ). The fi nal decision (whether to mate or not) is usually 
made after completing both of the aforementioned behaviors. This behavioral pat-
tern might suggest a complex characteristic of the message sent by the female. 
Thus, a nonvolatile property of one or more of the substances collected by males 
during licking should be strongly considered. Such substances could be transported 
straight into the vomeronasal entry area. This route of semiochemical detection also 
is suspected because of a specifi c behavioral characteristic observed in dogs—the 
equivalent of the Flehmen response—called  tonguing  , which has been frequently 
observed after the male dogs lick a urine spot (Case  2010 ). 

 The complex character of semiochemical signals emitted by the female in estrus 
could also be suspected considering the suggestion of some authors, and what has 
also been strongly confi rmed by many breeders, that some male dogs are “able to 
determine not just if the bitch is in estrus, but if she is at the optimal time for breed-
ing” (Kustritz  2005 ). In our previous study, the behavior of experienced stud dogs 
toward females in different stages of estrus (confi rmed by vaginal cytology, blood 
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progesterone levels) was evaluated. We observed that, while there was increased 
interest of the males (sniffi ng, licking the ano-vaginal region of the bitches), the 
mating decision in most cases was not made until females were at the optimal time 
for mating (Dzięcioł et al.  2012a ). The fact that males were able to distinguish 
between specifi c phases of estrus seems to confi rm the complex character of the 
chemical message sent by females. Taking into account the duration of the canine 
heat period, with proestrus and estrus lasting approximately 9 days each and 
dynamic changes in hormone levels occurring, the idea mentioned above appears to 
be consistent with the observations of other authors who found that changes in the 
levels of reproductive hormones could lead to changes in the composition of the 
semiochemical signal (Raymer et al.  1986 ). 

 It is worth noting that the above-described kinds of skills are present only in 
some dogs, and usually in the older, more experienced males that are kept in kennels 
in close contact with the females. This observation could indicate that learning is 
important in the development of such skills. A learning process could also be indi-
cated in the context of acquired skills of dogs, mice, and rats that are able to detect 
the chemical signals of estrus of a different species, i.e., ruminants (Jezierski  1992 ). 
However, the question if learned skills are involved in detection of the most fertile 
period in bitches needs further study.   

25.4     The Meaning of Fully Recognizable Signals 

  The role of  bacterial fl ora   in the production of semiochemical substances has been 
confi rmed in both animals and humans (Dravnieks et al.  1970 ; Michael et al.  1974 , 
 1975 ; Albone et al.  1978 ; Bird and Gower  1982 ; Jackman and Noble  1983 ; Gower 
et al.  1986 ,  1994 ; Kohl et al.  2001 ; Konopski and Koberda  2003 ). 

 Changes in the number of bacteria in the environment of the bitches vagina are 
linked closely with the ovarian cycle (Allen and Dagnall  1982 ; Baba et al.  1983 ; 
Watts et al.  1996 ; Grundy et al.  2002 ; Janowski et al.  2006 ; Zduńczyk et al.  2006 ; 
Ulgen et al.  2010 ). During anestrus, which usually lasts several (5–11) months, the 
vagina remains almost sterile. The number of bacteria starts to increase at the begin-
ning of estrus and persists throughout proestrus and estrus. At the end of estrus, a 
sudden decrease in cornifi ed cells, characteristic for the fertile period, can be noted. 
This process is combined with an increased number of leukocytes that eliminate 
bacteria from the bitch’s vagina. At the same time, a sudden decrease or even 
absence of attractiveness of the females toward the males is observed. These fi nd-
ings show the correlation between the presence of bacteria in the canine vagina and 
the emission of a semiochemical signal into the environment.  

 In our previous study, we observed reduced attractiveness of bitches in estrus 
treated with  antibiotics   toward experienced stud dogs (Dzięcioł et al.  2013 ). 
Moreover, we proved that this observation was not caused by the presence of the 
antibiotic carrier (Myglyol 480), because no aversion behavior by the males was 
observed during their contact with this compound. However, while the presence of 
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metabolites of administered drugs could potentially be involved in the altered 
“smell” of the females, it is also very probable that for the production of the fi nal 
semiochemical signal (sex pheromones) the presence of the physiological  vaginal 
fl ora   is necessary (Dzięcioł et al.  2013 ). Similar results were also observed in differ-
ent species by Ungerfeld and Silva ( 2005 ) as well by Merkx et al. ( 1988 ). 

 Marking females in estrus with specifi c chemicals ( repellents  ) is the popular 
method for reducing their attractiveness. The low effectiveness of this method pro-
hibits its classifi cation as a recommended contraceptive method. However, interest-
ing notes were made during observation of the behavior of males toward females 
wearing collars containing so-called  appeasing pheromones     , which are described as 
analogs of the substances produced in the skin glands of the mammary gland of the 
females just a few days after parturition (Pageat and Gaultier  2003 ; Dzięcioł et al. 
 2014a ). According to preliminary data, the simultaneous presence of two different 
kind of semiochemicals, sex pheromones (estrus) and  maternal pheromones   
(released from the collar) characteristic for lactation, reduced the mating attempts 
by some experienced stud dogs (Dzięcioł et al.  2014a ). The underlying mechanism 
of this possible interaction is still unknown and needs further research.  

25.5      How to  Investigate   Sex Pheromones in Dogs? 

 The classical scheme of research dedicated to pheromone identifi cation in verte-
brates includes: collection of the material, chemical evaluation of the samples (usu-
ally by GC/MS and similar methods), identifi cation of the putative pheromones, 
synthesis of the substances suspected of the semiochemical activity, and biological, 
behavioral tests confi rming their activity. However, this ideal schedule in practice 
seems to be very diffi cult to perform. There are several reasons for this. Aside from 
the fact that the detection limits of the analytical equipment used remain coarser 
than the detection capability of the animals’ receptors, the complex structure of the 
semiochemical signal causes problems in creating an artifi cial equivalent of the 
natural signal. Furthermore, in vertebrates the critical part of analysis of the semio-
chemical interaction is the last step: evaluation of the reaction of the recipient to the 
presented putative pheromone. Many methods have been described, but the pre-
dominant one still seems to be analysis of the behavior of the individual receiving 
the proffered signal. Unfortunately, in many cases this method is far from perfect, 
since different temperaments, degrees of reactivity, as well as the infl uence of more 
or less predictable additional factors, can all signifi cantly infl uence visible behavior, 
and the skill of the observer can also affect the fi nal results. 

 Methods based on evaluation of the bioelectrical activity of the neural system are 
to be used in insects for detection of semiochemical events (Konopski and Koberda 
 2003 ). However, in mammals, these methods carry limitations due to ethical objec-
tions. Also atraumatic EEG (Electroencephalography) examination did not support 
its usefulness in this kind of study, because of diffi culties with interpretation of the 
results obtained (pers. obs.). The numerous artifacts connected with measurement 
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of muscle activity can potentially be eliminated by pharmacological sedation 
(immobilization); however, the use of sedative drugs usually signifi cantly reduces, 
or in stronger sedation almost eliminates signals that might be evaluated. Moreover, 
knowledge about the neural pathway connecting the VNO (vomeronasal organ) 
mainly with the brain’s subcortical structures raise doubts whether evaluation of 
cortical electrical activity could be relevant and suffi cient for this kind of analysis 
(Konopski and Koberda  2003 ; Marchlewska-Koj  2011 ). 

 The usefulness of evaluation of the  heart rate (HR)   in the context of sexual 
arousal and response of the organism toward sexual pheromones were evaluated in 
animals and humans (Dzięcioł et al.  2012b ). However, even though it was proved 
that semiochemicals could stimulate HR, this method seems to have limited utility 
because of its reduced specifi city (non-specifi c stimuli such as any kind of stress 
could be also the reason for increased HR) (Galosy et al.  1979 ). 

 Looking for a more specifi c test measuring the reactivity of the recipient to semi-
ochemical stimuli, perfusion of the vessels directing blood into the corpora caver-
nosa was evaluated (Dzięcioł et al.  2012b ). It was proved previously that non-contact 
stimulation from females in estrus evokes penile erection and this reaction is spe-
cifi c for estrous signals (Sachs et al.  1994 ; Sachs  1997 ). While in dogs the penis has 
a fi bro-cavernous structure, the erection is strictly due to the increased perfusion of 
this organ. In our previous study, we showed that evaluation of the blood fl ow in this 
vessel could be a specifi c and sensitive method for evaluating the reaction to the 
semiochemical stimulation, since the presentation of natural sex pheromones sig-
nifi cantly increased blood fl ow in the vessels sending blood into the corpora caver-
nosa (Dzięcioł et al.  2012b ). While due to the small size of the vessels examined, 
the traditional method of blood fl ow evaluation (pulsed Doppler) is diffi cult to per-
form, the color Doppler technique seems to be satisfactory when combined with 
objective post-examination, digital evaluation of the results using  PIXEL FLUX 
software   (Chameleon, Germany), dedicated for dynamic tissue perfusion measure-
ment (Dzięcioł et al.  2014b ). Unfortunately, this method also seems to have limita-
tions because it requires trained dogs, familiar with the long-lasting ultrasound 
examination, because the stress connected with this kind of procedure in untrained 
dogs could easily inhibit natural arousal, and a surge of the stress hormones (adrena-
line, corticosteroids) can modify blood fl ow in the organs of the animal (e.g., central 
sequestration of the blood). 

 Another new and promising method for evaluating the effect of sex pheromones 
on the physiology of the recipient of a specifi c signal is the modern technique of 
brain activity evaluation (PET, positron emission tomography, and fMRI, functional 
magnetic resonance imaging). In humans, gender-specifi c chemical compounds 
presented to individuals of the opposite sex caused increased activity in particular 
parts of the brain (Savic et al.  2005 ). In dogs, an evaluation of brain activity was 
performed in the context of voice-sensitive recognition (Attila et al.  2014 ). 
Investigations into the response of the canine brain toward the natural sex phero-
mones are in progress and we can expect that implementation of this technique will 
be benefi cial for studies on canine sex pheromones.   
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25.6     Conclusion 

 Despite the many published reports and studies investigating the canine sex 
 pheromones, there are still many unanswered questions and further studies are 
required. While most of the efforts attempting to identify the active semiochemical 
compounds in canine urine were performed at least 30 years ago and frequently 
present opposing conclusions, renewed attempts using modern, more sensitive meth-
ods of detection should be considered. Moreover according to current knowledge 
and taking into account the results of analysis of male dog behavior, such attempts 
should probably focus not only on the volatile but also on nonvolatile  compounds. 
In this context, special attention should be given to the role of proteins. 

 Identifi cation of the complex structure of sex pheromones in dogs, taking into 
account its possible practical applications, could be benefi cial for the breeders and 
owners. It could contribute to creation of a better environment for coexistence of 
animals and humans. Moreover preparing model of experiment allowing for sex 
pheromones identifi cation could be also very useful in future, in managing the 
reproduction of captive canines including endangered species. 

 Considering wider aspect of studies concerned to identifi cation of sex phero-
mones in animals it is worth to notice that except the possible different sources of 
semiochemicals, the pathway dedicated to identifi cation of putative pheromones 
seems to be similar in various species (GC/MS and similar methods). On the other 
hand, choosing the methods of evaluation of the recipient reaction greater account 
should be taken on species specifi city (e.g., different type of penis combined with 
different mechanism of erection—dog and bull; presence or absence of typical 
Flehmen response). In context of species specifi city probably also the cooperation 
of the additional (A.O.B.) and the main olfactory bulb (M.O.B.) in estrus detection 
should also be considered.     
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    Chapter 26   
 Hormonal and Behavioral Responses to Odor 
Cues in Zoo-Housed African Painted Dogs 
( Lycaon pictus )       

       Michelle     L.     Rafacz     ,     Matthew     R.     Heintz    , and     Rachel     M.     Santymire   

26.1            Introduction 

  African painted dogs (APD;  Lycaon pictus )   , the largest canid in Africa, are specialist 
predators of medium-sized antelope (Creel and Creel  1995 ; Woodroffe and Sillero-
Zubiri  2012 ). In the wild, APDs always live in packs containing a potential breeding 
pair, and they disperse as single sex groups of either sex. In captivity, however, they 
are often kept in single-sex groups to prevent reproduction. 

 Environmental enrichment is a tool that can be used to improve the welfare of 
zoo-housed animals because it can increase the diversity of natural species-spe-
cifi c behavior by promoting interaction with the environment (Shepherdson  1998 ; 
Clark and King  2008 ).  Olfactory enrichment   has primarily been studied in zoo-
housed carnivores, especially large felids (for a review see Clark and King  2008 ). 
Only a few studies have investigated the effect of olfactory enrichment on activity 
levels in APDs (Packard et al.  2010 ; Price  2010 ; Rafacz and Santymire  2014 ). 
Recently, we investigated the effect of fecal  odors   from a predator/competitor 
(lion;  Panthera leo ), and two prey species (gazelle;  Gazella granti ), and (cattle; 
 Bos taurus ) on both behavior and stress physiology of a pair of older male APDs 
using non-invasive measurements of  fecal glucocorticoid metabolites (FGM)   and 
unobtrusive behavioral observations (Rafacz and Santymire  2014 ). The gazelle 
odor elicited an increase in activity in both dominant and subordinate males, but 
only the subordinate individual had a decrease in  FGM   concentrations following 
presentation of fecal odors. Our results suggested that exposure to odors from 
natural prey may be used as enrichment, and that changes in stress may depend on 
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social rank (Rafacz and Santymire  2014 ). Thus, we used methods identical to 
those used in Rafacz and Santymire ( 2014 ) to investigate whether feces from the 
lion, Grant’s gazelle and cattle affects the activity  and   FGM of a younger, all-
female group of zoo-housed APDs.   

26.2     Materials and Methods 

26.2.1     Subjects 

 Four  zoo‐born female APDs (3-year-old sisters) were housed together  at Lincoln 
Park Zoo   (LPZ; Chicago, IL) in an outdoor exhibit space (approximately 225 m 2 ) 
with several structures. The females had access to both the exhibit and an off‐
exhibit indoor holding area at most times, depending on the weather and the needs 
for husbandry. They were individually fed a meat‐based diet with water provided 
 ad libitum . We distinguished individuals by distinctive markings and assigned 
social rank from keeper judgments. Female APD-1 and APD-2 were considered 
dominant, with APD-1 as the highest ranked, and APD-3 and APD-4 were subor-
dinate, with APD-4 being the lowest ranked. Research was approved through the 
LPZ Research Committee and complied with all legal requirements for research 
use in the United States.   

26.2.2     Odor Cues and Behavioral Measurements 

     Behavioral data were collected using instantaneous scan-sampling with a 1‐min 
fi xed interval and all-occurrence methods (Altmann  1974 ). An ethogram modifi ed 
from Rafacz and Santymire ( 2014 ) was used. Behaviors were divided into two cat-
egories: inactive comprised sleeping either alone or together and active included 
locomote, forage, other, self-groom, dig, waste elimination, scent-mark, and 
inspect-feces (Rafacz and Santymire  2014 ). Observations were conducted by co-
author MH during continuous 60‐min sessions (11:00–12:00 h), followed by 30‐
min follow‐up sessions (14:00–14:30 h) 2 or 3 times per week. 

 Feces were collected from the LPZ’s lions, gazelle, and cattle to serve as odor 
cues for the APDs. The lion feces served as the “predator/competitor” odor, and the 
gazelle and cattle feces served as prey odors. Feces were thawed and homogenized, 
approximately 200 g was removed for presentation, and each odor was presented 
over 3 consecutive days behind a chain‐linked fence where the APDs could smell 
but not access it. A new 200 g portion of the fecal sample was used on each day. The 
order in which the odors were presented was random, resulting in the gazelle odor 
being presented fi rst, followed by lion and then cattle. Odors were presented to the 
APDs at 11:00 h, at the start of the 60‐min session (11:00–12:00 h), remained on 
exhibit until the end of the 30‐min follow‐up session (14:00–14:30 h), and were 
then removed (Freeman  2005 ). 
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 Behavioral data were collected for 1 week prior to the experimental portion of 
this study, and a 2-week period of behavioral observations without an odor sepa-
rated the presentation of each odor cue, resulting in a design of: 1 week without 
odor, gazelle odor, 2 weeks without odor, lion odor, 2 weeks with no odor, cattle 
odor, and 1 week without odor. The pre-cue period for each odor cue was defi ned as 
1 week prior to presentation of the odor. The during-cue period included the 3 days 
of odor presentation, and the post-cue period was defi ned as the fi rst week of the 
2-week period separating odors for lion and cattle odor cues, or for the gazelle cue, 
the 1-week follow up period that followed presentation of all odor cues.   

26.2.3     Fecal Sample Collection and Enzyme Immunoassay 
Analysis 

         Fecal samples were also collected 2–3 times per week over the entire study. The 
pre-, during-, and post-cue time periods were the same as the schedule for behav-
ioral data collection. Samples were typically collected at the end of the day, after 
odor removal and were stored at −20 °C until processing. A fecal marker (Gordon 
Food Service, Tampa, FL) and non-digestible food items (corn and sunfl ower seeds) 
were added to each female’s rations to identify feces of each individuals (Fuller 
et al.  2011 ). The FGM concentrations were measured using a corticosterone enzyme 
immunoassay (EIA) modifi ed from a previously published method (Munro and 
Stabenfeldt  1984 ; Santymire and Armstrong  2009 ). Briefl y, wet feces were homog-
enized and 0.50 g (±0.02 g) were weighed into 16 × 125 mm glass tubes and mixed 
with 5.0 mL of 90 % ethanol:distilled water. The tubes were capped, shaken for 
30 min (Glascol Mixer, Terre Haute, IN), and centrifuged at 1500 rpm for 20 min. 
The supernatant was poured off into labeled tubes and the pellet was suspended in 
an additional 5 mL of 90 % ethanol:distilled water by vortexing for 30 s. Suspensions 
were centrifuged as above for 15 min, the second supernatant was combined with 
the fi rst, and then dried down on a warm bath (60 °C) using an air stream directed 
over the extracts until completely dry. The dried extracts were reconstituted in 1 mL 
of methanol, ultrasonicated for 20 min and then diluted 1:60 (sample to phosphate 
buffered saline, 0.2 M NaH 2 PO 4 , 0.2 M Na 2 HPO 4 , NaCl) and stored in the freezer 
until analyzed. 

  Horseradish peroxidase (HRP) ligands      and  polyclonal antiserum   (CJM006) 
were provided by C. Munro (University of California, Davis, CA). Antiserum and 
HRP to corticosterone were used at dilutions of 1:6000 and 1:20,000, respectively. 
Antiserum cross-reactivities were: deoxycorticosterone, 14.25 %; tetrahydrocorti-
costerone, 0.9 %; 11-deoxycortisol, 0.03 %; prednisone, 0.01 %; prednisolone, 
0.07 %; cortisol, 0.23 %; cortisone, <0.01 %; progesterone, 2.65 %; testosterone, 
0.64 %; and estradiol 17β, <0.01 % (Santymire and Armstrong  2009 ). An 
 adrenocorticotrophic (ACTH) challenge has validated the stress analysis (Rafacz 
and Santymire  2014 ).    
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26.2.4     Data Analysis 

 All statistical analyses were performed using  Sigma Stat  Version 3.0 (SPSS Inc., 
Chicago, IL, USA) at a  P  < 0.05 level of signifi cance with exact  P -values provided. 
Normality was tested with a Kolmogorov–Smirnov test and equal variance with the 
Levene median test. If data were not normal, a non-parametric test was used. Results 
are reported as the mean ± standard error (SEM). A one-way Kruskal–Wallis 
ANOVA on ranks with a Dunn’s post-doc comparison was used to evaluate the 
infl uence of time period (pre-, during-, and post-cue presentation) on the percentage 
of time spent in active behaviors. A two-way ANOVA was used to test for differ-
ences in means among individuals and among cues for each time period separately 
with a Student–Newman–Keuls post-doc comparison. A RM ANOVA was used to 
test for differences in FGMs across the three time periods for each individual and 
each cue. A Kruskal–Wallis ANOVA on ranks with a Dunn’s post-doc comparison 
was used to compare FGM values among individuals. A three-way ANOVA was 
used to analyze the infl uence of individual, time period, and cue species on FGMs.   

26.3     Results 

26.3.1     Behavior 

   All   APDs (APD1-4) were more active ( H  2  = 7.544;  P  = 0.023) when odors were 
present than the pre- and post-cue periods (Fig.  26.1 ). For the pre-odor cue time 
periods, percentage of time spent in active behaviors did not differ ( F  2,11  = 4.388; 
 P  = 0.067) between cues. For all cues, APD-4 was the most active individual both 
before odor presentation ( q  = 5.084;  P  = 0.043; Fig.  26.2 ) and when the odor was 
present (APD-1  q  = 12.298,  P  < 0.001; APD-2  q  = 10.967,  P  < 0.001; APD-3 
 q  = 6.808;  P  = 0.003; Fig. 26.3a). APD-1 was more active during all cues than APD-2 
( q  = 4.159;  P  = 0.026) and APD-3 ( q  = 5.49;  P  = 0.019) (Fig.  26.3a ). When com-
bined, all APDs spent a greater percentage of time ( F  2,11  = 6.477;  P  = 0.032) in active 
behaviors when the lion odor was present versus the cattle odor (Fig.  26.3b ). There 
were no differences ( F  3,11  = 1.514;  P  = 0.304) among individuals in percentage of 
time spent in active behaviors following presentation of all odors; however, all 
APDs were more active ( F  2,11  = 11.385;  P  = 0.009) after the lion (19.84 ± 3.33 %) and 
gazelle (14.44 ± 4.82 %) odor cues than after the cattle (2.50 ± 1.00 %) cue. 

26.3.2          Fecal Hormone Metabolites 

  In      ascending order of overall mean FGM concentrations, the APDs ranked APD-4, 
APD-2, APD-1, and APD-3, which did not refl ect social rank (Fig.  26.4 ). Although 
FGM concentrations were unaffected by odor exposure for the lion ( F  3,5  = 0.637; 

M.L. Rafacz et al.



395

  Fig. 26.1    The total percentage of time spent in active behaviors for all four female African painted 
dogs (APDs) at the three time periods for all three odor cues combined (lion, cattle, and gazelle). 
Asterisks indicate a difference (P < 0.05) among the time periods       
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  Fig. 26.2    The total percentage of time spent in active behaviors for all four female African painted 
dogs (APDs) during all the pre-cue time periods. Solid and striped bars indicate dominant and 
subordinate females, respectively. Different superscripts indicate differences (P < 0.05) among 
individuals       
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 P  = 0.701) or cattle ( F  3,7  = 1.066;  P  = 0.517) odor cues, APD-1 tended to have 
higher ( F  3,9  = 6.781;  P  = 0.057) FGM concentrations than APD-4 for the gazelle 
odor cue.

26.4         Discussion 

   The   present study is one of only few that have investigated how scent cues from a 
competitor and prey species elicit both behavioral and hormonal changes. Using 
completely non-invasive behavioral and hormonal monitoring techniques, our 

  Fig. 26.3    The total percentage of time spent in active behaviors for all four female African painted 
dogs (APDs) in the during-cue time period for each cue (a) and separated into each cue (cattle, 
lion, and gazelle); (b) Solid and striped bars indicate dominant and subordinate females, respec-
tively. Different superscripts indicate difference (P < 0.05) among individuals or species       
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  Fig. 26.4    Overall fecal glucocorticoid metabolites (FGM; ng/g feces) for the four female African 
painted dogs (APDs). Solid and striped bars indicate dominant and subordinate females, respec-
tively. Different superscripts indicate differences (P < 0.05) among individuals       

0

50

100

150

200

250

300

350

APD-1 APD-2 APD-3 APD-4

G
lu

co
co

rt
ic

oi
d 

m
et

ab
ol

it
es

 (
ng

/g
 f

ec
es

)

a a,b

a

b

research examined whether fecal odor cues infl uenced behavior, stress physiology, 
and animal welfare. Other research has investigated the response of prey species to 
predator scents. For example, Buchanan-Smith et al. ( 1993 ) found that tamarins are 
able to detect the scent of a predator and exhibit stress-induced behavior. Similarly, 
Monclus et al. ( 2006 ) found that rabbits detect predator scent and respond with an 
increase in stress hormones. 

 In a previous study, we presented odor cues from predator and prey species to 
two older male APDs and determined that zoo-housed carnivores become more 
active when the prey odor was present (Rafacz and Santymire  2014 ). Similarly, 
every female APD in the present study spent a higher percentage of time in active 
behaviors during all cues than in the pre- or post-cue time periods, but overall 
activity levels were similar among all odor cue exposures. The subordinate APD 
in the previous study had lower FGM concentrations following presentation of all 
fecal odors suggestive of an enrichment effect of the cues. However, the stress 
response was variable among individuals both pre- and during-cues (Rafacz and 
Santymire  2014 ). Additionally, the dominant APD had lower overall FGM con-
centrations than the subordinate APD, and presentation of the prey odor cue 
(gazelle) coincided with increased FGM concentrations for the subordinate APD 
(Rafacz and Santymire  2014 ). In the present study, FGM concentrations did not 
vary across individual APDs, but there was a trend for higher concentrations in 
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one APD for the gazelle odor cue. Social organization can affect behavior and 
stress (see Creel  2001  and Creel and Sands  2003  for a review), but whether the 
variation in individual response found here was related to social structure or indi-
vidual variance cannot be determined from this study. This will be an important 
next step in determining how scent enrichment affects individuals of different 
social rank. 

 Although most olfactory enrichment research has been conducted on large 
felids, recent studies of other large carnivores have investigated the effect of olfac-
tory enrichment on APD behavior (Packard et al.  2010 ; Price  2010 ). Neither of 
these studies focused exclusively on the effect of biologically relevant odor cues as 
olfactory enrichment. The addition of fecal hormone monitoring provides a means 
to examine how odors affect stress. Overall, our results suggest that fecal odor cues 
are stimulating for zoo-housed APDs and so provide effective environmental 
enrichment. This type of research, combining monitoring of behavior and hor-
mones, may provide a more complete picture of how enrichment affects large zoo-
housed carnivores.      
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    Chapter 27   
 Responses to Domestic Cat Chemical Signals 
in the House Mouse Are Modulated by Early 
Olfactory Experience       

        Vera     V.     Voznessenskaya      ,     Ilya     G.     Kvasha    ,     Artyom     B.     Klinov    , 
and     Tatiana     K.     Laktionova   

27.1            Introduction 

  Predator–prey relationships   provide an excellent model for the study of interspecies 
chemical communication.  Chemosensory detection   is a very important aspect for 
predator avoidance strategy for many mammals including the house mouse  Mus 
musculus . Odors from carnivores may elicit fear-induced stereotypic behaviors, 
change activity patterns, and feeding rate; affect neuroendocrine system, reproduc-
tive behavior, and reproductive output in potential prey (Harvell  1990 ; Kats and Dill 
 1998 ; Apfelbach et al.  2005 ; Hayes et al.  2006 ; Müller- Schwarze  2006 ; Hayes 
 2008 ). The ability of  predator odors   or  carnivore signals   to produce profound effects 
on the behavior of prey in general and especially on the reproductive behavior and 
 neuroendocrine system   is associated with natural predators which suggests that 
there is an evolutionary link between signaling predator and potential prey. This 
observation suggests that prey species may be able to distinguish between potential 
predator species on a chemosensory basis. A number of studies support this obser-
vation (see review Apfelbach et al.  2005 ). One of the most specialized predators 
towards house mouse is domestic cat  Felis catus . There is a long history of coexis-
tence in the same environments that led to the development of mutual adaptations. 
Thus, these two species provide a perfect model for the study of innate responses to 
predator odors and raise a question about the multicompound nature of the  kairo-
mones   as well as about existence of species-specifi c predator chemical cues 
(Voznessenskaya  2014 ). However, none of the known molecules may produce a full 
set of  defensive behaviors  . 
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  Felinine   is a unique sulfur-containing amino acid found in the urine of domestic 
cats (Rutherfurd et al. 2002). Sulfur-containing volatile compounds, 3-mercapto- 
3-methyl-1-butanol, 3-mercapto-3-methylbutyl formate, 3-methyl-3-methylthio-
1- butanol, and 3-methyl-3-(2-methyl-disulfanyl)-1-butanol, are identifi ed as 
species-specifi c odorants and candidates of felinine derivatives from the cat urine. 
The levels of these compounds were found to be sex- and age-dependent (Miyazaki 
et al.  2006a ,  b ). These cat-specifi c volatile compounds may represent pheromones 
used as territorial markers for conspecifi c recognition or reproductive purposes by 
mature cats (Miyazaki et al.  2008 ). Our data indicate that species-specifi c com-
pounds may be used also by mice to recognize potential predators and their physi-
ological status. These compounds may affect reproductive output in the house 
mouse (Voznessenskaya  2014 ). 

 Neonatal exposure  to odorants      may infl uence the function of the olfactory sys-
tem of an animal, and it produces changes in its responses to these odorants later in 
its life. Our earlier studies showed that regardless of the odorant (conspecifi c or 
heterospecifi c urine, androstenone), early exposure to it resulted in an increase in a 
rodent’s sensitivity to that stimulus (Voznessenskaya et al.  1995 ). Interestingly, 
exposure to the  odorant   during 2 weeks after the pups opened their eyes appeared to 
induce the greatest level of sensitization, suggesting a sensitive period to such stim-
uli (Voznessenskaya et al.  1999 ). Thus, the specifi c aim of our current study was to 
examine whether early olfactory experience of mice with chemosignals of cats dur-
ing “critical” period for sensitization to odors may modulate behavioral or neuroen-
docrine responses to the target cues later in adulthood.  

27.2     Methods and Materials 

27.2.1     Test Subjects 

  Test  subjects   were C57BL/6 J mice. Inbred C57BL/6 J mice are known for high 
investigatory activity and low level of anxiety (Voznessenskaya and Poletaeva 
 1987 ; Crawley et al.  1997 ). Experimental rooms were illuminated on 12:12 h 
light:dark schedule, and maintained at 20–22 °C. Animals were kept in standard 
plastic cages. Within each experiment all animals received the same, standard, lab-
oratory chow (Laboratorkorm, Moscow) and water ad libitum. Virgin females, 3 
months of age, in proestrus/estrus, as determined by vaginal cytology, were chosen 
for the mating experiments. Sexually experienced males were used as sires. The 
morning after pairing, the females were checked for successful mating, as indicated 
by the presence of a vaginal plug. Successfully mated females were then housed 
singly. Females with offspring were kept in separate cages. For each litter the exact 
date of birth was recorded. All litters were reduced at birth to six pups per dam. 
We tried to group litters so that the pups were similar in age. On completion of the 
exposures, the cages were changed and dams were provided with clean nest material. 
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Pups were weaned from mothers at 30 days of age. At weaning, the weight of the 
pups was 16–18 g. At the time of testing, when the pups were 9 weeks, they weighed 
between 22 and 24 g.   

27.2.2     Urine Collection 

     Urine collected from sexually mature male and female domestic cats was used as a 
source of chemical cues from a natural sympatric predator. Cats were maintained on 
meat diet for 14 days before urine collection. Freshly voided urine from several 
animals was mixed, aliquoted in 1-ml amounts, and frozen and stored at −22 °C. 
Once defrosted, each 1 ml-aliquot of urine was used only once.  L -feinine (US 
Biologicals, USA) was used in concentration 0.05 %, which is comparable with 
concentration in intact cat urine stored at 0–2 °C (Hendriks et al.  1995 ).   

27.2.3     Neonatal Exposure of Mouse Pups to Stimulus 

     All nursing female mice with offspring were assigned into three experimental 
groups. One group received exposures to tap water (control); another group was 
exposed to cat urine, the third group was exposed to  L -felinine. When the pups in 
each group were between 14 and 28 days of age (Voznessenskaya et al.  1999 ) they 
were exposed fi ve times to target odors, once every 3 days. All exposures took place 
in environmental chambers with controlled incoming and outcoming air fl ow (ASP 
130, Flu France). 

 Exposures consisted of pups being presented with a sterile cotton swab contain-
ing 50 μ of cat urine, 50 μ   L -felinine (0.05 % in water), or 50 μ tap water. Cotton 
swabs were placed directly into home cage once in 3 days and they were used by 
females as nest material providing an instant exposure to target odors.   

27.2.4     Assay for Corticosterone 

 Upon  completion of the fi nal 15-min exposure to predator urine (25 μl), blood sam-
ples (20 μl) from the orbital area were drawn with heparinized Natelson blood- 
collecting tubes (Fisher Scientifi c, USA). Samples were centrifuged, the plasma 
separated, and frozen at −22 °C until subsequent analysis.  Plasma corticosterone   
was assayed (in duplicate) by enzyme immunoassay method (EIA K014, Arbor 
Assays, USA). Before analysis, plasma samples were brought to the room tempera-
ture and treated with the supplied in the kit the dissociation reagent to yield the 
total  corticosterone   concentration in plasma. Final plasma dilutions were 
≥1:100. Moderate to severely hemolyzed samples were excluded from analysis. 
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Concentration of corticosterone was measured with spectrophotometer SpectraMax 
340PC 384 (Molecular Devices, USA) at 450 and 670 nm. We used SpectraMax 
Software (  http://www.moleculardevices.com/pages/software/softmax.html    ) to cal-
culate concentrations of corticosterone.   

27.2.5     Open Field Test 

  We used one of the modifi cations of a standard  open fi eld test   using a hole board. 
The hole-board apparatus consisted of a plastic nontransparent cylinder measuring 
40 cm in diameter. The walls were 50 cm high (Voznessenskaya and Poletaeva 
 1987 ). The arena was raised 3 cm above the ground on a plastic stand. The hole 
board contained 17 cone-shaped holes (3 mm in diameter) that were located sym-
metrically in two rows: eight holes each and one hole in the center of the board. 
Plastic Petri dishes with cat urine (0.15 ml),  L -felinine (0.15 ml) or tap water (0.15 
ml) on fi lter paper were placed under each of the holes. In control experiments water 
samples (0.15 ml) were placed under all the holes. 

 All testing was performed in a separate room; experimental animals were brought 
to the room 1 day prior to testing. All experiments were carried out during late eve-
ning hours when locomotor activity of C57BL/6 J mice is highest (Voznesenskaya 
and Poletaeva  1983 ). Mice were transported to the hole board using a plastic tube to 
reduce handling stress (Hurst and West  2010 ). 

 During 15 min trial, we recorded on a spreadsheet and videotaped the number of 
rearing (the mouse is stationary on its back paws while raising its forepaws off the 
ground and extending the body vertically); we considered this to be a measure of 
vertical investigatory activity (Walsh and Cummins  1976 ). We also recorded the 
number of holes that the mouse investigated; this was a measure of horizontal inves-
tigatory activity. We recorded the number of urinations and defecations by the 
mouse as a measure of its emotionality. In addition, we recorded the total amount of 
time that the mouse sat without moving (freezing behavior) as a measure of passive- 
avoidance behavior. Lastly, we recorded the frequency and duration of self- grooming 
as an indicator of confl ict between exploratory behavior and passive-avoidance 
behavior (Stone et al.  1995 ; Stanford  2007 ). Statistical analysis was performed 
using parametric and nonparametric tests with STATISTICA 7.0 software.    

27.3     Results and Discussion 

 Exploration of new environments may provide an animal with new information 
about potential food resources, availability of cover, or potential sexual partner. 
At the same time, entering a new environment or approaching to a  novel stimulus  , 
an animal might also increase its risk of predation, aggression from conspecifi cs, or 
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other hazards (Brown and Nemes  2008 ). The situation when an animal investigates 
or avoids novelty has been described as the outcome of an approach–avoidance 
confl ict (Montgomery  1955 ; Montgomery and Monkman  1955 ) or as a balance 
between neophilic and neophobic tendencies (Greenberg  2003 ). 

 Placement of an animal into open arena provokes a fear of new environments on 
the one hand and an intention to investigate these new environments, on another and 
the open fi eld test represents a dynamic balance between these two behavioral ten-
dencies (Hughes  2007 ). Presentation of cat urine (under the central hole) or 
  L- FELININE       signifi cantly suppressed both measures of investigatory activity: rearing 
(vertical) and hole investigations (horizontal) in male and female mice (Figs.  27.1  
and  27.2 ). In addition, the number of defecations increased and the total time the 
mice spent grooming decreased (Figs.  27.3  and  27.4 ). It was shown by a number of 
investigations that extended periods of grooming correlate with elevated emotional 
stress (Stone et al.  1995 ). Elevated level of defecations favors this observation. 
Under the infl uence of domestic cat chemical signals balance between exploratory 
behavior and passive-avoidance behavior shifted in favor the latter.

      Mice responded to predator scents in a gender specifi c manner. In presence of cat 
urine female mice investigated holes more often than males ( t -test  p  < 0.01,  n  = 10), 
had higher defecation rates ( t -test  p  < 0.05,  n  = 10), more acts of freezing behavior 
than did males (Mann–Whitney test,  p  < 0.01,  n  = 10). Likewise, females exposed to 

  Fig. 27.1    The infl uence of neonatal exposures  to cat urine   on investigatory activity (hole investi-
gations) in adult mice in “Open Field” test. Control group ( n  = 13)—no neonatal exposures; no cat 
urine samples presentations during testing. “No exp.” group ( n  = 20)—exposed to tap water neona-
tally during days 14–28; cat urine samples presented during testing in “open fi eld.” “Neonatal 
exp.” group ( n  = 22)—exposed to cat urine neonatally during days 14–28; cat urine samples pre-
sented during testing in “open fi eld.”  *  p  < 0.05;  **  p  < 0.01,  t -test       
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  L -felinine   investigated more holes ( t -test,  p  < 0.05,  n  = 10), reared more often ( t -test, 
 p  < 0.01,  n  = 10), and groomed more frequently than did males (Mann–Whitney test, 
 p  < 0.05,  n  = 10). Thus, we found a more profound decrease in investigatory activity 
in males then in females in response to exposure to domestic cat chemical signals. 

 Exposure of mice pups to cat urine  or   L -felinine when they were 14–28 days of 
age signifi cantly affected their behavior as adults when they were 9 weeks of age 
relative to that of control mice. Female mice exposed to cat urine during this 2-week 
period showed signifi cant decreases in the number of freezing acts (Mann–Whitney 
test,  p  < 0.01,  n  = 11) and number of defecations ( t -test  p  < 0.01,  n  = 11) in response 
to presentation of cat urine samples during the hole board test. Also female mice in 
the experimental groups spent less time on grooming ( t -test,  p  < 0.01,  n  = 11) and 
freezing (Mann–Whitney test,  p  < 0.01,  n  = 11) than did control females exposed 
during critical period to tap water (Fig.  27.3 ). Likewise, male mice exposed to cat 
urine spent less time on grooming ( t -test,  p  < 0.01,  n  = 11) and freezing (Mann–
Whitney test,  p  < 0.01,  n  = 11) as well as showed fewer acts of grooming (Mann–
Whitney test,  p  < 0.01,  n  = 11) and fewer acts of freezing (Mann–Whitney test, 
 p  < 0.01,  n  = 11) relative to those mice that were exposed to the tap water control 
(Fig.  27.3 ). Both males and females of this experimental group showed higher 
investigatory activity relative to control group, exhibiting more rearing ( t -test, 
 p  < 0.05,  n  = 22) and more hole investigations ( t -test,  p  < 0.0 5,  n  = 22; Fig.  27.1 ) 

  Fig. 27.2    The infl uence of neonatal exposures to   L -felinine      (0.05 %) on investigatory activity 
(hole investigations) in adult mice in “Open Field” test. Control group ( n  = 13)—no neonatal expo-
sures; no  L -felinine samples presentations during testing. “No exp.” group ( n  = 20)—exposed to tap 
water neonatally during days 14–28;  L -felinine samples presented during testing in “open fi eld.” 
“Neonatal exp.” group ( n  = 24)—exposed to  L -felinine neonatally during days 14–28;  L -felinine 
samples presented during testing in “open fi eld.”  *  p  < 0.05;  **  p  < 0.01,  t -test       
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than did controls. Thus, early olfactory experience with cat urine signifi cantly 
reduced fear-induced behavior towards its chemosignals in adulthood for male and 
female mice. 

 Females exposed to   L -felinine   during days 14–28 after birth, later, at age of 9 weeks 
more often investigated holes (Fig.  27.2 ,  t -test,  p  < 0.05,  n  = 13) and performed 
more vertical rearings ( t -test,  p  < 0.05,  n  = 13) in the hole board test (with  L -felinine 
present) compared to that of controls exposed to tap water. The total time of groom-
ing by females was shorter compared to that of the control ( t -test,  p  < 0.01,  n  = 13; 
Fig.  27.4 ). We also observed less individual acts of freezing (Mann–Whitney 
test,  p  < 0.01,  n  = 13) and total time of freezing had become shorter in duration 
(Mann–Whitney test,  p  < 0.01,  n  = 13) relative to that of the control group. The num-
ber of defecations signifi cantly decreased ( t -test,  p  < 0.01,  n  = 13). Males exposed to 
 L -felinine when they were 14–28 days of age also showed higher investigatory 
activity in the hole board test compared to that of the controls (Fig.  27.2 ). In addi-
tion, male mice spent less time grooming than did controls (Fig.  27.4 ). Thus, early 
olfactory experience with  L -felinine produced changes in behavior of adult mice 
which were very similar with those caused by exposures to cat urine. The balance 
between investigatory activity and passive-avoidance behavior towards predator 
chemical signals changed in favor of exploratory behavior. 

 In spite of clear changes at the behavioral level, we did not observe signifi cant 
changes in corticosterone response in mice that were exposed to cat urine 14–28 days 

  Fig. 27.3    The infl uence of  neonatal exposures   to cat urine on grooming duration in adult mice in 
“Open  Field  ” test. Control group ( n  = 13)—no neonatal exposures; no cat urine samples presenta-
tions during testing. “No exp.” group ( n  = 20)—exposed to tap water neonatally during days 14–28; 
cat urine samples presented during testing in “open fi eld.” “Neonatal exp.” group ( n  = 22)—exposed 
to cat urine neonatally during days 14–28; cat urine samples presented during testing in “open 
fi eld.”  *  p  < 0.05;  **  p  < 0.01,  t -test       
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  Fig. 27.4    The infl uence  of      neonatal exposures to  L -felinine (0.05 %) on grooming duration in 
adult mice in “Open Field” test. Control group ( n  = 13)—no neonatal exposures; no  L -felinine 
samples presentations during testing. “No exp.” group ( n  = 20)—exposed to tap water neonatally 
during days 14–28;  L -felinine samples presented during testing in “open fi eld.” “Neonatal exp.” 
group ( n  = 24)—exposed to  L -felinine neonatally during days 14–28;  L -felinine samples presented 
during testing in “open fi eld.”  *  p  < 0.05;  **  p  < 0.01,  t -test       

  Fig. 27.5    The infl uence of neonatal exposures  to cat urine   on  plasma corticosterone   in response 
to cat urine presentations in adult mice. Control group ( n  = 10)—exposed to tap water neonatally 
during days 14–28. Experimental group ( n  = 10)—exposed to cat urine neonatally during days 
14–28.  *  p  < 0.05, Mann–Whitney test       
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after birth (Fig.  27.5 ). We observed sexual differences in response to the 15-min 
presentation of cat urine, but at the same time corticosterone elevation was signifi -
cant ( p  < 0.05,  n  = 10) relative to basal level. The data obtained indicate an innate 
nature of corticosterone response for mice exposed to cat odors. There have been a 
number of studies investigating the effects of cat odor exposure on the glucocorticoid 
and ACTH production of the potential prey (Blanchard et al.  1998 ; Sullivan and 
Gratton  1998 ; Cohen et al.  2000 ; Figueiredo et al.  2003 ; Voznessenskaya et al.  2003 ; 
Papes et al.  2010 ). In one study, File et al. ( 1993 ) showed that a cloth that had been 
rubbed on a cat cause an increase in circulating corticosterone in rats. However, with 
repeated exposure to the cat odor the rats habituated and did not show an increase in 
corticosterone (File et al.  1993 ). We also observed habituation to cat odor at the level 
of plasma corticosterone response in Wistar rats (Voznessenskaya et al.  2003 ). In the 
present study, however, mice, unlike rats, did not habituate to repeated exposures of 
the cat odor. It may imply a hardwired processing of a cat odor as a potential phero-
mone in the house mouse. It seems likely that a profound aversive effect of predator 
odors and lack of habituation under repeated exposures might only exist “if predator 
and prey have a long evolutionary history in parallel so that a prey species becomes 
genetically pre-disposed to avoid the odors of sympatric predators” (Stoddart  1980 ) 
and there is an extremely high risk of fatal outcome for the direct interactions of 
predator and prey (Apfelbach et al.  2005 ). Domestic cats are more specialized preda-
tor towards house mice (Blanchard et al.  2001a ; Apfelbach et al.  2005 ). In contrast to 
mice, rats are less vulnerable to such predators as cats (Apfelbach et al.  2005 ). In 
addition, rats show lower stress-reactivity to a wide range of stressors including pred-
ator odors (Zangrossi and File  1994 ; Blanchard et al.  2001a ,  b ).

27.4        Conclusions 

 Taken as a whole, our data suggest that although odors of a cat and a chemosignal 
from a cat can induce innate responses, environmental infl uences are still important. 
Mice appear to habituate to cat odors at the level of the behavior, if they were neo-
natally exposed to target chemosignals during critical for odor sensitization period. 
At the same time neuroendocrine response of house mice to cat odor has a hardwired 
nature and more profound in females than in males. Early olfactory experience with 
cat odors produced dissociation in responses to these odors later in the life at the 
behavioral level and at the hormonal level. Habituation to cat odors at the behavioral 
level is the major limitation of using these odors as natural repellents while hard-
wired nature of corticosterone response makes cat chemosignals potential reproduc-
tive disrupters in mice.     
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    Chapter 28   
 Does Deconvolution Help to Disentangle 
the Complexities of Mammal Odors?       

       Peter     Apps    

28.1            Introduction 

 Two of the challenges which make mammal chemical signals diffi cult to characterize 
are the very low concentrations at which they exert their effects (e.g. Laska et al. 
 2005 ; Dorries et al.  1995 ; Leinders-Zufall et al.  2000 ) and the complexity of the 
chemical mixtures in which they are embedded (Albone  1984  pp. 6, 9; Burger  2005 ; 
Willse et al.  2005 ). 

 The concentrations of mammal signals are actually well within the working 
range of modern analytical instruments. The lower limits of detection ( LODs)      for 
mammalian noses range down to attomolar (Moulton and Marshall  1976 ; Laska 
et al.  2005 ), but it is unlikely that signaling compounds are present only at the lower 
end of this range. It would be a surprise to fi nd any signal being sent at its detection 
limit; animals can be expected to shout rather than whisper, and the concentration of 
mouse urine is 1,000,000 times higher than the detection threshold for  vomeronasal 
organ (VNO) neurons   (He et al.  2010 ). Even allowing for short-term increases in 
volatile emissions (e.g. Goodwin et al.  2012 ) the rates of emission from scent marks 
trend downwards, and must be much higher when they are fresh and readily detect-
able than after they have aged and are diffi cult for animals to detect. Also, scents are 
detected at a distance and their concentration near the source must be higher than on 
the fringes of their active space. The GC–MS systems that are routinely applied to 
analyze mammal odors in the search for semiochemicals have lower LODs of 
around 0.1 ng, even for the intractable compounds that occur in mammal odors 
(Apps and Mmualefe  2012 ). With samples in the 0.1–10 g range this provides LODs 
in the nano- to picomolar range, which is well below the concentrations of active 
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components that have been found in mammal chemical signals. The concentration of 
( Z )-7-dodecen-1-yl acetate in the urine of female  Asian elephants ( Elephas maximus )   
reaches 0.146 mM just before ovulation (Rasmussen et al.  1997 ). Dehnhard et al. 
( 2013 ) found steroid pheromones in boar ( Sus scrofa ) saliva at low μg/ml. Male red 
fox ( Vulpes vulpes ) urine has active constituents at μg/ml (Whitten et al.  1980 ). 

  Mammal odors   are typical of natural mixtures in which a multitude of com-
pounds with a disordered distribution of chromatographic retention times generate 
numerous peak overlaps and co-elutions, and no single column is able to separate 
all their components (Davis and Giddings  1983 ; Davis  1999 ; Schure and Davis 
 2011 ). Because peaks overlap, when real samples are analyzed the LODs are lim-
ited by chemical noise from the sample, not the signal:noise limit of the detector. 
Even if the signals that are embedded within mammal odors are simple (Apps  2013 ) 
there is a high probability that the peaks from a chemical signal will be obscured or 
overlapped by peaks from the matrix. The problems of complexity and dilution 
compound one another; because the number of components increases as their con-
centration decreases (Enke and Nagels  2011 ), and large peaks obscure many of the 
smaller ones; the impact of overlap on the analysis of the smaller peaks on the chro-
matogram is worse than on the larger ones (Fig.  28.1 ).

   Separation can be enhanced by running a sample on columns with different 
selectivities by multidimensional chromatography (Giddings  1987 ,  1995 ). Targeted 
“heart cuts” transfer the effl uent from one column to the other over a selected time 
period (often 10–30 s long) and carry out the second dimension separation on a 
normal analytical column (Deans  1968 ; MacNamara et al.  2003 ; Apps  2006 ). 
Comprehensive GC × GC transfers all of the effl uent from one column to the other 
in very short slices, and carries out the second dimension separation on a short, 
narrow-bore column (Marriott et al.  2003 ). Nevertheless,  mammal odors   often con-
tain large quantities of free acids which will overload one or the other of the “orthog-
onal” columns in a GC × GC column set. Heartcutting is more robust than GC × GC 
but heartcutting the whole of a 60 min separation into 30 s slices with a 30 min sepa-
ration in the second dimension would take 8 days per sample. Only one study of 
mammal odor (Nielsen et al.  2006 ) has used heartcutting. 

 Because two-dimensional separations are impractical, we need to do the best we 
can with the data from one dimension. Our search for signaling compounds in com-
plex mammal odors is a special case of the metabolomics and bioinformatics 
approach to fi nding biologically signifi cant compounds against a background of 
chemical noise (Likic  2009 ; Baker  2014 ), where post-run GC–MS data processing 
by deconvolution is a well-established way of extracting hidden information from 
separations of complex mixtures (e.g. Aggio et al.  2011 ; Du and Zeisel  2013 ; 
Kessler et al.  2013 ; Luedemann 2008; O’Callaghan et al.  2012 ). Despite its poten-
tial value in mammal semiochemistry, the only reports of deconvolution of mammal 
 odors   are by Willse et al. ( 2005 ), Kwak et al. ( 2008 ,  2012 ) and Chap.   31     this vol-
ume. How well deconvolution performs has previously been tested with defi ned 
mixtures (Colby  1992 ; Lu et al.  2008 ; O’Callaghan et al.  2012 ) which almost cer-
tainly underrepresent the challenges of real mammal odors. To explore how well 
deconvolution works with a mammal odor, the GC–MS data from analysis of a set 

P. Apps

http://dx.doi.org/10.1007/978-3-319-22026-0_31


417

of 59 African wild dog urine extracts, and four extracts of the odorous secretion 
adhering to the hairs of African wild dog preputial tufts was processed using a com-
mercially available deconvolution software package: AnalyzerPro (SpectralWorks, 
Runcorn, UK   http://www.spectralworks.com/default.html    ). The urine sample set 
was deliberately chosen to present a “torture test” with the widely variable concen-
trations and high background noise that are typically generated with raw extracts of 
mammal secretions and excretions. 

 This paper deals with general features of the application of deconvolution to 
mammal odors rather than the specifi cs of any particular method or software. 
It highlights features of the chromatographic behavior of real mammal odors that 
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  Fig. 28.1    The  complexity problem in   mammal odors. The small   grey rectangle   from the TIC of 
an African wild dog preputial tuft ( a ) is expanded in the lower trace ( b ). Only one of the peaks 
(  arrowed  ) in ( b ) is not overlapped by others       
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are likely to prove troublesome, some precautions that need to be taken in applying 
deconvolution to mammal odor data and interpreting its outputs, and suggests how 
analytical conditions can increase deconvolution’s utility.  

28.2     Methods 

28.2.1     Sample Preparation and Analysis 

  Samples of  voided   African wild dog urine on soil were dried and extracted with 
methanol, and tufts of preputial hair were extracted with methanol. The extracts 
were analyzed on a Varian (now Bruker) 450 GC coupled to a Varian 320 MS. Urine 
extracts (2 μl) and preputial extracts (1 μl) were injected to a splitless inlet at 240 °C 
and separated on a 30 m × 0.32 mm × 0.5 μm (urine) or 30 m × 0.25 mm × 0.25 μm 
(preputials) polyethylene glycol (PEG) column (Restek RtxWax). For both types of 
sample, column temperature was programmed from 50 to 240 °C at 5 °C/min, and 
held at 240 °C for 20 min. The MS used 70 eV electron impact ionization and a 
source temperature of 220 °C, fragment masses were scanned from 33 to 450 Da, 
with a scan rate of approx 2 scans/s. Data were captured with the Varian (now 
Bruker) MSWS workstation software. For details see Apps et al. ( 2012 ,  2013 ).   

28.2.2     Data Deconvolution 

  Varian/Bruker  MSWS   format GC–MS data fi les were  imported   to  AnalyzerPro 
deconvolution software      and subject to qualitative analysis both as individual fi les 
and sequences. I will not go into the details of the operation of the software or how 
settings are optimized. In summary, fragment ions whose elution profi les coincide 
are assigned to a component, the list of components from a sample can be trans-
ferred to a target list, and the components that are found in other samples can be 
compared to those on the list with respect to how similar their spectra are to the 
targets’ and whether they elute within a set retention time window of a target. 
Components from multiple samples can be added to an existing target list so that a 
list of all the components in a set of samples can be compiled, and the occurrence 
and peak area of each component that occurs in each sample can be tabulated. 
Ideally, each compound has a unique target and is always assigned to the same tar-
get in every sample. 

 The detection of components can be optimized by adjusting software parameters. 
Reject masses is a list of the masses of spectral fragments that will not be used to 
detect components. The retention time window is the part of the chromatogram that 
will be processed, and can be used to set different parameters for different parts of the 
chromatogram. Minimum masses is the smallest number of fragments that must coin-
cide for a component to be detected. The area and height thresholds are minimum 
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values for lower detection limits. They apply to individual fragment peaks, not to the 
sum of the fragments in a component. The width threshold sets the minimum width 
for a component peak, and is used to exclude noise that changes at a higher rate than 
the signal. Resolution depends on the number of data points across a chromatographic 
peak, the fewer the points the lower the setting, and scan windows compensates for 
spectral skew from scanning spectrometers. Smoothing sets the order of a Gaussian 
smooth of the raw data and is conveniently adjusted to the same value as the optimum 
smooth in the mass spectrometer’s data processing software. 

  AnalyzerPro’s      ability to fi nd peaks hidden under baseline noise or overlapped by 
other peaks was checked by examining whether the ions that it assigned to a com-
ponent also created a peak in manually extracted single ion traces in the MSWS 
software. 

 Comparisons between samples depend on three parameters; relative intensity 
threshold, retention window, and spectral match. Relative intensity threshold is the 
lowest fragment abundance relative to the spectral base peak that will be included in 
the component’s spectrum. The retention window is the maximum absolute differ-
ence in retention time for two components to be assigned to the same target. The 
spectral matches are the minimum values for forward and reverse match for compo-
nents to be assigned to the same target. 

 Whether the detection of components was consistent from sample to sample, and 
which features of the analytical data caused problems for the deconvolution were 
investigated by detailed inspection of deconvolution results from sets of samples, 
and their comparison against sets of up to 4 MSWS data traces (four is the maxi-
mum that can realistically be compared at a time).    

28.3     Results 

28.3.1     Detecting Trace Components and Separating 
Overlapped Peaks 

  With  settings   optimized for peak detection AnalyzerPro found about 50 compo-
nents per minute in the densest part of the  preputial gland   chromatograms, with an 
average separation between peak apices of 3.4 scans (Fig.  28.2 ). The smallest peaks 
that could be detected were in the 4–800 pg range (Fig.  28.3 ), at the signal:noise 
limit for the MS. If the settings were more sensitive than the optimum, false compo-
nents were detected when the noise generated by baseline drift and background 
fl uctuated on a time scale similar to the peak width (Fig.  28.4 ). The number of false 
components was reduced by excluding fragment ions that contributed to noise but 
that were not important to the detection of genuine components. Low mass frag-
ments at m/z 33–44 are so widespread that they are hardly any use for discriminat-
ing components from background noise or other peaks, and they are the main 
contributors to baseline drift and fl uctuating noise. Excluding them is more effective 
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for reducing the number of false components than increasing the minimum area 
threshold (Fig.  28.4  and Table  28.1 ). In methanol extracts of urine, the m/z 129 ion 
from cyanuric acid, which is a gas-phase polymerization product of urea, was a 
major source of fl uctuating noise and was excluded from the component detection. 
The m/z 129 ion is also prominent in spectra of free acids, but its exclusion did not 
affect their detection because they have numerous other stronger ions in their spectra. 
Although excluded ions and ions that are below the minimum area threshold are not 
used to fi nd components, they are still in the original mass spectra and are available 
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to identify compounds from fragment patterns, so that the matches returned from 
library searches of a component’s spectrum are not affected by the deconvolution 
settings that were used to fi nd it.

      False detections from fl uctuating noise and  baseline drift   were also reduced 
when a larger number of different ions was required for component detection, 
because a larger number of noise ions had to fl uctuate in synchrony to generate a 
false component (Fig.  28.4  and Table  28.1 ). The disadvantage of requiring more 
fragment ions in a component was that it raised the detection limit by making the 
minimum area and signal:noise thresholds apply to weaker ions in the component’s 
spectrum. For compounds whose spectra are dominated by a few strong ions, rais-
ing the minimum number of ions to include any of the weakest ions increases the 
detection limit sharply. For example in 4-methylphenol, a very common component 
of mammal odors, the three most abundant fragments have m/z 108 (100 %), 107 
(97 %) and 77 (23 %), and increasing the minimum number of ions from two to 
three increased the LOD by a factor of four. Wild dog urine has a family of peaks 
(possibly C 4 -substituted hydantoins) with a very dominant m/z 100 fragment and 
another family (possibly dimethylamines) with a very dominant m/z 58 fragment 
and little else in their spectra, and these were not detected when the minimum num-
ber of ions was set above one. 
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 When GC conditions are optimized, peak width stays the same throughout a 
temperature programmed run, but in many cases it is necessary to hold the column 
temperature at a maximum determined by the thermal stability of the stationary 
phase. Wild dog volatile peaks that eluted after the end of the temperature ramp 
were progressively wider than those that eluted while the column temperature was 
increasing. To maintain detectability required a progressive increase in settings for 
the number of points in the Gaussian smooth from 7 to 15, in the peak width from 
0.04 to 0.1 min and in scan window from 1 to 3. In addition the larger molecules that 
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  Fig. 28.4    The effect of deconvolution  settings   on how many components are detected and how 
many are due to noise. ( a ) With no ions excluded, minimum number of ions 1 and minimum area 
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number of ions 2, minimum area 10,000,000. See also Table  28.1        
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elute later provide more fragments and so the minimum ion setting was increased in 
order to reduce the adverse effects of baseline drift and fl uctuating noise. If possible, 
temperature ramps need to continue to the end of a separation in order to maintain 
the same peak widths throughout.  

28.3.2     Comparing Samples 

 The  usual  strategy   in mammalian semiochemistry is to compare the chemical com-
positions of different classes of samples to fi nd those features that correlate with 
biology, usually those that differ between classes more than within classes (Willse 
2005; Wyatt  2014 , pp. 57–58). If inter-sample comparisons of deconvoluted data 
are to be meaningful, the deconvolution must be consistent from sample to sample, 
but this aspect has been neglected hitherto. All deconvolution procedures compare 
peaks between samples on the basis of how similar their spectra and retention times 
are, anything that changes spectra or shifts retentions between samples can cause 
peaks that are from the same compound to be assigned to different components in 
different samples .  

28.3.2.1     Retention 

   Retention   windows had to be wide enough to accommodate retention shifts, but 
narrow enough that different peaks with similar spectra did not elute within the 
same window. Consistent deconvolution of the wild dog data was adversely affected 
by changes in retention times. If the retention of a compound in sample B differed 
from its retention in A by more than the width of the retention window, the peak in 
B was not matched to the target that had been assigned to the compound in A. 
Then, after the unmatched components of sample B were added to the target list, 
the list contained two targets for the same compound at two different retention times. 

     Table 28.1    The effect on component detections and false detections of changing deconvolution 
 settings     

 Figure  28.4  

 Settings 
 Number of 
components 

 Excluded ions (m/z)  Minimum ions 
 Minimum area 
(10 6  counts) 

 Real 
peaks 

 From 
noise 

 a  None  1   1  32  64 
 b  None  2   1  30  10 
 c  33–44  1   1  31   1 
 d  33–44  2   1  18   0 
 e  None  1  10   9   6 
 f  None  2  10   5   0 

  Chromatograms are shown in Fig.  28.4   
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If other samples had the same compound within the retention window of both these 
targets, their peaks were matched to both of them. These redundant targets were 
easily recognized in the tabulated data since the two targets had identical areas, and 
the sum of the numbers of matched targets and unmatched targets was larger than 
the number of components in the sample. 

 Deconvolution was not adversely affected by random retention shifts due to fl uc-
tuations in inlet or oven temperature, gas fl ow, or sample volume, because the shifts 
were typically less than 1 s which was smaller than the half-height width of the 
peaks and narrower than retention windows of 6 s which generated the required 
selectivity and consistent deconvolution for multiple samples. In contrast, retention 
drift due to column aging and inlet contamination caused signifi cant diffi culties. 
Over the 59 urine samples that were included in the data set there was a 12 s range 
of retention times for nearly all the peaks. This is the baseline width of the peaks 
and so a 12 s retention window made deconvolution entirely dependent on differ-
ences in spectra between adjacent peaks.   

28.3.2.2     Spectral Match 

   Although   a given compound’s mass spectrum is constant (with a given instrument 
and conditions), the fragments in the spectrum of a chromatographic peak that are 
extracted by deconvolution depend on the signal:noise ratio and which fragments 
discriminate the peak from its overlapping neighbors. More stringent match thresh-
olds increase specifi city but mean that differences in the spectrum of the same com-
pound in different samples lead to missed matches, the creation of multiple 
redundant targets and the assignment of single peaks to multiple targets . 

   Large Differences in Peak Size Produce Spectra with Low Match Scores 

  The     concentrations  of the African wild dog urine extracts spanned four orders of 
magnitude (Fig.  28.5 ); three orders more than the concentration range examined by 
Lu et al. ( 2008 ) in simulated metabolomics samples. As a component peak got 
smaller, the number of fragments that were above the signal:noise and minimum 
area thresholds also got smaller until, at the limit, only the most abundant fragment 
was detected [compare Tagfi nder (Luedemann et al.  2008 ) which assumes con-
stancy of spectra]. The sparse spectra from small peaks gave poor spectral matches 
to the rich spectra from large peaks, and vice versa (Fig.  28.6 ), leading to the same 
compound at widely different concentrations being assigned to different targets. 
To avoid redundant targets being assigned to peaks of widely different sizes from the 
same compound in different urine samples, it was necessary to set the forward and 
reverse match parameters to 350 and 450 respectively—much lower than would be 
regarded as a match in an MS library search. This reduced selectivity by increasing 
the rate at which different peaks in different samples were assigned to one target.

    The impact of peak size on spectral match was reduced by reordering fi le 
processing sequences to start with samples that had peak sizes close to the mean, 
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  Fig. 28.5    TICs from the highest (  red  ) and lowest (  green  ) sample concentrations among the 
African wild dog urine samples       
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and then working outwards to the extremes. Similarly, the effect of retention differ-
ences was reduced by beginning the sequence with samples whose retention times 
were near the middle of the range .  

   Relative Retention Shifts Generate False Components 

  A  few   peaks showed shifts in retention relative to their neighbors. When these shifts 
brought a peak into close co-elution with its neighbor the resulting combined spec-
trum was assigned to a new component. If the shifting peak moved far enough 
between samples to bring it into co-elution with two different peaks then the three 
compounds generated fi ve components; the three corresponding to the genuine 
compounds plus two corresponding to the co-elution of the drifting component with 
each of the other two (Fig.  28.7 ). This gave rise to spurious differences in which 
compounds occur in which samples, and generated mixed spectra that could not be 
library searched or interpreted. 

28.4           Discussion 

  In contrast  to   the false detections and missed targets reported by Lu et al. ( 2008 ) 
when comparing AnalyzerPro, ChromaTOF, and AMDIS, deconvolution by 
AnalyzerPro with the appropriate settings did not produce new artifacts; all of the 
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components that were detected were present in the raw GC–MS data—although 
some of them were analytical artifacts rather than characteristics of the sample. 
In other words, false components in the deconvoluted data were the result of ana-
lytical noise, not the deconvolution, and false or missed target matches were due to 
spectral skew, large differences in peak size, and retention shifts. The impact of 
these analytical shortcomings will not be specifi c to a particular deconvolution 
method, and although their effects can be reduced by painstaking optimization of 
deconvolution settings and manual cleanup of the data, they really need to be 
addressed by improving the analysis . 

28.4.1     Detection 

  AnalyzerPro’s ability  to   fi nd hidden peaks was as good as or better than an experi-
enced human, and much faster (minutes rather than hours) per chromatogram. 
AMDIS software provides the same benefi ts (Meyer et al.  2010 ), but will output 
results only for predefi ned targets. The ability of deconvolution to fi nd tiny, hidden 
peaks presents a temptation to use settings that maximize the number of compo-
nents (Fig.  28.2 ), but these results will not be robust to the inevitable variation in 
retention time and peak area that arise from analysis of real samples. To get useful 
comparisons between samples it is necessary to trade sensitivity for robustness. The 
compromises that are required to optimize deconvolution are equivalent to those 
that are required with conventional data processing, and will be familiar to all chro-
matographers. Highly sensitive settings lead to noise being seen as peaks, and 
insensitive settings lead to small peaks being missed. Low detection limits and very 
high resolution have to be traded-off against reproducibility and robustness. 

 Background noise generates many false components that have only one fragment 
ion, but there are also genuine peaks with only one strong fragment. Excluding the 
noise requires an increase in the minimum area and signal:noise parameters, or an 
increase in the minimum number of ions required to detect a component. Which to 
use for a particular analysis will depend on whether the lower limit of detection or 
the detection of the maximum number of compounds is given priority.   

28.4.2     Resolution and Peak Capacity 

  Under  optimum   conditions the peaks from 0.25 or 0.32 mm diameter capillary 
columns are 8–11 s wide at baseline, and cover about 20 MS scans with the ion 
traps or quadrupoles that are the workhorses of mammal semiochemistry. Clean 
separation for Gaussian peaks needs the peak maxima to be 18 scans apart, and at 
10 scans apart the valley is half the peak height (or more if one peak is much bigger 
than the other). Deconvolution can separate peaks that are one scan apart, increas-
ing effective resolution and the number of separated peaks by a factor of 18. In a 
typical 60 min run, with a baseline width of 10 s, the maximum number of peaks 
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that can be baseline resolved is 360. At a scan rate of 2 s −1  the maximum number of 
deconvoluted components that can be separated by one scan is 7200, and with a 
more robust two-scan separation it is 3600. The number of components that 
AnalyzerPro deconvoluted in the dense regions of the preputial secretion chromato-
grams corresponds to an empirical total peak capacity of 3000 in a 60 min run on a 
30 m column, a remarkably high effi ciency, and evidence that the complexity of 
these samples (and probably other mammal odors) is close to the upper limit of 
what can be separated on a 30 m capillary column.   

28.4.3     Inter-sample Comparisons 

   In contrast to the  detailed   examinations of the process of deconvolution that have 
been published (Luedemann 2008; Likic  2009 ; Aggio et al.  2011 ; O’Callaghan 
et al.  2012 ; Du and Zeisel  2013 ; Kessler et al.  2013 ), its reproducibility when 
applied to data from different samples has been neglected.   

28.4.3.1     Retention Issues 

  Deconvolutions that  detect   components separated by only one scan are obviously 
vulnerable to one-scan shifts in peak maxima. A scanning MS takes discontinuous 
signal measurements from the smooth elution profi les of chromatographic peaks, 
and if the apex of the chromatographic peak is close to the midpoint between two 
scans, which scan has the higher signal and is the peak apex in the MS data can be 
changed by very small changes in retention, and by noise. In addition, one-scan 
differences in the apparent retention of different fragments from one chromato-
graphic peak can be generated by the time-skewed detection of different fragment 
masses by scanning MS instruments. Consequently the settings for smoothing, 
resolution, and scan windows need to be adjusted to give at least two scans between 
adjacent components. 

 Retentions of  polar compounds   can be shifted by differences in the water content 
of the injected sample, and retentions of acidic and basic compounds by differences 
in pH. Very careful attention to uniform sample preparation will ameliorate these 
problems, but retention shifts can also be intrinsic to the properties of the volatiles 
themselves. If sample concentrations vary widely, then relative retention shifts can 
be generated by interactions among components; for example high concentrations 
of free acids will retard the elution of trace amines. The very high resolution 
 achievable by deconvolution means that concentration overloading leads to detect-
able shifts in retention before the peak shape is affected. 

 The retention window needs to span the range of a peak’s retention times in the 
sample set, but also needs to be narrower than the difference in retention between 
any two peaks with similar spectra. It may be impossible to meet both these require-
ments, for example; 3- and 4-methylcresols whose spectra are very similar, elute 
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within 6 s of each other on 30 m PEG columns. The complex mixtures of free acids 
from about C 14  upwards that occur in extracts of mammal secretions generate mul-
tiple overlapping peaks whose similar spectra make their deconvolution dependent 
on narrow retention windows. AnalyzerPro retention windows and spectrum match 
values in target lists can be set individually and can be tailored to particular chal-
lenges. For example, the spectral match criteria for the cresols can be set higher to 
distinguish between the closely eluting isomers. 

 When batches of dirty samples are run, progressive retention drift of several 
seconds due to column ageing and inlet contamination is inevitable and gets worse 
as more samples are run. Consequently, larger sample sets require wider retention 
windows, which lead to more multiple matches and mis-assignments. It is probably 
better to run small numbers of samples chosen for informative comparisons rather 
than large numbers in the hope that patterns will emerge. Inlet contamination and 
column deterioration also affect column selectivity and cause changes in relative 
retention times, and contribute to background noise and baseline drift. Frequent 
inlet maintenance and the use of replaceable uncoated guard columns are sensible 
precautions. Although sample clean-up is a good way of reducing contamination 
and noise, its selectivity prejudges the characteristics of the signal. 

 Peak alignment is an alternative to retention windows to accommodate differ-
ences in retention time between samples, but retention shifts that move a peak close 
to the retention time of a different peak with a similar spectrum will also confound 
chromatogram alignment (Willse et al.  2005 ) since there is no independent way to 
discriminate which of the two compounds generated either of the peaks. Aligning 
retention times becomes even more of a problem when large differences in peak size 
between samples reduce the similarity of the spectra for a given compound in dif-
ferent samples, and it cannot address changes in relative retention times.   

28.4.3.2     Spectral Distortion 

 The impact of four  order   differences in peak size on spectral match is particularly 
troublesome, since if the quantity of sample is uniform (as it was for the wild dog 
urine samples) the size of the peaks is a feature of the sample, and possibly of the 
signal. Lu et al. ( 2008 ) varied the concentration of their test mixture by only one 
order of magnitude, and still found problems with all three of the deconvolution 
programs that they tested. It may be practical to standardize the concentrations of 
extracts by diluting the concentrated ones and concentrating the dilute ones, and 
then calculate back to the original volumes. 

 Retention shifts and spectral mismatches have the same overall effects: multiple 
redundant targets are generated for some single compounds and some single peaks 
are assigned to more than one target. Although this preserves the original data con-
tent (peaks are detected as components which are assigned to a target with a label, 
spectrum, retention, and area), it degrades specifi city because different compounds 
in different samples can be matched to a single target. In general the similarity 
between samples will be underestimated because there are many ways to distort a 
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spectrum or shift a retention, but only one way to generate a good match. On the 
other hand, setting the spectral match thresholds low enough to accommodate the 
effects of peak size on spectra could lead to different compounds in different sam-
ples being assigned to the same target, and thus an overestimate of similarity. 

 Deconvolution settings that provide consistent inter-sample comparisons are a 
compromise; setting very strict criteria for spectrum matches so that different com-
pounds in different samples are not assigned to the same component even if they 
have similar retention times, or setting very narrow retention windows so that 
closely eluting peaks with similar spectra do not fall into one another’s retention 
windows both generate false differences between samples, and redundant targets. If 
the range of retention times in a set of chromatograms is wider than the separation 
of peaks with similar spectra the data have to be interrogated manually no matter 
what data processing is employed, and peaks drifting into co-elution with others can 
be detected only by inspection of the data.   

28.4.4     General 

  The better the GC–MS analysis, the  better   deconvolution works on the data. 
Deconvolution’s ability to fi nd very small peaks is enhanced by low and consistent 
background noise. Retention times need to be as repeatable as possible, and remov-
ing extraneous infl uences on relative retention times improves the reproducibility of 
deconvolution. 

 As well as the extra data it generates, deconvolution is also a quick way of fi nd-
ing discrepancies and anomalies in the data, although this still requires an experi-
enced eye for unexpected features in the data. An additional benefi t of post-run 
processing that is not tied to a particular instrument platform is that it provides 
comparability (in the strict sense) between data from different instruments and dif-
ferent laboratories. 

 If the African wild dog samples are typical of mammal odors, their complexity 
and analytical intractability mean that in studies of mammal chemical communica-
tion deconvolution will have to be supplemented by manual clean-up of the data 
(see also e.g. Luedemann et al.  2008 ; Kessler et al.  2013 ). Although automated 
processing eliminates most of the tedious repetitive tasks of manual processing, 
interrogation and clean-up of the data is still dependent on the analyst’s skill and 
experience. Mammal odors are so complex and intractable that deconvolutions that 
are robust enough to run as the automated “workfl ows” used in metabolomics will 
need to be so insensitive and coarsely resolved that they will miss the trace compo-
nents and close co-elutions whose discovery in mammal odors is the reason to be 
using deconvolution in the fi rst place. 

 Many of the problems posed by the African wild dog urine samples could have 
been avoided by a different choice of study animal; Figs. 2 and 5 in Willse et al. 
( 2005 ) show a much closer quantitative similarity between samples from inbred 
laboratory mice than I found from the urine of free-ranging wild dogs .   
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28.5     Summary 

 Deconvolution is a fast and powerful way of fi nding obscured and overlapped peaks 
in GC–MS data from mammal odors. 

 Optimizing deconvolution imposes the same compromises as conventional peak 
integration between limit of detection, resolution, and reproducibility, but total data 
yield is much higher, and the lower limit of detection is much lower. 

 Because deconvolution can resolve peaks that elute very close together, retention 
repeatability is more critical when data is deconvoluted than when it is integrated 
conventionally, and due to the lower LODs in deconvoluted data, clean baselines are 
more benefi cial when data is deconvoluted than when it is integrated conventionally. 

 The variability and complexity of mammal odors require manual interrogation 
and cleanup of deconvoluted data.     
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    Chapter 29   
 Guidelines for Collecting and Extracting Avian 
Odors in a Remote Field: Case Study 
of a Subantarctic Seabird       

       Marianne     Gabirot     ,     Jérôme     Mardon    ,     Sylvie     Campagna    ,     Nigel     West    , 
    Francesco     Bonadonna    , and     Sandra     M.     Saunders   

29.1            Introduction 

 For many animals, chemical signals or “chemosignals” (i.e. pheromones, scent 
marks, body odors) are an important feature of social behaviors. Chemical cues 
vary enormously in their complexity. It might be one special molecule or a bouquet 
of components that elicit a particular biological response (Wyatt  2010 ).  Bird che-
mosignaling   is, however, a relatively unexplored fi eld of research: avian olfactory 
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capabilities and avian volatile emissions (essentially limited to plumage scent) 
have long been overlooked (for review see Hagelin and Jones  2007 ; Campagna 
et al.  2012 ; Soini et al.  2013 ; Caro et al.  2014 ). In addition, all the studies have 
focused on the analysis of either uropygial secretions or feather compounds. The 
 uropygial gland  , located at the dorsal base of the tail, is indeed the only sebaceous 
gland of birds and as such, is often considered as the key source of avian chemical 
substances. Yet to date no published study has focused on the bouquet of airborne 
volatiles surrounding a bird, although the odors in a bird’s headspace are essentially 
what is being used in the communication. Some partial results were provided in 
two studies that collected the volatiles emitted by a crested auklet (Douglas  2006 ), 
a chicken or a pigeon (Syed and Leal  2009 ) enclosed in an aeration chamber. In 
both studies, the authors have targeted only one (octanal in Douglas  2006 ) or a few 
specifi c compounds (Syed and Leal  2009 ) so that the whole body odor was not 
determined. As well as the relative infancy of the fi eld of avian chemosignals, 
major reasons for the sparse data are undoubtedly the absence of an appropriate 
methodological framework and experimental diffi culties associated with collecting 
such samples. 

 To facilitate deciphering the complex scent of birds especially in remote fi eld 
conditions, we provide in this paper a methodological comparison of various com-
binations of sampling and analytical techniques that have been tested or recently 
developed in the fi eld and laboratory. However, we do not aspire to suggest the best 
method to achieve sampling and analysis of birds’ airborne potential signals, 
because, as the reader will see, there is not one, but probably a combination of some. 
We used the particular case study of blue petrels ( Halobaena caerulea ), a 
Subantarctic procellariiform seabird known for its musky smell and the associated 
olfactory capabilities (Bonadonna and Nevitt  2004 ; Bonadonna et al.  2007 ; Mardon 
and Bonadonna  2009 ; Bonadonna and Mardon  2010 ,  2013 ; Mardon et al.  2010 , 
 2011 ). Previous works have showed that volatile and semivolatile molecules con-
tained in preen oil vary between species (Bonadonna and Mardon  2010 ) and sexes 
(Mardon et al.  2010 ). While further eco-behavioral evidence is needed to confi rm 
the “signaling” function of their odors, blue petrels provide a particularly appropri-
ate candidate for the investigation of avian social chemosignals. Moreover, blue 
petrels breed on small oceanic islands around Antarctica that constitute a compli-
cated and far-off environment to collect and to analyze chemical samples. 
Consequently this model is appropriate to discuss the merits of different methods 
for chemical sampling in remote areas. 

 The sampling approaches involved uropygial secretions, feather lipids, and air-
borne volatiles emitted by birds. Three different extraction methods were also com-
pared: solvent extraction (SE), solid-phase microextraction (SPME), and thermal 
desorption (TD). In all cases, extracted materials were chemically analyzed with a 
gas chromatograph coupled to a mass spectrometer (GC–MS). We considered the 
following approaches: (1) analysis by SE of uropygial secretion samples, (2) analy-
sis by SE of feather lipids, (3) analysis by direct solid-phase TD of feather lipids, 
(4) analysis by SPME of airborne volatiles collected on a cotton swab, (5) analysis 
by direct solid-phase TD of airborne volatiles collected on a cotton swab and 
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(6)  analysis by TD of airborne volatiles emitted by a bird and collected on a  Tenax® 
TA  polymer. The outcomes of the different combinations of sampling and extraction 
methods are analyzed in terms of chromatographic quality, number and properties 
of resolved analytes. A comparison of the various options currently available to 
ecologists for post-processing their chromatographic data (i.e. peak detection, peak 
integration, identifi cation, statistics) is not, however, within the scope of the present 
paper. Although designed to target avian chemosignals, some of the presented pro-
tocols should be readily adaptable to other animal models.  

29.2     Methods 

  All samples  were   collected during four austral summers (November to January 
2006–2007, 2007–2008, 2008–2009, and 2011–2012) as part of the French 
Subantarctic program ETHOTAAF no. 354, on Ile Verte (49°51′S, 70°05′E), from 
the Kerguelen Archipelagos in the southern Indian Ocean . 

29.2.1     Chemical Analysis 

 All  lab   procedures reported in the methods detailed below, whether extraction or 
chromatographic protocols, were optimized through a variety of preliminary tests. 

29.2.1.1     Analysis of Uropygial Secretions by Solvent Extraction 
(Method 1) 

   Field Sampling 

    Secretion     samples were obtained from 16 blue petrels using a protocol adapted from 
Burger et al. ( 2004 ) and Mardon et al. ( 2010 ).  Uropygial gland   contents were col-
lected by gently squeezing the area around the gland, while wearing clean nitrile 
gloves, until a small amount of waxy secretion was discharged. The secretion was 
then caught with a 100 μl glass capillary. The end of the capillary containing the 
secretion was inserted and broken into a small opaque chromatographic vial (Sigma-
Aldrich ® , Castle Hill, Australia). Finally the vial was stored at −4 °C in the fi eld 
during 2–3 weeks and at −20 °C in the laboratory until extraction.    

   Sample Preparation and Extraction 

    Uropygial      samples were solvent extracted in 400 μl of a 1:3 mix of dichlorometh-
ane (distilled High Performance Liquid Chromatography grade, ≥99.9 %, Sigma-
Aldrich ® , Australia) and  n -hexane (distilled Analytical Reagent grade, ≥99.0 %, 
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Fluka ® , Castle Hill, Australia), poured directly into the fi eld vial containing the 
capillary tube. The vial was then resealed and left to stand 7 min in a beaker of ice 
to keep the extracting temperature as low as possible. The extraction mixture in the 
vial was subsequently transferred into a second clean chromatographic vial, pass-
ing through a Pasteur pipette fi lled with a glass wool plug to fi lter out impurities 
(dust, feather debris). In parallel, with the same protocol several blank vials with 
solvent only (as controls) were prepared. Finally, all samples were spiked with 10 
μl of an internal standard solution of 2-bromophenol (purum, ≥99.0 %; Fluka ® , 
Australia) in methanol (Analytical Reagent grade, ≥99.6 %; Sigma-Aldrich ® , 
Australia) at 504 ng/μl for indicative quantifi cation purposes (5040 ng injected in 
each vial).    

   Chromatographic Analysis 

   The analyses  were      carried out at the University of Western Australia using a GC–
MS (Shimadzu QP2010; Shimadzu Corp., Rydalmere Vic., Australia) equipped 
with an autosampler (Shimadzu AOC-20i+s; Shimadzu Corp., Australia) and a 
generalist Rtx ® -5MS capillary column ( L  = 30.0 m; Diameter = 0.25 mm; Film 
thickness = 0.10 μm; Restek ® , Bellefonte PA, USA). The injection port temperature 
was set at 250 °C and helium was used as carrier gas at a constant linear velocity 
of 35 cm/s. A volume of 1 μl of solvent extracts was injected, in splitless mode, and 
cold- trapped at 40 °C on the column tip for 3 min. Samples were subsequently 
separated using a temperature program of 8 °C/min from 40 to 150 °C, then 6 °C/
min from 150 to 200 °C and then 2 °C/min from 200 to 280 °C (hold 15 min). The 
interface temperature was held at 280 °C and the ion source temperature at 200 
°C. The mass spectrometer (MS) was used in scan mode (scan speed = 625; scan 
interval = 0.5 s) with an electron source voltage of 70 eV and over the mass range 
of 45–350 amu.     

29.2.1.2     Analysis of Feathers by Solvent Extraction (Method 2) 

   Field Sampling 

 Feather samples were  obtained   from   the same 16 blue petrels as above (Method 1). 
Wearing clean nitrile gloves, we cut between 60 and 100 mg of feathers from the 
ventral duvet of the birds with clean steel scissors rinsed with methanol (Lab 
Reagent grade, Sigma-Aldrich, Australia). Feathers were then packed in aluminum 
foil, placed in a sealed plastic bag and stored at −4 °C in the fi eld during 2–3 weeks 
and at −20 °C in laboratory until chemical analysis.  
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   Sample Preparation and Extraction 

 Feather  samples      were solvent extracted with the same solvent mix as in Method 1. 
Sixty milligrams of feathers were placed in a 50 ml conical fl ask, together with 4 ml 
of the solvent mix and a magnetic stirrer. The fl ask was then sealed with a hermetic 
stopper, placed in a beaker of ice to minimize volatilization of lighter compounds, 
and the content left to macerate on a magnetic stirring apparatus for 2.5 h. After the 
maceration, the extract was transferred into a 4 ml vial through a Pasteur pipette 
fi lled with a glass wool plug. To concentrate samples, we used a low-pressure dry-
ing approach (Burger et al.  2004 ). The extract volume was reduced to 400 μl by 
attaching the vial to a low-pressure liquid nitrogen cold fi nger manifold (the vac-
uum provided by a rotary vacuum pump Genevac ®  type GRS2; Ipswich, UK). With 
the same protocol, we prepared several blank vials with only solvent (i.e. control). 
Finally, the 400 μl concentrated extract was transferred into a second clean chroma-
tography vial and spiked with 10 μl of the same internal standard solution of 
2- bromophenol in methanol as in Method 1.  

   Chromatographic Analysis 

 GC–MS conditions for the analysis of the feather lipid extracts were identical to the 
ones detailed in Method 1.   

29.2.1.3     Analysis of Feathers by Direct Solid-Phase Thermal Desorption 
(Method 3) 

 Usually,       Thermal Desorption consists of exposing samples to a fl ow of hot dry inert 
gas so that chemical compounds present within the sample are progressively volatil-
ized. Released analytes eventually transfer, via the gas fl ow, to the GC–MS where 
they are generally retrapped (e.g. cold-trap) before being injected into the chro-
matograph without any solvent dilution. Although the retrieving effi ciency of TD is 
lower than through solvent extraction (Baltussen et al.  2002 ), the absence of a dilu-
tion effect generally makes it more sensitive than the latter. The novel use of TD 
tested here was partly inspired by the work of another team investigating mosquitoes- 
chicken chemical interactions (Santos et al.  2005 ). 

   Field Sampling 

 Feathers  were      collected as stated above in Method 2 from 22 birds during the fi eld 
campaigns 2011–2012, and were conserved in nalophan ®  (polyethylene terephthal-
ate) and in aluminum foil at −4 °C in the fi eld during 2–3 weeks and then at −20 °C 
in the laboratory until analysis. This method of conservation by nalophan ®  with 
aluminum was preferred rather than Method 3 (only aluminum). It leads to a lower 
contamination of samples by aluminum and plastic bags (Hudson et al.  2009 ).  
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   Sample Preparation 

 Using clean nitrile gloves, 10 mg of  feathers      from each sample were fi rst placed in 
a “Loose Fit” Tefl on ®  insert [Liner polytetrafl uoroethylene (PTFE); Markes 
International Limited, Rhondda Cynon Taff, UK] and then dropped into a clean 
empty TD stainless steel tube (OD = 6 mm;  L  = 88 mm; Perkin-Elmer France, 
Courtaboeuf, France). At the top of the insert, a silanized treated glass wool plug 
(Perkin Elmer USA) was added to avoid any loss of feathers. Empty tubes (with 
insert and without feathers) were used as a control. All samples were spiked with 1 
μl of an internal standard solution of biphenyl (99.5 % Sigma-Aldrich ® , France) 
dissolved at a concentration of 0.1 mg/ml in dichloromethane/ n -hexane, 1:3 (v/v) 
(Sigma-Aldrich ® , France) (100 ng injected in each TD tube). In this case, no extrac-
tion was achieved and a direct desorption was realized as described below in the 
chromatographic analysis section.  

   Chromatographic Analysis 

 Chromatographic analyses  were      carried out in the PACE-Labex CEFE-CNRS 
(Montpellier, France), using a GC–MS (Shimadzu QP2010; Shimadzu Corp.) 
equipped with a TD autosampler (Shimadzu AOC-20i+s; Shimadzu Corp.). As the 
combustion point of feathers is around 230 °C (J. Mardon, personal data), samples 
were thermally desorbed for 10 min at 180 °C to avoid combustion products col-
lecting during analysis. Volatilized analytes were sent to a secondary Tenax ®  TA 
trap held at −10 °C which was then desorbed in turn, by rapidly heating it from −10 
to 250 °C within a few seconds. From there, samples were injected with a split of 
10:1 into a DMS-5 capillary column ( L  = 60.0 m; Diameter = 0.25 mm; Film thick-
ness = 0.25 μm; Supelco, Bellafonte, PA, USA). The GC oven temperature was 
programmed at 30 °C (hold 5 min),  then 2 °C/min–100 °C, 5 °C/min–270 °C 2 °C/
min to 100 °C and then 5 °C/min to 270 °C (hold 5 min).  The transfer line was set 
at 250 °C, the ion source at 200 °C. Standard positive electron ionization (70 eV) 
was used with the scanning rate of 0.3 scans/s over the mass range of 35–350 amu.   

29.2.1.4     Analysis of Cotton Swab by Solid-Phase Microextraction 
(Method 4) 

 In previous studies,    a  specialized   cotton swab was successfully used to collect avian 
odors as indicated by an effective discrimination of odors in a Y-maze with birds 
(Mardon and Bonadonna  2009 ) and by mice in an olfactometer procedure (Celerier 
et al.  2011 ). This special cotton swab is produced in Hungary (Prada et al.  2010 ) and 
also employed by the French scientifi c police service in an “odorology protocol” 
(Service Central d’Identité Judiciaire of Lyon police, France, validated by 
INTERPOL). 
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   Field Sampling 

 Ten birds were  gently      rubbed (back, under wings, rump) with the special cotton 
swab for 3–4 min (experimenter wearing disposable nitrile gloves) during fi eld 
campaigns 2011–2012. Field controls were made by exposing the cotton swab to 
the same conditions as samples but in open air only. Each cotton swab was then 
sealed in an opaque glass jar, kept at −4 °C in the fi eld during 2–3 weeks and at −20 
°C in laboratory until analysis.  

   Sample Preparation and Extraction 

 A  static      headspace solid-phase microextraction (SPME) was performed as used in 
other similar studies, such as in the analysis of otter scent (Kean et al.  2011 ) or gray 
catbirds (Shaw et al.  2011 ). A SPME fi ber [StableFlexTM 65 μm Polydimethylsiloxane 
(PDMS)–Divinylbenzene (DVB), Supelco, Bellefonte, PA, USA] was exposed to 
the headspace over the cotton swab for 20 min at ambient temperature to collect 
volatile organic compounds eluting from samples. Then the fi ber was retracted and 
the adsorbed chemicals were analyzed by GC–MS. Fibers were conditioned accord-
ing to manufacturer’s recommendations and reconditioned for 10 min in a gas chro-
matography (GC) injection port at 250 °C between each sample. An analysis of a 
fi ber not exposed to any sample was conducted at least every sixth sample to detect 
any contamination or deterioration of the fi ber, and fi bers were replaced when dam-
aged. For this method, there was no internal standard spiked.  

   Chromatographic Analysis 

 Following exposure,     fi bers   were immediately analyzed at the PACE-Labex CEFE- 
CNRS (Montpellier, France), using a GC–MS (Shimadzu GCMS 2010 QP plus). 
Fibers were injected manually and desorbed for 5 min at 250 °C in the injection 
port fi tted with an SPME liner (Supelco) in direct mode. Samples were analyzed 
on a Zebron Zb-5MSi capillary column ( L  = 30 m; Diameter = 0.25 mm; Film 
thickness = 0.25 μm; Phenomenex Inc., CA, USA) with helium as carrier gas at 
constant pressure (7.2 psi). The oven was held initially at 40 was held initially at 
40 °C for 5 min, then heated at 5 °C/min to 200 °C, followed by heating at 
16 °C/min to 240 °C, and held at 240 °C for 4 min.  Temperature of transfer line, and 
ion source was set to 250, and 200 °C, respectively. Standard positive electron 
ionization (70 eV) was used with the scanning rate of 0.3 scans/s over the mass 
range of 35–350 amu.   
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29.2.1.5     Analysis of Cotton Swab by Thermal Desorption (Method 5) 

     Field Sampling 

 Bird odors  were      collected as described above in Method 4 on the same individuals.  

   Sample Preparation 

 Using nitrile gloves and cleaned scissors, 2 cm 2  of cotton swab from each sample 
were packed in TD stainless steel tubes (OD = 6 mm;  L  = 88 mm; Perkin-Elmer 
France, Courtaboeuf, France). All samples were spiked with 1 μl of an internal 
standard solution of biphenyl (99.5 % Sigma-Aldrich ® , France) dissolved at 0.1 mg/
ml in dichloromethane/ n -hexane 1:3 (v/v) (Sigma-Aldrich ® , France) (100 ng 
injected in each TD tube).  

   Chromatographic Analysis 

 The chromatographic analyses were carried out at the PACE-Labex CEFE-CNRS 
(Montpellier, France), using a GC–MS (Shimadzu QP2010; Shimadzu Corp.) 
equipped with a TD autosampler (Shimadzu AOC-20i+s; Shimadzu Corp.). To 
avoid the combustion process of swab during analysis, samples were thermally 
desorbed for 10 min at 80 °C. Volatilized analytes were sent to a secondary Tenax ®  
TA trap held at −10 °C which was then desorbed in turn, by rapidly heating it from 
−10 to 250 °C within a few seconds. From there, samples were injected with a split 
of 10:1 into an RXi-624Sil MS capillary column ( L  = 30.0 m; Diameter = 0.25 mm; 
Film thickness = 1.40 μm; Restek Corporation, Bellafonte, PA, USA).  The GC oven 
temperature was programmed as 30 °C (hold 4 min), then 4 °C/min to 100°C, 3 °C/
min to 180°C, and 6 °C/min to 270 °C (hold 3 min).  The transfer line was set at 250 
°C, the ion source at 200 °C. Standard positive electron ionization (70 eV) was used 
with the scanning rate of 0.3 scans/s over the mass range of 35–350 amu.     

29.2.1.6     Analysis of Airborne Volatiles by Thermal Desorption 
(Method 6) 

   Paradoxically, few  studies      on vertebrates’ chemosignaling have so far focused 
directly on the airborne volatiles emitted by an animal. This is possibly due to 
experimental diffi culties associated with collecting such samples, particularly in the 
fi eld. We present a method inspired by laboratory studies of plant, insect, or rodent 
semiochemicals (Moritz and Crewe  1988 ; Dicke et al.  1990 ; Röck et al.  2006 ), 
allowing the quantitative sampling of a known volume of air passing through a 
chamber containing the animal. Similar studies have been also carried out on birds 
(Douglas  2006 ; Syed and Leal  2009 ). In both studies, the volatiles were trapped on 
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SuperQ polymer (Douglas  2006 ; Syed and Leal  2009 ) or Tenax® (Douglas  2006 ). 
However, the collection traps were not thermodesorbed, but were eluted with 
dichloromethane or methanol. 

   Field Sampling 

 The sampling apparatus (Fig.  29.1 ) consisted of an activated charcoal trap (400 cc 
in-line gas purifi er, fi lled with a charcoal refi ll kit; Grace/Alltech ® , Deerfi eld IL, 
USA) connected with Tefl on ®  PTFE tubing (OD = 6 mm, Clean Air Engineering 
Inc., Palatine IL, USA) to a chamber formed by an hermetic stainless steel autoclave 
(modifi ed SEB ®  pressure cooker model Clipso Ovale, size 44 × 24 × 24 cm). A con-
stant laminar air fl ow was created through the apparatus using a portable air sam-
pling pump (Escort ®  ELF Pump; MSA France, Châtillon-sur-Chalaronne, France) 
located at the end of the circuit. The air, fi ltered through the activated charcoal fi lter, 
was drawn through the chamber where a bird sat, and then out of the chamber 
through a TD tube. All junctions to and from the chamber were made with Tefl on ®  
PTFE connectors (Grace/Alltech ® , USA).

   Stainless steel TD tubes (OD = 6 mm,  L  = 88 mm; Perkin-Elmer ® ) packed with a 
single bed of 150 mg of Tenax ®  TA (mesh size 35/60) sealed with glass wool, were used. 

  Fig. 29.1    Experimental apparatus for the collection of airborne compounds emitted by birds. ( a ) 
activated charcoal air fi lter; ( b ) Tefl on ®  tubing connectors; ( c ) air chamber; ( d ) adsorbent tube; ( e ) 
air sampling pump       
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Among the various adsorbents commercially available for the trapping of volatile 
compounds, Tenax ®  TA (mesh size: 35/60; Grace/Alltech ® , USA) was selected in 
this study. Tenax ®  TA, a commonly used organic adsorbent, possesses the most 
wide-ranging affi nities in terms of chemical class and size and is hydrophobic 
(Scientifi c Instrument Services Inc.  1995 ). This makes it appropriate for the study 
of complex mixtures of volatiles such as scents, particularly in areas where there 
may be a signifi cant amount of moisture. Air fl ow was set at 500 ml min −1  (Guillot 
et al.  2000 ). A high fl ow rate, within the range of optimal adsorption effi ciency, was 
chosen considering the volume of air required (dependent on the concentration of 
the volatiles) and the level of disturbance for the animal (dependent on sampling time). 
Air sampling was carried out for 30 min, corresponding to 15 L of air sampled. 

 The above protocol was used to collect the “odors” from 20 blue petrels during 
the austral summer 2007–2008 and 2008–2009. Several fi eld and apparatus blank 
samples were also collected to provide information regarding background noise in 
subsequent analyses. Birds were captured from their burrow, transported to the 
apparatus in a cotton bag and placed in the chamber. Animals were then transported 
back to their burrow. Interestingly, birds seemed more stressed during handling 
phases (capture or ringing) than while in the apparatus chamber, during which they 
often sat quietly in the dark (F. Bonadonna, personal observations). Between two 
consecutive samples, the chamber was cleaned with water then methanol (Lab 
Reagent grade; Sigma-Aldrich ® , Australia), and allowed to dry. Activated charcoal 
from the air fi lter was renewed every 10–15 samples.  

   Sample Preparation 

 After the air sampling, the adsorbent tube was sealed at both ends with Tefl on ®  
PTFE caps and stored at −4 °C in the fi eld during 3–4 weeks, then conserved in 
laboratory at −20 °C until analysis. In the laboratory, before a direct desorption was 
realized (as described below in the chromatographic analysis part), all samples were 
spiked with 10 μl of a 10 ng/μl solution of toluene-D8 (99.6 % atom D; Aldrich ® , 
Australia) in methanol (Analytical Reagent grade, ≥99.6 %; Sigma-Aldrich ® , 
Australia) (100 ng injected in each TD tube).  

   Chromatographic Analysis 

 Chromatographic analyses of these samples were carried out at the ChemCentre of 
Perth, using a Varian Saturn 2000 GC–MS (ion-trap) (Varian Inc Australia, Mulgrave 
Vic., Australia), equipped with a TD autosampler (Perkin Elmer ATD 400 Automatic 
Thermal Desorption System). A 270 °C desorbing temperature (below the 350 °C 
upper limit of Tenax ®  TA) was used to maximize analyte recovery and minimize the 
background contribution from the thermal degradation of Tenax ®  TA. Volatilized 
analytes were sent to a secondary Tenax ®  TA trap held at −10 °C which was then 
desorbed in turn, by rapidly heating it from −10 to 270 °C within a few seconds. 
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From there, samples were injected with a split of 10:1 into the GC capillary column 
(DB-5MS;  L  = 30.0 m; Diameter = 0.25 mm; Film thickness = 0.25 μm; Agilent tech-
nologies ® , Forrest Hill, Vic., Australia).  The GC oven temperature was programmed 
as 30 °C (hold 1 min), then 5 °C/min to 100 °C, 10 °C/min to 200 °C, 15 °C/min to 
290 °C (hold 4 min).  The transfer line was set at 170 °C, the ion trap at 150 °C. 
Standard positive electron ionization (70 eV) was used with the scanning rate of 
2 scans/s over the mass range of 45–270 amu.    

29.2.2     Chemical Data Processing 

 Chemical data processing was carried out with the GCMS Solution software v2.40 ©  
(Shimadzu Corp., France). In all analyses, background noise was fi rst removed from 
the data by subtracting the baseline signal and peaks of compounds obtained from 
blank samples run regularly within our sample batches. Blanks were designed to 
account for potential noise from the sampling procedure, the extraction protocol, 
and the instrument in different methods. 

 Qualitative identifi cation of all analytes of interest was determined by cross- 
checking the best matches obtained from the NIST Mass Spectral Search Program 
v2.0 ©  (Faircom Corp.; Columbia MO, USA) with the calculated Retention Index 
(RI) of the analytes. Calculated RIs were obtained by calibrating the GCMS Solution 
software with the retention times of various linear alkanes between C 10  and C 40  
( n  = 15), run under identical chromatographic conditions. For quantitative analysis, 
the peak area of the internal standard was used to account for variations in the GC–
MS instrument response when standardization was made possible. For method 6, 
calibration curves were constructed from a suite of standards of various masses and 
chemical classes, using air-monitoring National Association of Testing Authorities, 
Australia (NATA) accredited methods.     

29.3     Results 

29.3.1     Method 1 (Solvent Extraction of Uropygial Secretions) 

 Chemical profi les showed in  particular   a 30 min section (25–55 min) containing an 
abundance of analytes (more than 200 compounds), essentially fatty acid esters and 
alcohols (Table  29.1  and Fig.  29.2a ). The sample signal was strong compared to 
background noise (instrument, sampling) and peak chromatography was good over-
all. A slower ramp than the one used could provide even better separation of fatty 
contents although this would considerably extend the total analysis time. Compounds 
detected and tentatively identifi ed ranged from lower semi-volatiles (octanoic acid, 
tetradecane) to large fatty acid esters (nonadecanoic acid, eicosyl ester). Data analy-
sis led to the identifi cation of clear sociochemical information within the uropygial 

29 Guidelines for Collecting and Extracting Avian Odors in a Remote Field: Case…



446

          Ta
bl

e 
29

.1
  

  A
dv

an
ta

ge
s 

an
d 

di
sa

dv
an

ta
ge

s 
of

 th
e 

di
ff

er
en

t m
et

ho
ds

 te
st

ed
   

 M
et

ho
d 

1 
 M

et
ho

d 
2 

 M
et

ho
d 

3 
 M

et
ho

d 
4 

 M
et

ho
d 

5 
 M

et
ho

d 
6 

 A
lte

rn
at

iv
e 

m
et

ho
d 

(n
ot

 te
st

ed
 h

er
e)

 
 St

ir
 b

ar
 s

or
pt

iv
e 

ex
tr

ac
tio

n 

 Sa
m

pl
e 

ty
pe

 
 U

ro
py

gi
al

 s
ec

re
tio

ns
 

 Fe
at

he
rs

 
 Fe

at
he

rs
 

 C
ot

to
n 

sw
ab

 
 C

ot
to

n 
sw

ab
 

 A
ir

bo
rn

e 
vo

la
til

es
 

 L
iq

ui
d–

so
lid

–
vo

la
til

e 
ph

as
e 

 E
xt

ra
ct

io
n 

m
et

ho
d 

 SE
 

 SE
 

 D
ir

ec
t T

D
 

 SP
M

E
 

 D
ir

ec
t T

D
 

 T
D

 
 SB

SE
 

  N
  a

na
ly

te
s 

de
te

ct
ed

 
 26

6 
 32

1 
 89

 
 27

 
 18

 
 22

 
 – 

 C
ar

bo
n 

ch
ai

n 
si

ze
 

 C
 8 –

C
 39

  
 C

 8 –
C

 39
  

 C
 2  a  –

C
 19

  
 C

 6 –
C

 15
  

 C
 8 –

C
 14

  
 C

 2  a  –
C

 13
  

 – 

 C
la

ss
 o

f 
an

al
yt

es
 

de
te

ct
ed

 

 A
ld

eh
yd

es
, a

lk
an

es
, 

al
co

ho
ls

, a
lk

en
es

, 
am

id
es

, c
ar

bo
xy

lic
 

ac
id

s,
 a

ci
d 

es
te

rs
 

 A
ld

eh
yd

es
, 

al
ka

ne
s,

 a
lc

oh
ol

s,
 

al
ke

ne
s,

 a
m

id
es

, 
ar

om
at

ic
 

hy
dr

oc
ar

bo
ns

, 
ca

rb
ox

yl
ic

 a
ci

ds
, 

ac
id

 e
st

er
s 

 A
ld

eh
yd

es
, 

al
ka

ne
s,

 a
lc

oh
ol

s,
 

ar
om

at
ic

 
hy

dr
oc

ar
bo

ns
, 

ca
rb

ox
yl

ic
 a

ci
ds

, 
ac

id
 e

st
er

s,
 

Fu
ra

ns
, s

ul
fi d

es
 

 A
ld

eh
yd

es
, 

al
ka

ne
s,

 
al

co
ho

ls
, 

ca
rb

ox
yl

ic
 

ac
id

s,
 a

ci
d 

es
te

rs
, s

ul
fi d

es
 

 A
ld

eh
yd

es
, 

al
ka

ne
s,

 
al

co
ho

ls
, 

ca
rb

ox
yl

ic
 

ac
id

s,
 a

ci
d 

es
te

rs
, 

su
lfi 

de
s 

 A
ld

eh
yd

es
, 

al
ka

ne
s,

 a
lc

oh
ol

s,
 

ca
rb

ox
yl

ic
 a

ci
ds

, 
ac

id
 e

st
er

s,
 

fu
ra

ns
, s

ul
fi d

es
 

 – 

 St
or

ag
e 

co
nt

ai
ne

r 
 G

la
ss

 v
ia

l 
 A

lu
m

in
um

 f
oi

l 
an

d 
pl

as
tic

 b
ag

 
 N

al
op

ha
n ®

  b
ag

 
 G

la
ss

 ja
r 

 G
la

ss
 ja

r 
 T

D
 T

en
ax

 T
A

 
tu

be
s 

 – 

 St
or

ag
e 

qu
al

ity
 

 ✓✓
✓

 
 B

ut
 h

ea
vy

 a
nd

 
fr

ag
ile

 

 ✓  L
ig

ht
w

ei
gh

t b
ut

 
on

ly
 f

or
 “

so
lid

” 
sa

m
pl

es
 

 ✓
✓ 

 L
ig

ht
w

ei
gh

t b
ut

 
on

ly
 f

or
 “

so
lid

” 
sa

m
pl

es
” 

 ✓
✓✓

 
 B

ut
 h

ea
vy

 a
nd

 
fr

ag
ile

 

 ✓✓
✓ 

 B
ut

 h
ea

vy
 

an
d 

fr
ag

ile
 

 ✓
✓ 

 So
m

e 
co

nt
am

in
at

io
n 

se
em

s 
to

 o
cc

ur
 

du
ri

ng
 a

ir
pl

an
e 

tr
av

el
 

 – 

 Fa
st

 s
am

pl
in

g 
 ✓✓

 
 ✓✓

 
 ✓

✓ 
 ✓✓

✓ 
 ✓

✓
✓ 

 ✓
 

 – 

M. Gabirot et al.



447

 M
in

im
al

 
m

an
ip

ul
at

io
n 

to
 b

ir
d 

 ✓ 
 ✓ 

 ✓
 

 ✓
✓ 

 ✓✓
 

 ✓
✓ 

 ✓✓
 

 (w
he

n 
us

ed
 

di
re

ct
ly

 o
n 

fe
at

he
rs

) 
 M

in
im

al
 

an
al

yt
ic

al
 s

te
ps

 
 ✓ 

(p
re

- c
on

ce
nt

ra
tio

n 
st

ep
 is

 r
eq

ui
re

d)
 

 ✓ 
(p

re
- 

co
nc

en
tr

at
io

n 
st

ep
 is

 r
eq

ui
re

d)
 

 ✓
✓✓

 
 ✓

✓ 
 ✓✓

✓ 
 ✓

✓ 
 ✓✓

 

 D
at

a 
cl

os
e 

to
 

bi
rd

’s
 “

tr
ue

” 
od

or
 s

ig
na

l b   

 ✓ 
 ✓ 

 ✓
✓ 

 ✓
✓ 

 ✓✓
 

 ✓
✓✓

 
 ✓

✓ 

 E
xt

ra
ct

io
n 

ef
fi c

ie
nc

y 
( e

st
im

at
ed

 ) 

 ✓✓
✓ 

 ✓
✓ 

 ✓
 

 ✓ 
 ✓✓

✓ 
 ✓✓

 

 G
en

er
al

 
di

sa
dv

an
ta

ge
s 

 So
lv

en
t c

an
 im

pa
ct

 s
om

e 
re

ac
tiv

e/
fr

ag
ile

 
co

m
po

un
ds

 s
uc

h 
as

 a
m

in
es

 
 A

na
ly

si
s 

of
 c

hr
om

at
og

ra
m

 is
 c

om
pl

ex
. 

H
ig

hl
y 

ab
un

da
nt

 a
na

ly
te

s 
m

ay
 b

e 
“m

as
ki

ng
” 

le
ss

 a
bu

nd
an

t c
om

po
un

ds
 

 L
ow

 te
m

pe
ra

tu
re

s 
of

 d
es

or
pt

io
n 

m
ay

 r
ed

uc
e 

th
e 

ef
fi c

ie
nc

y 
of

 
re

co
ve

ry
 

 Fr
ag

ili
ty

 o
f 

th
e 

co
at

in
g 

of
 

SP
M

E
 fi 

be
rs

 
ca

n 
lo

w
er

 th
e 

re
pr

od
uc

ib
ili

ty
 

 L
ow

 
te

m
pe

ra
tu

re
s 

of
 d

es
or

pt
io

n 
m

ay
 r

ed
uc

e 
th

e 
ef

fi c
ie

nc
y 

of
 r

ec
ov

er
y 

 D
es

or
pt

io
n 

at
 

hi
gh

 te
m

pe
ra

tu
re

s 
ca

n 
br

ea
kd

ow
n 

so
m

e 
an

al
yt

es
 

(m
ai

nl
y 

th
e 

po
la

r 
on

es
) 

 L
ow

 s
ig

na
l/n

oi
se

 
ra

tio
 d

ue
 to

 h
ig

h 
le

ve
l o

f 
co

nt
am

in
at

io
n 

 D
iv

er
si

ty
 o

f 
co

at
in

g 
is

 li
m

ite
d 

   SE
  S

ol
ve

nt
 e

xt
ra

ct
io

n,
  T

D
  T

he
rm

al
 d

es
or

pt
io

n,
  S

P
M

E
  S

ol
id

-p
ha

se
 m

ic
ro

ex
tr

ac
tio

n.
  S

B
SE

  S
tir

 b
ar

 s
or

pt
iv

e 
ex

tr
ac

tio
n 

w
as

 n
ot

 te
st

ed
 in

 th
is

 s
tu

dy
 b

ut
 is

 a
dd

ed
 

in
 th

e 
ta

bl
e 

as
 a

 m
at

te
r 

of
 c

om
pa

ri
so

n 
(✓

: F
ai

r;
 ✓

✓:
 G

oo
d;

 ✓
✓✓

: V
er

y 
go

od
) 

  a  C
 2  i

s 
D

im
et

hy
l d

is
ul

fi d
e 

  b  S
im

ila
r 

to
 w

ha
t w

e 
ex

pe
ct

 m
ay

 c
on

ta
in

 th
e 

ac
tu

al
 c

om
po

un
ds

 in
vo

lv
ed

 in
 a

 c
he

m
os

ig
na

l t
ha

t a
 b

ir
d 

em
its

  

29 Guidelines for Collecting and Extracting Avian Odors in a Remote Field: Case…



448

Total Ion Counts
(x10.000.000)

I.S.
(5040ng)

b

e
Total Ion Counts

(x1.000.000)

I.S. 
(100ng)

0.00

0.25

0.50

0.75

1.00

20.0 25.0 30.0 35.0 40.0 45.0
Rt (min)

c
Total Ion Counts

(x1.000.000)

Rt (min)

0.00

0.25

0.50

0.75

1.00

1.25

1.50

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

30 40 50 60 70

I.S. 
(100ng)

d
Total Ion Counts

(x1.000.000)

0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75

5.0 10.0 15.0 25.020.0 30.0 35.0
Rt (min)

a
Total Ion Counts

(x10.000.000)

Rt (min)

1.25

0.00

0.25

0.50

0.75

1.00

5040302010 60
Rt (min)

5040302010 60

I.S.
(5040ng)

  Fig. 29.2    Examples of blank ( bottom ) and sample ( top ) chromatograms obtained with the differ-
ent methods. ( a ) Method 1 (analysis of uropygial secretions by solvent extraction); ( b ) Method 2 
(analysis of feathers by solvent extraction); ( c ) Method 3 (analysis of feathers by thermal desorp-
tion); ( d ) Method 4 (analysis of cotton swab by SPME); ( e ) Method 5 (analysis of cotton swab by 
thermal desorption). The peak of the internal standard (I.S.) and the quantity injected in the sample 
are indicated when present       
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secretions of blue petrels including species-specifi c, sex-specifi c, and individually 
specifi c badges (details reported in Mardon et al.  2010 ). Importantly, chemical com-
pounds associated with these chemical badges were large fatty acid esters and alco-
hols of relatively low volatility, which are unlikely to be the fi nal carriers of the 
olfactory information. Method 1 therefore did not lead to the identifi cation of the 
fi nal olfactory signals but provided instead chemical correlations or precursors of 
the possible signals. If this method is still useful to compare individuals, genders, 
or species (the actual signal is probably contained in the chromatogram obtained), 
nonvolatile compounds, contamination, ejection of parasites, bacteria, etc., take part 
in this chromatogram, perhaps masking the actual signal that the individual may use.

29.3.2         Method 2 (Solvent Extraction of Feathers) 

 The sample signal again  largely   dominated the background noise and peak chroma-
tography was satisfactory (Fig.  29.2b ). The lower edge of detection sensitivity was 
also similar to Method 1. Although the quantity of chemical material retrieved was 
slightly less, more analytes were detected in this analysis than in the previous one 
(more than 300 components found, see Table  29.1 ). This is explained by the appear-
ance of new compounds, essentially semi-volatile compounds, and cyclic hydrocar-
bons, on the bird feathers due to different processes (detailed in Mardon et al. 
 2011 ). The feather chemical profi les were nevertheless analogous to the uropygial 
profi le with a similar 30 min section (25–55 min) containing abundant analytes. 
Furthermore, 95 % of the secretion analytes were present on the feathers while 79 % 
of the feather analytes originated from the preen secretions; thus confi rming, in 
petrels at least, the uropygial origin of most feather lipids (Mardon et al.  2011 ). 
Data analysis of the blue petrel feather chemicals led to the identifi cation of socio-
chemical badges similar to the ones found within the uropygial secretions (detailed 
in Mardon et al.  2011 ). The chemical nature of these feather-borne badges was 
consistent with that previously elucidated within uropygial contents. In the same 
way as in method 1, molecules coupled with this method were analytes with low 
volatility and not necessary the fi nal product of the bird’s odor.  

29.3.3     Method 3 (Thermal Desorption of Feathers) 

 A good chromatographic signal from  the   feathers was obtained (Fig.  29.2c ). Peak 
chromatography was good overall with little co-elution, although most carboxylic 
acid peaks tailed signifi cantly. The lower edge of detection sensitivity for this 
method was found to be about fi ve times lower than for the SE technique. The TD 
approach permitted the detection of a low number of analytes (less than 100). 
Components found were more volatile and of a much smaller size than in Method 1 
and 2 (e.g. heptanal) (see Table  29.1 ). Interestingly, some of these early eluting 
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compounds included sulfi des (dimethyl disulfi de), furans (2-furanmethanol), and 
imidazole. Several contaminant components (benzene derived) were also detected, 
that might be due to bird’s exposure to pollutants or during the sampling procedure. 
The remainder of the analytes detected were from chemical classes that were already 
encountered (acids, esters, alcohols, and alkanes). Preliminary data analysis of these 
samples suggest that the volatiles desorbed directly from the feathers may still carry 
a signifi cant badge of the species, i.e. a chemical signature of blue petrels, but no 
clear-cut sex-specifi c badge (M. Gabirot, personnal data).  

29.3.4     Methods 4 and 5 (Cotton Swab by Solid-Phase 
Microextraction and by Thermal Desorption) 

 The results obtained with these two methods were very similar. A  satisfactory   chro-
matographic signal was obtained in both cases (Fig.  29.2d, e ) with a sample signal 
that largely dominated the background noise. Peak chromatography was good over-
all with little co-elution, although most peaks tailed signifi cantly. There was a lower 
detection threshold of sensibility for these two methods. The number of peaks was 
also signifi cantly lower than in method 1, 2, and 3 (less than 30 compounds; see 
Table  29.1 ). The main compounds were detected between RT = 20 and RT = 35 min 
for the SPME method and in a 21 min section (RT = 20–41 min) for the TD method. 
In one section of the chromatogram, peaks were too close together (mostly between 
RT = 26 and RT = 29 min), thus a slower ramp than the one used could provide better 
separation of compounds present. In the same way as the analysis of feathers by 
thermal desorption, analysis of the swab by SPME or TD produced more volatile 
and semi-volatile compounds compared to methods using solvent extraction. 
Compounds released from the swab were tentatively identifi ed and ranged from 
volatiles (e.g. octanal, hexanal, heptanal, nonanal) and semi volatiles (e.g. hexa-
none, undecane, methyl nonane, and undecane) to heavier compounds such as fatty 
acid ester or methyl ketone or methyl alkanes. Once again, atypical compounds 
such as sulfi des and molecules that were present probably due to pollution (benzene 
derived) were detected.  

29.3.5     Method 6 (Thermal Desorption of Airborne Volatiles) 

 This method  produced   chromatograms that were dominated by background noise 
(data not shown). The contamination found in this method might be due to a prob-
lem during the volatiles sampling or/and storage and travel to the laboratory. This 
contamination suggests for example that activated charcoal fi lters may not be 
suffi cient to purify ambient air to a satisfactory level for the screening of subtle 
volatiles signals. The noisy background made the discrimination of the bird- 
associated chemicals signifi cantly harder, resulting in fewer analytes detected in 
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this TD-analysis (Table  29.1 ). The smaller early eluting analytes identifi ed in 
Method 3, in particular furans and sulfi des were also found with this method. 
Most of the analytes detected were from the more usual acids, alkanes, alcohols, 
and esters classes. Data analysis did not provide clear-cut evidence of sociochem-
ical information but the high background noise prevents any defi nitive conclusion 
at this stage of our research.   

29.4     Discussion 

 We provide different approaches to study the odor of birds, and discuss the advan-
tages and limitations of each method for fi eld chemo-ecologists. We took into con-
sideration the methodological diffi culties of analyzing vertebrate scents, coupled 
with the logistical challenges of working with animals in remote fi eld locations. 
Studying wild populations far away from laboratory facilities implies additional 
constraints, including that sampling might not be under completely controlled con-
ditions (e.g. cold conservation of samples). 

29.4.1     Sampling Considerations 

 Different  samples  were   collected (uropygial secretions, feather lipids and/or vola-
tiles, bird odor) as they might carry partly or totally the compounds involved in the 
bird scent. We also used different sorbent materials for volatile collection such as 
Tenax® TA polymer to trap the molecules from the air surrounding the bird’s head-
space. Another sorbent material was also tested for the fi rst time i.e. a cotton swab 
that was rubbed directly on the animal. These collection techniques were chosen 
because they offered signifi cant advantages in the fi eld such as their ability to sam-
ple quickly, logistical simplicity, and the relatively high yield of information. As the 
compounds present in the scent can have vastly different physical properties, any 
particular method of sampling will certainly fail to collect all of them. Therefore, a 
combination of different approaches is recommended until the key-components of 
the scent are identifi ed. For example, in the fi eld one can easily collect feathers and 
cottons swabs rubbed on birds. Successively, in the lab, one may use complemen-
tary methods such as direct thermodesorption of feathers (Method 3), or exposing 
samples to SPME fi bers or Stir Bars with different polymers sensitive complemen-
tary classes of compounds. However, there are signifi cant issues that need to be 
addressed before starting any sampling of animal material. 

 The rules of thumb can be summarized in three points.

    1.    Avoid stress of the animals. The collection of uropygial and feathers involves a 
signifi cant amount of handling which can be stressful (Le Maho et al.  1992 ). 
Stress might imply modifi cation of physiology and might have consequences in 
variation of animal scents (e.g. in rats, Valenta and Rigby  1968 ).   
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   2.    Avoid as well as possible contamination of the samples. In our study some 
compounds were already present in the samples, such as atmospheric pollutants 
(sulfi des and benzene derivatives) deposited on the feathers (Mardon et al.  2011 ). 
These can be corrected by blanks, considering that the level of contamination 
is relatively minor and does not affect the clarity of the biogenic emissions 
(Mardon et al.  2011 ). It is worth remembering, however, that contamination can 
occur during the process at any stage from initial sample collection, sample 
transportation, sample preparation, to chemical analysis. For example GC–MS 
analysis of tubes that made a round trip to the fi eld and back to the laboratory 
without being opened, showed some contamination (Gabirot et al. unpublished 
results). A possible explanation may be that variation in temperature and/or pres-
sure during the fl ight may have affected the effi ciency of sealing caps fi tted with 
PTFE ferrules.   

   3.    Store and cool samples to limit degradation and compounds loss. Glass vials are 
usually reliable and better containers than plastic ones, if correctly sealed with 
screw caps or lined stoppers which can provide a gas tight seal (e.g. screw caps 
Tefl on-faced or screw caps with PTFE faced silicone septa) and stored at cold 
temperature (Hudson et al.  2009 ). For example a defi cient sealing, often due to 
dirty closure, and/or to septa expansion and contraction during temperature fl uc-
tuations associated with sample cooling/freezing, has an average of 41–46 % 
lower volatile organic compound concentrations than the samples correctly 
sealed (Hewitt et al.  1995 ). The loss of components can also be minimized by 
limiting the number of analytical steps (as pre-concentration in solvent extrac-
tion, weighing of feathers, etc., Drea et al.  2013 ). Finally, maintaining samples 
at cold temperatures (at least 4 °C) during storage and transportation minimizes 
vapor loss of highly volatile compounds and limits uncontrolled microbial 
degradation.     

 In spite of problems given by point (1) and (2), relative comparisons between 
groups are still possible to fi nd putative candidate compounds that can be succes-
sively used in a fi ner-grained quantitative chemical analysis or behavioral assays. 
However, point (3) may be more critical. Apart from degrading the samples, bacte-
rial communities can be individual specifi c and prevent relative comparisons 
between groups (i.e. individual, gender, species, etc.) by generating different odor-
ous metabolites (Archie and Theis  2011 ) that contribute to the fi nal scent (Ezenwa 
and Williams  2014 ), although this hypothesis has not been directly tested in birds.   

29.4.2     Novel Techniques for Sampling Odors 

  Our work presents new  methods    for sampling avian odors focusing on the volatile 
nature of scent samples that might contain the cues involved in chemical communi-
cation. Firstly, we developed a direct solid-phase thermal desorption method in 
which the compounds are removed from the natural trap in the feathers without any 
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further step (see Method 3). In this approach, feathers are considered in place of the 
adsorbent material such as graphite or organic polymer (e.g. Tenax® TA) that is 
traditionally used. Moreover, we introduced the use of nalophan ®  material, a usual 
component of food bags which is odor and taste free as well as impermeable to 
water and fat (Hudson et al.  2009 ). Nalophan ® , which is already employed in plant 
volatile collection (Noble et al.  2001 ) and air sampling (Van Harreveld  2003 ; Nagata 
 2010 ), appears in our case as a very convenient storage bag for “solid” samples (e.g. 
feathers). It is lightweight and does not release noticeable intrinsic components. 
Other polymer bags such as Teldar, Tefl on, and PTFE sample bags might be suitable 
as well, but were not tested here (Zarra et al.  2012 ; Guillot  2012 ). We also presented 
another unusual trapping material: a cotton swab, employed by the French scientifi c 
police and produced in Hungary (Prada et al.  2010 ). Other materials often used in 
forensic science exist such as Dukal, Kings Cotton, or Johnson and Johnson pads 
(Hudson-Holness and Furton  2010 ). Cotton swabs were rubbed on the bird and then 
directly introduced in a TD tube (see Method 5) or its headspace was collected and 
concentrated on a SPME fi ber (see Method 4) before thermal desorption. During the 
analysis of samples, the releasing capacity of the cotton swab was limited to only 
20–30 components that were detected either with direct thermal desorption (Fig. 
 29.2e ) or by sampling the headspace (Fig.  29.2d ). However, this number is compa-
rable with the number of compounds (around 20) extracted from human scent using 
various sorbent pads (Prada et al.  2010 ). Finally, the SPME fi bers were used only in 
the laboratory because their complex handling requirements (due to their friability 
and the fragility of the coating), and the diffi culty conserving all volatiles into the 
fi ber absorbent during the long travel times, made them unsuitable for fi eld use. 

 A novel apparatus to access the airborne excretions of birds was also explored in 
our study (see Method 6). We put the bird in a chamber formed by a hermetic stain-
less steel autoclave with an activated charcoal trap connected to a Tenax® TA tube. 
Similar studies have been also carried on crested auklet (Douglas  2006 ) and chicken 
or pigeon (Syed and Leal  2009 ). In both studies, the collection traps were not ther-
modesorbed as we did but eluted with a solvent (dichloromethane or methanol). We 
also tested the solvent extraction of the trap in a previous work (data not published) 
and it proved inadequate when working at low levels of volatiles trapped on the 
adsorbent. Indeed, no matter the combination of solvent quantity, sonication time, 
evaporating technique (cold fi nger manifold or stream of purifi ed nitrogen), level of 
pre-concentration or GC–MS parameters tried on the samples, we were unable to 
reach a satisfactory level of sensitivity for this analysis. Although minor peaks were 
detected, indicating the verge of sensitivity, most chemical profi les were not usable. 
Indeed, the chromatograms provided by Syed and Leal ( 2009 ) displayed much more 
compounds when a SPME fi ber was used rather than with solvent extraction of the 
SuperQ trap. In that case, solvent desorption is not a particularly sensitive technique 
as sample dilution seems to reduce the sensitivity of this approach. The combination 
of adsorbent trapping and solvent extraction thus appears not suited for the profi ling 
of whole animal scents. The approach may nevertheless prove useful for the analy-
sis of a priori identifi ed targets by using restricted search options (e.g. the specifi c 
ion mode of mass spectrometers). 
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 Sampling of airborne volatiles with the Method 6 is logistically more complex 
than the other techniques described above. It also requires a longer time to ensure 
suffi cient levels of airborne volatiles can be collected on the adsorbent traps. 
However, the stress induced by this method appears reduced as animals were uni-
versally much calmer during sampling than while being handled. Although some 
bird-emitted airborne compounds were successfully collected, the apparatus led to 
signifi cant environmental noise from unfi ltered anthropogenic ambient volatile 
organic compounds (data not shown). Further methodological refi nements, includ-
ing the use of pure-air canisters and a glass chamber, are currently being tested to 
explore this method further. 

 Each of these new approaches is suitable for collecting samples in remote areas 
where the handling of animals is limited and benefi t by not requiring time- consuming 
chemical extraction steps that can be a source of contamination and/or losses of 
volatile analytes. Finally, the choice of the sorbent material is crucial as the chemi-
cal composition of the materials plays a great role in governing their trapping and 
releasing capabilities (Hudson-Holness and Furton  2010 ). Further standardization 
and validation are still necessary to improve these methods, mainly regarding the 
extraction step.   

29.4.3     Comparison of Extraction Methods 

 At  least two classic  approaches   appear to extract the chemical molecules from a 
sample: solvent extraction or thermal desorption of molecules trapped onto an 
adsorbent material (e.g. SPME fi ber or Tenax® TA polymer). Solvent extracting 
approaches are based on the chemical affi nity between sample materials and sol-
vents. As such, they require reasonable chemical skills in order to tune protocols to 
samples (Burger et al.  2004 ). They can lead to good chromatographic data provided 
there is suffi cient chemical material extracted. Solvent extracts give the most con-
venient method of sample handling (i.e. easy storage). Some downsides of these 
techniques are, however, critical to consider when studying animal chemosignals 
(Table  29.1 ). Because there is no universal solvent (or solvent mix) able to achieve 
a comprehensive recovery of polar and nonpolar mixtures, solvent extraction inevi-
tably results in a partial qualitative loss of chemical mixtures. Nevertheless, the 
solvent extraction usually keeps a more complete profi le but is consequently more 
complex which may complicate analysis. Solvents can also directly impact the most 
reactive/fragile fraction of these organic mixtures (e.g. amines). The addition of the 
solvent itself induces an important dilution effect which is undesired when examin-
ing subtle olfactory chemosignals. Although generally chosen for their low boiling 
points, solvents result in large chromatographic peaks that affect the exploration of 
the most volatile fraction of chromatograms. In addition, many times during extrac-
tion procedures, it may be necessary to concentrate the sample by evaporating a 
fraction of the solvent using a gas fl ow such as nitrogen. This process ensures that 
relatively low-abundance compounds will be concentrated to detectable levels. 
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Finally as previously mentioned, contaminants can be introduced during extraction 
and throughout sample preparation. An alternative to the use of organic solvents is 
extraction with supercritical fl uids such as supercritical carbon dioxide. This pres-
ents the advantage of using a totally volatile solvent but specialized equipment is 
required, and this could be problematic in the fi eld. 

 In one of our studies, we introduced a new extraction method: the direct solid- 
phase thermal desorption on two different samples (feathers and cotton swab). 
A small amount of the sample was placed directly in the thermal desorption tube 
(cotton swab) or in a PTFE insert (feather). Desorption of the compounds trapped in 
the adsorbent materials was achieved using heat and a fl ow of inert gas. In this 
straightforward and cost effective procedure, no tedious and lengthy sample extrac-
tions are needed. This approach combines advantages from using a relatively abun-
dant material (i.e. feather lipids) with the advantages of using thermal desorption 
(see above), while avoiding most environmental and adsorbent noise (Table  29.1 ). 
However some limitations must be considered. Direct thermal desorption is only 
appropriate where the small sample size introduced in the tube is representative of 
the sample as a whole in order to achieve quantitative analysis. The extraction can 
only take place at a temperature of desorption below the decomposition point of the 
sample, which can impair the effi ciency of release. However a complete extraction 
of volatiles during a qualitative study is not required until a representative profi le of 
the scent is obtained. Some refi nements of the procedure are actually tested in order 
to evaluate its repeatability and reproducibility. 

 As illustrated by our results, thermal desorption provides a higher sensitivity 
than solvent extraction due to the absence of dilution and the quantitative transfer of 
desorbed material to the analytical instrument. The absence of solvent facilitates the 
examination of early eluting compounds and is a key aspect for chemosignal 
research. For example, the detection of dimethyl disulfi de in both the desorbed 
feather lipids and airborne volatiles is intriguing because blue petrel chicks and 
adults respond to the odor of related compound (dimethyl sulfi de) (Nevitt et al. 
 1995 ; Bonadonna et al.  2006 ). The presence of dimethyl disulfi de could arise from 
the environment or from bacterial metabolism. A range of bacteria and fungi from 
the soil (e.g.  Lactobacillus spp .,  Clostridium spp .,  Citrobacter spp .,  Pseudomonas 
spp ., and  Flavobacterium spp .) producing this molecule (Effmert et al.  2012 ) could 
be present in the burrow of the birds. However, more works is required to ascertain 
the origin of the dimethyl disulfi de detected in our samples, a biogenic origin and 
behavioral function might be probable (Singer et al.  1976 ). 

 Several issues have to be addressed before the combination of adsorbent trap-
ping and thermal desorption leads to the types of unequivocal results obtained with 
 solvent extraction of feathers and secretions. First, the high temperatures needed to 
achieve enough recoveries from the adsorbent may result in the breakdown of the 
trapped analytes, particularly for polar analytes such as alcohols, carboxylic acids, 
and so on (Baltussen et al.  2002 ). Second, there is a clear need for better generalist 
adsorbents that could reduce noise while increasing the sample signal. Indeed, 
Tenax® TA (and most other adsorbents) releases signifi cant amounts of breakdown 
products in the GC–MS and its strong affi nity for polar analytes leads to poor 
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recovery rates of these (Baltussen et al.  2002 ). This is particularly problematic in 
chemical ecology because polar compounds are very often involved in biogenic 
chemosignals (Soini et al.  2005 ). While awaiting the development of better adsor-
bents, Tenax® TA remains the most logical option for studies like ours, as it offers 
quantitative trapping and effi cient release for volatile and semivolatile organic com-
pounds ranging in volatility from n-hexane to  n -C 26 . The combination of different 
polymers such as Tenax® TA with Carbograph or Sulfi Carb could also be a good 
alternative. For example Sulfi Carb offered quantitative trapping and effi cient 
release for compounds ranging in volatility from C 3  to  n -C 6 . In the same way, the 
use of a SPME fi ber coated with PDMS can be optimized. For example, some 
recent studies examining volatiles emitted by birds have used a Carboxen-PDMS 
coating fi ber (Supelco, Bellefont, PA, USA) which led to the detection of C 2  com-
pounds (Shaw et al.  2011 ).   

29.4.4     Final Considerations 

 The choice of a particular sampling or extraction technique is generally infl uenced 
by the theoretical framework of a study. For instance, the scarcity of studies examin-
ing avian chemical emissions from the perspective of chemical communication has 
led to a methodological bias towards solvent extraction of uropygial secretions and 
tissues. This is critical to consider when examining the resolution and relevance of 
data obtained so far. Avian secretions and feather lipids typically contain a complex 
mix of both large waxy nonvolatile and smaller potentially volatile compounds 
(Jacob  1978 ). To screen these whole mixtures in search of potential olfactory che-
mosignals presents some analytical shortcomings. First, the relative abundances of 
volatile and waxy contents may be very dissimilar. As a result, the levels of analyti-
cal sensitivity required to explore the full range of chemical fractions has proven to 
be extremely different. On a similar note, highly abundant analytes may be “mask-
ing” the presence of other less abundant compounds (for instance because of co- 
elution, or detector saturation). Second, the often very large number of compounds 
detected in avian chemical substances can compel biologists to select a priori the 
compounds, or class of compounds, which could be relevant (Soini et al.  2007 ). 
Such a decision, apart from requiring good chemical expertise, is not entirely satis-
factory as the nature of the biologically active signals remain in most cases com-
pletely unknown. Finally, screening secretions or feather lipids for volatile signals 
might overlook the various degradation processes (oxidation, enzymatic break-
down, and photolysis) which may exogenously convert secreted lipid precursors 
into their biologically active forms (Wisthaler and Weschler  2010 ; Mardon et al. 
 2011 ). This is, in essence, why we have recently designed and started optimizing 
alternative techniques as presented here. There are, in addition, other recent and 
newly emerging alternative methods for the study of animal chemosignals, which 
are not considered in our comparison, due to the limitations of available resources 
and equipment in our study. For example, stir-bar sorptive extraction (SBSE; mar-
keted by Gerstel, Linthicum, MD) is a newer technique that is more versatile and 
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more sensitive than SPME (Baltussen et al.  2002 ). In SBSE, the sorptive polymer is 
coated on a small stir bar, which may be immersed in the liquid of interest or adapted 
for headspace analysis (Soini et al.  2005 ). SBSE has recently been successfully 
applied to biological media and avian endogenous chemicals (Soini et al.  2005 , 
 2007 ,  2013 ; Whittaker et al.  2013 ; Tuttle et al.  2014 ) and is gradually replacing 
SPME. Compared with other microextraction techniques, SBSE provides a higher 
extraction effi ciency and better reproducibility owing to the much greater amount of 
the extraction phase (for review, see: He et al.  2014 ). On the other hand, the imple-
mentation of SBSE is quite expensive and applicable coatings are still limited. 
A high-sensitivity sample enrichment probe has also been developed (Mitra et al. 
 2013 ) which can be implemented on any gas chromatograph at practically no cost. 

 In conclusion, ecologists working in the fi eld of animal chemical communication 
still await the development of satisfactory, sensitive, and logistically reasonable 
techniques. The diverse and extreme physical properties of compounds forming the 
animal scent provide unique analytical challenges. The presence of highly volatile 
compounds increases the diffi culty of developing an appropriate procedure (Rowan 
 2011 ). Despite that, we have presented here several techniques specifi cally used for 
the study of avian chemical emissions, and have compared their relative properties, 
advantages, and inconveniencies (Table  29.1 ). The limits of classical techniques, 
such as solvent extraction, are illustrated and new alternative techniques, such as 
adsorbent trapping or solid-phase thermal desorption, were introduced. Although 
targeting seabirds specifi cally, these methods have broad applicability to the study 
of vertebrate olfactory communication, in remote areas or otherwise. This study 
contributes to the general methodological effort dedicated to these challenges, and 
there is little doubt that exciting discoveries are around the corner.      
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    Chapter 30   
 Pair-Specifi c Scents in African Wild Dogs, 
 Lycaon pictus , and an Example of a Potential 
Method to Identify Signals Within Complex 
Mixtures       

       Neil     R.     Jordan     ,     Peter     J.     Apps    ,     Krystyna     A.     Golabek    , and     J.     Weldon     McNutt   

30.1            Introduction 

  Olfactory communication   plays a major role in the lives of mammals (Ewer  1968 ), 
and scent is pivotal in modulating an extremely wide range of behaviors across an 
equally wide range of taxa. Chemical signals, and an animal’s ability to extract this 
information from scent-marks, are fundamental components of parental (e.g. 
Poindron et al.  1988 ), sexual (e.g. Rasmussen et al.  1997 ), and territorial behavior 
(e.g. Müller and Manser  2007 ). A fundamental component of  territorial scent mark-
ing      depends upon discriminating differences between signals from “self” and 
“other” at the very least, although more complex discrimination such as neighbor–
stranger (e.g. banded mongoose,  Mungos mungo , Müller and Manser  2007 ) and 
group-specifi c discrimination have been described in some species (e.g. raccoon 
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dog,  Nyctereutes procyonoides , Yamamoto  1984 ; European badger,  Meles meles , 
Davies et al.  1988 ) suggesting that these abilities may be common among mam-
mals. For animals to recognize or discriminate between scents there must be consis-
tent differences between important categories of each unit (e.g. sex and pack). 
Although unit-specifi c discrimination has been described in many species (e.g. sex 
discrimination in domestic dogs,  Canis familiaris , Dunbar  1977 ; individual dis-
crimination in Indian mongooses,  Herpestes auropunctatus , Gorman  1976 ), in 
mammalian semiochemistry in particular, the specifi c distinguishing compound or 
compounds typically remain unknown (Apps  2013 ). As mammals commonly use 
urine and feces in communication, distinguishing active signals from metabolic 
waste products constitutes a signifi cant part of the challenge in this process. 

 The most commonly accepted mechanism of territorial defense using  scent      is by 
“scent matching” (Gosling  1982 ). Intruders match the scents of encountered indi-
viduals with scents encountered in the environment, and subsequently modulate 
their behavior in the presence of the identifi ed territory owner(s) due to asymmetry 
in the costs/benefi ts of escalating a challenge. In order for such scent matching to 
occur, individuals must be able to discriminate between scents and identify territory 
residents as such. In group-living species, territoriality via scent-matching is likely 
to be facilitated through group-specifi c odors deployed as scent marks communicat-
ing territory residence. 

 Long-term ranging behaviors of a subpopulation of  African wild dogs ( Lycaon 
pictus )   in northern Botswana followed in this study strongly illustrate characteristic 
territorial residence, including the use of exclusive areas (Pomilia et al.  2015 ). 
Furthermore, observations of daily movements by resident packs indicate that resi-
dence may be communicated using scent marks (e.g. Jordan et al.  2013 ). As part of 
ongoing research to manipulate the movement and territorial behavior  of   African 
wild dogs, we investigated whether the chemical compositions of wild dog scent- 
marks are pack-specifi c. We used gas chromatography and mass spectrometry (GC–
MS), deconvolution (Chap.   28    ) and multivariate statistics to separate and identify 
any pack-specifi c components that may contribute to a signal of territory residence. 
Previous work on the scent-marking behavior of African wild dogs showed that the 
dominant urine overmarks ( DUOs  )       of wild dog pairs—where one member of a pair 
deposits urine on top of the urine of its partner—are a likely source of semiochemi-
cal information (Jordan et al.  2013 ). Distinct postures were almost uniquely associ-
ated  with      DUO deposition and increased the likelihood that these deposits would be 
investigated by other dogs (Jordan et al.  2013 ). Among all scent types, dominant 
urine was of greatest interest to other wild dogs. Additionally, the dominant pair in 
a pack may remain stable over many years, whereas the composition of the rest of 
the pack changes from year to year, as subdominants disperse or die (McNutt  1996 ). 
Consequently,       DUOs provide the focus for our search for a pack-specifi c semio-
chemical signal. If  DUOs      contain a signal advertising residence, then we would 
expect the DUOs from each pair/pack to be distinguishable from others (i.e. a pair- 
specifi c signature), since residents must be capable of distinguishing their own 
scents from those of their neighbors. 

 Searching through complex multicomponent mixtures for signals presents a 
challenge in analytical semiochemistry. Focusing our investigation on territorial 
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scent marking in African wild dogs in this study, we attempt to address the follow-
ing questions: Are the chemical compositions  of      DUOs of wild dogs pair-specifi c, 
and which particular components might impart pair-specifi city? In attempting to 
answer these questions we utilize established statistical techniques in a novel way. 
We used a multivariate (factorial) approach as a statistical fi lter to remove compo-
nents that varied within pairs while retaining components that differed between 
pairs. This approach uses Principal Components Analysis, and particularly its utility 
in locating and retaining variables (chemical components) which account for the 
highest proportion of inter-sample variance. Our approach may be broadly appli-
cable across signaling modalities, as fi nding signals amongst the noise of multicom-
ponent mixtures is a common problem in animal communication.  

30.2     Materials and Methods 

30.2.1     Study Site and Population 

  Data  were   collected between July 2011 and September 2012 from six packs of free- 
ranging African wild dogs in Botswana. The study area (approx. 2600 km 2 ; 19°31′S, 
23°37′E; elevation approx. 950 m) is bordered by the Okavango Delta and includes 
the Moremi Game Reserve and surrounding Wildlife Management Areas. Further 
details can be found in McNutt ( 1996 ). A pack was defi ned as a group containing at 
least one adult male and female which form a potential reproductive unit (cf. 
Malcolm  1979 ; McNutt  1996 ). Mean adult (>1 year) pack size (at the study mid-
point) was 7 ± 4.29 (mean ± SD; range; 3–14). Packs were located by radiotracking 
from the air and from a vehicle, with one to six individuals in each pack fi tted with 
GPS radiocollars (<350 g) with a VHF tracking pinger (Vectronic Aerospace 
GmbH, Berlin, Germany; Royal Veterinary College, London, UK,) or VHF radio-
collars (Sirtrack, Havelock West, New Zealand; <180 g) following procedures 
described elsewhere (Osofsky et al.  1996 ). Dominant pairs were easily identifi ed in 
each pack by their mutual overmarking or “tandem marking” behavior, where one 
individual places its urine directly on top of (sensu Johnston et al.  1994 ) the urine of 
its opposite-sex partner (Jordan et al.  2014 ). This behavior is associated with sniff-
ing and the adoption of specifi c leg postures, and was not observed in subdominant 
wild dogs (Jordan et al.  2013 ). During this study, breeding attempts were only 
observed between dominant pairs.   

30.2.2     Sample Collection 

   Packs   were observed from a vehicle while resting (at distances of 3–40 m) and trav-
eling (20–200 m). We remained at the DUO deposition site until the dogs had moved 
away suffi ciently to allow the sample to be collected on foot beside the vehicle. 
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Samples used in this study were collected 9.04 ± 7.33 (Mean ± SD; range 2–26) min 
post-deposition using clean metal spoons to scoop patches of urine- soaked soil into 
cleaned glass jars with lids lined with aluminum foil. Jars were double rinsed with 
boiling distilled water. Caps (80 °C), jars, and liners (220 °C) were baked for at least 
24 h at in a forced convection oven, assembled while still warm, and were not 
opened until the sample was put in them. Samples from the same pair were never 
collected from the same location, and all samples were frozen (ca. −5 °C) on the day 
of collection and until analysis. Samples were frozen for 355 ± 17 (Mean ± SD) days 
(range: 168–606) before analysis.   

30.2.3     Chemical Analysis 

   Samples   of urine on soil were spread in stainless steel dishes in a fume cupboard 
and samples were stirred intermittently to get even drying. Room temperature is 
air-conditioned to 22–25 °C. Once the sample was dry enough to be free-fl owing 
(which usually took between 2 h and overnight) it was sieved through a stainless 
steel mesh with holes of about 1 mm to remove fragments of vegetation, and then a 
weighed subsample was taken from it. The dried, sieved remainder was returned to 
the sample’s original jar, and subsamples were weighed accurately (0.1 mg resolu-
tion) into glass Pasteur pipettes with a small pledget of silanized glass wool (Sigma-
Aldrich) in the stem. Pipettes were prepared by inserting the glass wool, rinsing 
with 2 ml of methanol and then baking overnight (at least) at 220 °C. Approximately 
2.5 g of sample fi lled the body of the pipette to about 10 mm below the open end. 
The pipettes were supported vertically with their tips in 2 ml autosampler vials that 
had been rinsed with methanol and dried at room temperature. Methanol (Signal-
Aldrich Chromasolve Gradient grade) was percolated though the sample under 
gravity and the fi rst 1 ml (to a mark on the vials) was collected. GC–MS analyses of 
2 μL of injected extract were carried out on a Varian 450 GC gas chromatograph 
with a Varian 1079 programmable inlet, interfaced to a Varian 320 MS single quad-
rupole mass spectrometer. The inlet was fi tted with a fritted liner (LJ-18-24-1) and 
the column was a 30 m × 0.32 mm × 0.5 μm polyethylene glycol (PEG) (Restek Rtx-
Wax #12349), held at 50 °C for 3 min and programmed at 5 °C/min–240 °C. The 
carrier gas was helium with a constant volume fl ow of 2 mL/min. Electron impact 
mass spectra were acquired with electron energy of 70 eV, and compounds were 
tentatively identifi ed by searches of the NIST 05 mass spectral library. For further 
details see Apps et al. ( 2012 ). Varian Bruker MSWS mass spectral data fi les from 59 
samples (selected from a larger set to provide inter-pack comparisons) were 
imported to the AnalyzerPro deconvolution software package (SpectralWorks) and 
processed using the Matrix Analyzer routine with the following settings up to 
40 min retention: reject masses 33–45, minimum masses 2, area threshold 800,000, 
height threshold 1, signal:noise 1, width threshold 0.04 min, resolution high, scan 
windows 1, smoothing 5, forward fi t 550, reverse fi t 550, retention window 0.25 min. 
After 40 min retention m/z 129 was added to the excluded ions, minimum masses 
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was increased to four, area threshold increased to 1,000,000, smoothing increased 
to 15, and fi ts to 650. A known series of  methyl- imidazolidinedione isomers  , which 
have a single strong ion at m/z 114, and groups of peaks with shifting retentions and 
similar spectra were deconvoluted using ion and retention settings specifi c to the 
peaks (see also Apps, this volume).   

30.2.4     Statistical Analysis 

  Data  were   exported to Microsoft Excel for manual cleanup, and then imported to R 
(R Core Team  2013 ) for all statistical processing. Statistical analyses were applied 
to 24 DUOs (four from each of six packs). Raw peak areas were converted to per-
centages of the total peak area on the chromatogram. As the dataset contained many 
more components than samples, we fi rst reduced the number of variables using a 
Principal Component Analysis (PCA). PCA cannot deal with 0 values, and almost 
all components had peak areas below the minimum threshold in at least one sample, 
so we assigned an arbitrarily low percentage abundance (0.00001) to all zero values. 
Following this, all abundance data were log-transformed (using a natural log func-
tion) as PCA would otherwise over-infl ate the importance of variables (compo-
nents) with higher values (abundances). As the resultant (post-transformation) 
variances entered into the PCA refl ect proportional changes and not absolute 
changes, this removes any bias towards components with higher abundances, and 
gives equal weight to components at low measured abundances; an important con-
sideration in chemical signaling.  

30.2.4.1     Are African Wild Dog Duos Pair-Specifi c? 

 To determine whether African wild  dog      DUOs had pair-specifi c qualities, we 
 conducted  Discriminant Function Analyses (DFA)   on the dataset of 24 samples 
(4/pack). Post-hoc “bootstrapping” analyses were conducted to determine the prob-
ability that a cross-validated correct assignment value from the DFA was achieved 
by chance, and followed the methods of Müller and Manser ( 2008 ).  

30.2.4.2     Which Components Code for Pair? 

  To determine  which   components may code for pair, we processed the data to remove 
intra-pair variation and retain inter-pair variation using PCA; particularly its utility 
in identifying and retaining maximum variation between samples. PCA is a 
dimension- reduction tool that can be used to reduce a large set of variables to a 
small set that still contains most of the variation of the original set. If several sam-
ples from each pack were subjected to PCA, then the analysis would retain the 
maximum variation across the whole data set, therefore resulting in the retention of 
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both intra- and inter-pair variation. Instead, by conducting PCA with one sample 
from each pair (six samples total) we were able to maximize the retention of inter- 
pair variation while excluding intra-pack variation from the resulting principal com-
ponents (PCs). We conducted PCA using a covariance matrix on 20 different subsets 
of data (each subset contained a randomly selected single sample from each of the 
six packs). 

 From these outputs we identifi ed, by ranking and examining the derived loadings 
(percentage variance in that PC accounted for by the factor/chemical component, 
averaged for each component in each PC over the 20 trials), which individual chem-
ical components were consistently associated with this (inter-pair) variance. As the 
loadings describe the contribution of each of the individual chemical components to 
each PC, we were then able to estimate the importance of each of the chemical com-
ponents to inter-pair variation. Loadings were ranked by absolute value (i.e. load-
ings with high negative values were also included). We identifi ed the component 
with the highest loading for PC1, and then calculated the proportion of that loading 
value that the loading for each other component represented (again using absolute 
values). We identifi ed and extracted any components whose loadings represented 
>85 % of the loading value of the component with the highest loading. This resulted 
in six components being extracted for PC1. The initial 85 % cut-off was chosen as a 
starting point because, with our particular dataset, it would locate a reasonable num-
ber of components that could be tested in combination in the fi eld given the con-
straints of our study system. The relevance of this cut-off was checked by comparing 
the success of post-hoc  DFA      classifi cation analyses for combinations which either 
included additional components, or excluding each of the original components in 
turn. In this case we could not improve upon the initial cut-off selected. 

 Since PC1 represented only 31.12 % of the estimated inter-pair variation, we 
also extracted the highest loading components from PC2 to PC5, as this explained 
>99 % of the overall variation. The number of components we extracted from these 
PCs was dependent upon the percentage of variation that each PC accounted for in 
the inter-pair variation (see Table  30.1 ). As six components were extracted from 
PC1 and PC1 represented 31.12 % of the variation, the top four components were 
extracted from PC2, as this PC represented 22 % of the variation (and so contributed 
22 % of the extracted components). The number of components extracted from each 
PC was proportional to the variation that each PC explained.

   Eleven of the 19 components had been previously identifi ed (Apps et al.  2012 , 
shown bold in Table  30.2 ), and nine of these were considered unlikely to be signals 

    Table 30.1    Percentage variance explained by  fi ve   principal components across 20 trials   

 Principal component  PC1  PC2  PC3  PC4  PC5  Total 

 Mean % variance explained  31.12  22.44  19.03  15.78  11.63 
 Max. % variance explained  39.76  25.49  20.94  17.84  15.45 
 Min. % variation explained  24.78  20.31  16.22  10.49  8.34 
  N  (highest loading) components extracted  6  4  4  3  2  19 
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of pair because they are very widespread in mammal odors (Burger  2005 ). To test 
whether the remaining 10 extracted components allowed classifi cation of pairs in 
the absence of any other chemical information, log-transformed percentage abun-
dance data were extracted for these components. Because multiple components 
were extracted from each PC, the abundance of each extracted component was 
likely to be correlated with the abundance of at least one other extracted component. 
As  DFA   requires the input variables to be uncorrelated, we ran the dataset ( n  = 24, 
four samples from six pairs) through PCA before assessing the classifi cation of 
samples using DFA. Using PCA reduced the dimensions of the dataset to produce 
uncorrelated/orthogonal input variables (PCs) thus removing the common problem 
of multicollinearity in tests of this nature (Field  2005 ). Bootstrapping was used to 
assess whether statistical classifi cation of samples to pair was signifi cantly better 
than that expected by random assignment.

   It is important to point out that our method allows for the possibility of both 
single components and ratios to be the signal. It also allows for the possibility of 
binary coding; i.e. that the presence or absence of each component (or combination 
of components) is what differs among pairs. We explore this possibility further by 

    Table 30.2    Nineteen components potentially contributing to a  signal of pair-specifi city     

 Ret. 
order  Identity (confi rmed in bold) 

 % detected 
( n  = 24) 

 Likely 
signal?  Comment 

 1   2-methylpropanoic acid   62.5  No  Widespread in mammals 
 2   Quinazoline   50  Yes  Wild dog specifi c 
 3  Unknown  58.33  Yes 
 4   N  ,  N - dimethylurea   54.17  No  Widespread in mammals 
 5   2-piperidinone   75  No  Ubiquitous urine metabolite 
 6   Glycerine   66.67  No  Ubiquitous 
 7  m/z 85/86 unknown 

compound 1 
 41.67  Yes 

 8  m/z 85/86 unknown 
compound 2 

 70.83  Yes 

 9   Methyl tridecanoate   20.83  No  Probably from 
methanol + tridecanoic acid 

 10  Unknown  50  Unknown 
 11   Tetradecanoic acid   45.83  No  Ubiquitous 
 12   1-methyl-2,4- 

imidazolidinedione    
 79.17  Unknown  Carnivore-specifi c. 

3-methyl- and 5-methyl- 
isomers also present 

 13  Unknown  4.17  Unknown 
 14  Pentadecen-1-ol  29.17  Unknown  Isomer unknown 
 15   Nonacosane   58.3  Unknown 
 16   Hexadecanoic acid   75  No  Ubiquitous 
 17   Hexadecenoic acid   29.17  No  Ubiquitous-isomer unknown 
 18  2-aminocarbonyl-1- 

methylimidazole  
 37.5  Unknown 

 19   Octadecanoic acid   54.17  No  Ubiquitous 
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conducting an additional DFA on PCs derived from presence absence data. In 
each of the 24 samples, any of the 10 components that were detected at any abun-
dance were assigned a score of “1,” and undetected components were assigned a 
score of “0.”     

30.3     Results 

 Deconvolution located 990 components in the 24 samples. Only one component, 
benzoic acid (Apps et al.  2012 ) was present in all 24 samples. 27 (2.73 %) compo-
nents were detected in 75 % or more samples, 66 (6.67 %) components were 
detected in 50 % or more samples and 135 (13.64 %) components were detected in 
at least 25 % of samples. The majority of components (703; 71.01 %) were each 
detected from only one pair, with a large majority of these (669/703, 95.16 %) being 
found in only one sample. Of the remaining 287 components that were detected in 
more than one sample, 34 were located exclusively in samples from a single pair, 
but not in all the samples from a pack. Twenty-six of these components (76.47 %) 
were found in only two samples from the same pair, and the remaining eight 
(23.53 %) were found in three of four samples from the same pair. Only one pair had 
components in ¾ of the samples, and no component found exclusively in one pair 
was found in all samples from that pair (None of these components were extracted 
on the basis of their loadings below). 

30.3.1     Are African Wild Dog DUOs Pair-Specifi c? 

 Fifteen  PCs      explaining 85.6 % of the measured variance contained in 990 chemical 
components in 24 samples (four samples/pack from six packs) were input into a 
DFA which correctly classifi ed 21/24 (87.5 %) of DUOs to the pair that produced 
them (Table  30.3 ). This is signifi cantly better than the 16.67 % correct classifi cation 

     Table 30.3    A comparison of correct classifi cation of  24      African wild dog dominant urine 
overmarks (DUOs) to six pairs with that achieved by Discriminant Function Analysis using fi ve 
Principal Components derived from: (1) log-transformed percentage abundance data on all 990 
located chemical components; (2) log-transformed percentage abundance data on 10 extracted 
chemical components; and (3) presence/absence data on 10 extracted chemical components   

 % correct classifi cation results 

 Log-transformed % abundances 
(990 components) 

 Log-transformed % abundances 
(10 components) 

 Presence/absence 
(10 components) 

 87.5  79.17  79.17 
  p  < 0.0001   p  < 0.0001   p  < 0.0001 

   p  values are derived from a bootstrapping analysis and assess whether the classifi cation obtained 
is relative to that expected at random (16.67 % in all cases)  
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expected by chance (bootstrapping;  p  < 0.0001), and is evidence that the chemical 
composition of samples is pair-specifi c.

30.3.2        Which Components Code for Pair? 

  With intra- pair   variability excluded by analyzing one sample from each pack, in 20 
trials, 5 PCs were suffi cient to explain 100 % of measured inter-pair variation 
(Table  30.1 ). Nineteen of 990 components possibly contributed to a signal of pair 
specifi city (Table  30.2 ). Of these, nine were unlikely to be signals, due either to 
their ubiquity (#1, #4, #6, #11, #16, #17, #19) or their known derivation in excretory 
pathways (#5, #9), and were excluded from further analyses. Of the 10 remaining 
possible signaling components, quinazoline (#2) has, to our knowledge, so far only 
been identifi ed in the scent-marks of African wild dogs (Apps et al.  2012 ) and 
1-methyl-2,4-imidazolidinedione (#12) appears to be carnivore-specifi c and has 
also been found in the urine of lions, leopards, and spotted hyenas, but not in that of 
elephants, buffalo, impala, or zebra (Apps, unpublished). Pentadecen-1-ol and 
2-aminocarbonyl-1-methylimidazole (#18) were tentatively identifi ed from mass 
spectra, but the other six components of interest (#3, #7, #8, #10, #13, and #15) are 
unknowns. Some components are at picogram levels and their identifi cation will 
present formidable problems. 

 Seven Principal Components (PCs) encompassing 96.02 % of the variance con-
tained within log-transformed percentage abundance data from 10 components only 
were suffi cient to correctly classify 19/24 (79.1 %) of DUOs to the pair that pro-
duced them (Table  30.3 ). This classifi cation is signifi cantly better than the 16.67 % 
expected by chance alone (bootstrapping;  p  < 0.0001). 

 Eight PCs containing 98.39 % of the variation contained within a binary coded 
(presence/absence) data frame were suffi cient to correctly classify 19/24 (79.1 %) 
of DUOs to the pair that produced them, which is the same percentage correct clas-
sifi cation as for analyses including percentage abundance data (Table  30.3 ). Again 
this classifi cation is signifi cantly better than the 16.67 % expected by chance alone 
(bootstrapping;  p  < 0.0001), and may suggest that presence/absence, rather than 
absolute or relative abundance, may be a suffi cient signal.    

30.4     Discussion 

   We   assessed the chemical composition of scent marks from African wild dogs using 
multivariate statistics and showed that DUOs have a high degree of pair- specifi city 
in their chemical compositions. From 990 components, we statistically located 10 
candidate components based on inter-pack variation that could contribute to a signal 
of pair-specifi city. Information on the presence or absence of these 10 components 
in combination was suffi cient to statistically classify a signifi cantly high proportion 
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of samples to the correct dominant pair/pack. Overall our results show that African 
wild dog DUOs contain statistically identifi able characteristics to enable pair- 
specifi c discrimination, and that binary-based multicomponent discrimination could 
be suffi cient for pack-discrimination by scent in African wild dogs. 

 A degree of pack-specifi city has previously been shown in the scents of some 
other species. For example, analytical studies based on gas chromatography showed 
that sub-caudal secretions from European badgers have inter-group differences in 
their chemical profi le (Gorman et al.  1984 ), and that the castoreum secretions of 
Eurasian beavers (Schulte  1998 ) and North American beavers (Sun and Müller- 
Schwarze  1998 ) are family-specifi c. In general, we would expect territoriality and/
or ownership of resources to be advertised by unit-specifi c signals; in solitary ter-
ritorial species an individually specifi c signal may be expected (e.g. Indian mon-
goose, Gorman  1976 ), whereas in group-living species territory ownership should 
be advertised with a group-specifi c signal (e.g. European badger, Gorman et al. 
 1984 ). A high degree of pair-specifi city in  the   DUOs of African wild dogs may be 
evidence that  DUOs   play an important role in communicating residence and facili-
tating territoriality in this species. In common with many cooperative breeders, the 
dominant breeding pair has most to gain by repelling intruders from their range (e.g. 
Ethiopian wolves, Sillero-Zubiri and Macdonald  1998 ), and indeed subdominants 
may benefi t from occasional incursions by intruders, because these can provide 
dispersal and breeding opportunities (e.g. meerkats, Jordan  2007 ). The dominant 
pair in a pack also remains stable over many years, whereas the composition of the 
rest of the pack changes from year to year as subdominants disperse or die (McNutt 
 1996 ).     DUOs   therefore represent the most likely source of a territorial residence 
signal, and that we fi nd a specifi c signature in the combined urine-based scent marks 
of dominant African wild dog pairs is perhaps unsurprising. However, it should be 
noted that we have not yet determined whether there are group-wide consistencies 
in scent, as only DUOs have been compared in this way. 

 We have shown that 10 components could contribute to a pair-specifi c signal on 
the basis of some combination or combinations of their presence and absence. This 
suggests that African wild dogs may need only to detect the presence of these 
 chemicals (in combination) in order to discriminate between the scents of different 
packs, which is a similar potential mechanism as shown in the ant ( Formica fusa ), 
where nine different positional isomers encode the colony signal (Martin et al. 
 2008 ). However it is important to keep in mind that, although wild dog scents have 
pair- specifi c compositions, this obviously does not demonstrate that wild dogs can 
discriminate between the scents of different packs, or that if they can, they use that 
information. Further fi eld work is required to test whether pack-discrimination by 
scent occurs in African wild dogs, and scent presentation experiments can then test 
whether we have located the signaling components. 

 Whether African wild dogs use the pair-specifi c components in encountered 
scents to detect and identify intruders is not yet known, and it is theoretically pos-
sible that retaining a cognitive map of where (and perhaps when) you scent marked, 
and comparing this to scents that you encounter could facilitate the detection of 
intruders on a territory (cf. Bekoff  2001 ) without the need for a pack/pair-specifi c 
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signal. Indeed some species have been suggested to retain the locations of several 
100 features of interest throughout their range (e.g. refuge holes in meerkats, Manser 
and Bell  2004 ). However, although some components appear to trigger spatial and 
scent fi ngerprint memory (e.g. darcin in mouse scent-marks, Roberts et al.  2012 ), it 
seems that such “cognitive recall” is an unlikely mechanism of intruder detection, 
particularly in species with large territories. Given the prevalence of unit-specifi c 
signals (e.g. group-specifi city in European badgers scents, Gorman et al.  1984 ) even 
across modalities (e.g. group-specifi city in green woodhoopoe calls, Radford  2005 ), 
and the discrimination of these (e.g. partner-specifi c scent-discrimination in 
Antarctic prions,  Pachiptila desolata , Bonadonna and Nevitt  2004 ; group discrimi-
nation in green woodhoopoe,  Phoeniculus purpureus , Radford  2005 ), it is expected 
that detecting differences between self (or group companion) and other scents (e.g. 
European badger, Palphramand and White  2007 ), or the scents of different groups 
(e.g. colony scent-discrimination in big brown bat,  Eptesicus fuscus , Bloss et al. 
 2002 ), is a more likely mechanism for territorial advertisement. 

 Although we do not test whether pair-specifi city results in pair discrimination, 
the evidence presented here suggests that a multicomponent signal could code for 
pair in wild dogs. First there were 10 components whose combined abundance or 
presence/absence reliably discriminated between pairs, and data from each compo-
nent suggested that any single component alone would be insuffi cient to distinguish 
between pairs. Additionally, although we found multiple chemical components that 
were specifi c to a pair, most of these were present in only one, two, or three samples 
(of four) from that pair. Thus single compound signaling of pair did not occur in our 
dataset, but multicomponent signaling—where the presence of one component and/
or another or more in the scent may be used to discriminate between packs—may 
have been possible. 

 Although multivariate statistical approaches have often been employed to sift 
through complex chemical mixtures in search of category-specifi c information (e.g. 
Jordan et al.  2010 ; Safi  and Kerth  2003 ), the validity of these approaches and there-
fore the results are rarely questioned, and opinions differ as to whether they are fi t 
for the purpose. Martin and Drijfhout ( 2009 ) formerly questioned the validity of a 
multivariate approach, particularly with respect to the analysis of cuticular hydro-
carbon profi les of hymenopteran insects. As our specifi c research problem presents 
a similar challenge, it is worth considering their concerns, three of which are par-
ticularly relevant in this context: (1) compounds have a high chance of being cor-
related (and should not therefore not be subjected to classifi cation analyses that 
require independent input variables); (2) minor compounds would have a dispro-
portionately large effect on the analysis; (3) PCA retains all of the variation in a 
system, not just the variation in the system that the researchers are interested in. In 
this paper we have attempted to deal with all of these potential pitfalls by specifi c 
data processing. 

 First, while it is true that some chemical compounds within a scent sample have 
a high chance of being correlated and therefore not being independent of one another 
(e.g. Martin and Drijfhout  2009 ), this does not preclude appropriately processed 
data being used in multivariate statistical analyses for classifi cation (in this case 
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discriminant function analysis). As potential correlation or multicollinearity 
 problems may lead to erroneous results if multivariate methods are used (Field 
 2005 ), we ran potentially correlated data (the abundance of located chemical com-
ponents) through a PCA which groups correlated variables into PCs which are 
orthogonal to each other. We then used the resulting principal components for clas-
sifi cation. This ensured that our input variables (now principal components) for 
DFA were independent, but retained the majority of the variation found in the 
original dataset of potentially correlated variables. Using a PCA in this way is 
common in studies of scent (e.g. Jordan et al.  2010 ; Safi  and Kerth  2003 ) and 
sound (e.g. Golabek and Radford  2013 ; Radford  2005 ), where multiple potentially 
correlated variables are measured, although authors rarely state that producing 
independent data was a reason for doing so. 

 Second, the suggestion that minor compounds have a disproportionately large 
effect on the analysis is important, particularly given that some components we 
detected were in abundances at picogram levels. This issue derives from the fact that 
small fl uctuations in the abundance of components present at low abundances would 
result in relatively large changes in their percentage abundance compared to similar 
raw changes in components present at higher abundances. In such cases, variance—
which PCA uses to assign importance—will be larger for variable components at 
lower abundances and their importance may then be overinfl ated. With the methods 
and specifi c data-processing we have employed in this paper however, this is only a 
problem if proportional changes are related to abundance (i.e. if low abundance 
components are more variable in terms of their proportional shifts between sam-
ples), which we have no a priori reason to suspect. It is also important to realize that, 
for example, while components at relatively low and relatively high abundance 
respectively and displaying the same proportional changes across two samples (e.g. 
1, 10, 100 in one sample and 2, 20, 200 in another) will produce different variances, 
therefore overinfl ating the importance of the more abundant component in the sam-
ple, log-transforming these data (as we did) ensures that the variance is equal for the 
two series and therefore refl ects proportional changes regardless of relative abun-
dances. As the resultant (post-transformation) variances entered into the PCA refl ect 
proportional changes and not absolute changes, this removes any bias towards com-
ponents with higher abundances, and gives equal weight to components irrespective 
of their measured abundances. This is an important consideration in chemical sig-
naling generally, and such log transformations are commonplace in problems of this 
nature (e.g. Jordan et al.  2010 ; Safi  and Kerth  2003 ). This is primarily because it is 
rarely possible to use the absolute abundance of a peak, as the total amount of eluted 
components may differ between samples based on sampling method (e.g. the ratio 
of sand to urine) and sample dilution introduced both naturally (related to individual 
hydration levels) and analytically. However, while raw abundances will differ in 
different dilutions of the same mixture, the ratios of components within them will 
be constant. 

 Finally, Martin and Drijfhout ( 2009 ) suggest that a multivariate approach may 
only be valid in the search for potential signaling components if all other variation 
can be removed. This is a problem since PCA in particular attempts to maximize the 
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retention of ALL variation between samples, not only the variation (in this case 
 between  pairs) that the researcher is interested in retaining. For example, even 
where individually specifi c signals occur (e.g. Jordan et al.  2011 ), scent samples 
from the same individuals are highly variable due to intrinsic and extrinsic factors. 
In attempting to locate components potential signaling pair identity, including mul-
tiple samples from the same pair in a PCA is unhelpful since much within pair varia-
tion (“noise” in this context) will also be retained. The key is to attempt to remove 
as much variation that is unrelated to the factor (pair) of interest and retain the varia-
tion describing the factor. In this chapter we have attempted to remove, or at least 
reduce, the variation that is not attributable to inter-pair differences as much as pos-
sible while retaining that variation describing inter-pair differences. We have done 
so by fi rst running a PCA using only one sample from each pair, repeating this 20 
times using different combinations of samples each time, and then using average 
loadings to locate components of interest (i.e. those describing inter-sample, and 
therefore inter-pair, variation). This, we believe, is a novel, appropriate and effective 
method of removing variation in factors other than that of interest for analyses. It 
may also be important to note that, for confi dence in locating the correct compo-
nents, multiple trials are required using different exemplars from members of each 
category of interest. 

 Despite addressing all of the above issues, and successfully reducing the number 
of components (variables) by nearly two orders of magnitude, we must acknowl-
edge that our fi nal dataset was imperfect for the classifi cation analyses (DFA) we 
used to evaluate the success of our extraction method. As Mitteroecker and 
Bookstein ( 2011 ) point out, if the sample:variable ratio is less than 5:1, grouping 
can occur purely as a statistical artifact, and this ratio was 2.4:1 in this study. It is 
important to stress however that this issue only affects the confi rmatory classifi ca-
tion analyses at the end of the study, which we have merely used in an attempt to 
evaluate the effi cacy of the described method in locating the components of interest. 
Further confi rmation is therefore required to fully demonstrate the utility of this 
method in identifying the components contributing to a pair-specifi c signal in this 
study, and will take the form of fi eld discrimination experiments (“bioassay”). 
However, identifying (not just locating) the components of interest is required 
before the optimal bioassays can be completed, and remains a priority work in prog-
ress. It is also important to stress that while in our particular case study we must 
interpret the fi nal DFA classifi cation results with caution, this issue does not under-
mine the method described to locate potential signaling components. Sample size is, 
as always, an important consideration for other studies wishing to use the method. 
We therefore contend then that the method of deriving these results is sound, and 
may fruitfully be employed generally where datasets fulfi l the above criteria. 

 Identifying potential signals within complex chemical mixtures is invariably a 
multivariate problem, and as such it seems appropriate to adopt a multivariate 
approach to tackling it. While a multivariate  statistical  approach is most commonly 
used, it is also theoretically possible to take a multivariate  experimental  approach in 
the fi eld. However, when working with most mammalian secretions, this is clearly 
impractical as a fi rst step. In this study we located 990 chemical components in our 
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sample, which would be logistically impossible to test individually, let alone in 
combinations. A multivariate statistical approach is therefore necessary as a fi rst 
step, but data input and inference must be undertaken with care to ensure the valid-
ity of the results. Having located a manageable number of components (10) using 
multivariate statistics, we are now in a position to test the relevance of these compo-
nents (if any) in signaling pair-identity in African wild dogs. Following identifi ca-
tion of all of the located components of interest, a carefully designed bioassay-based 
approach will be the acid test of our method for identifying potential signals in 
complex mixtures. 

 In summary, we have used multivariate statistics—and PCA in particular—to 
fi lter through data from African wild dog urinary scent samples containing almost 
1000 components and reduce the number of candidate signal components by two 
orders of magnitude. Following this data reduction, experimental tests to determine 
whether the pair-specifi c chemical differences identifi ed in these scents are used by 
the animals themselves in pair discrimination and territory defense are now feasible 
in the fi eld. Identifying components signaling territory ownership is a critical stage 
in our research towards developing a synthetic scent-mark which mimics the natural 
territorial signals and responses to them by African wild dogs. Identifying the spe-
cifi c communication components (signals) is a common problem in the study of 
animal communication and chemical ecology in particular, and it is suggested that 
ours or a similar approach may be successfully employed as a fi rst fi lter in attempts 
to locate components with communicative value from complex calls or chemical 
mixtures in particular.      
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    Chapter 31   
 Automated Headspace Solid-Phase 
Microextraction of Urinary VOCs from Eleven 
Maned Wolves ( Chrysocyon brachyurus ): 
A Recursive Workfl ow for GC–MS Analysis       

       Marieke     E.     Kester,         Elizabeth     W.     Freeman,           Nucharin     Songsasen,     
and     Thomas     B.     Huff     

31.1            Introduction 

31.1.1     Maned Wolf Biology 

  The  maned wolf ( Chrysocyon brachyurus )   is native to the tropical grassland habi-
tats of South America (Dietz  1985 ). The species is currently listed as “Near Threatened” 
(IUCN  2015 ) with an estimated wild population of around 20,000 (Songsasen and 
Rodden  2010 ). Like most canids, maned wolves are monoestrous: females cycle only 
once per year (Asa and Valdespino  1998 ; Sillero-Zubiri et al.  2004 ). The onset of the 
breeding season appears to be a response to decreasing day length (Maia and Gouveia 
 2002 ; Rodden et al.  2007 ; Valdespino  2007 ), though several occurrences of breeding 
outside the typical season have been recorded (see below). For this species, breeding 

               M.  E.   Kester    
  Department of Environmental Science and Policy ,  George Mason University , 
  Fairfax ,  VA   22030 ,  USA   

  Center for Species Survival ,  Smithsonian Conservation Biology Institute , 
  National Zoological Park ,  Front Royal ,  VA   22630 ,  USA    

    E.  W.   Freeman      
  New Century College ,  George Mason University ,   Fairfax ,  VA   22030 ,  USA   

  Center for Species Survival ,  Smithsonian Conservation Biology Institute , 
  National Zoological Park ,  Front Royal ,  VA   22630 ,  USA     

    N.   Songsasen    
  Center for Species Survival ,  Smithsonian Conservation Biology Institute , 
  National Zoological Park ,  Front Royal ,  VA   22630 ,  USA     

    T.  B.   Huff      (*) 
  Potomac Environmental Research and Education Center ,  George Mason University , 
  Fairfax ,  VA   22030 ,  USA   
 e-mail: thuff@gmu.edu  

mailto:thuff@gmu.edu


478

typically takes place from September through February in the northern hemisphere 
and from March through June in the southern hemisphere (Kleiman  1972 ; Rodden 
et al.  1996 ,  2007 ; Maia and Gouveia  2002 ; Songsasen et al.  2014 ). 

 Maned wolves are induced  ovulators  ; females enter estrus and/or ovulate only in 
the presence of a male (Songsasen et al.  2006 ; Johnson et al.  2014 ). Although not 
all canids have been investigated for this trait, the only other known induced ovulat-
ing canid is the Channel Island fox ( Urocyon littoralis ) (Asa et al.  2007 ). The 
domestic dog ( Canis familiaris ) (Concannon  2011 ), gray wolf ( Canis lupus ) (Seal 
et al.  1979 ; Asa et al.  2006 ), coyote ( Canis latrans ) (Carlson and Gese  2008 ), 
African wild dog ( Lycaon pictus ) (Monfort et al.  1997 ), bush dog ( Speothos venati-
cus ) (DeMatteo et al.  2006 ), red fox ( Vulpes vulpes ) (Möller  1973 ), red wolf ( Canis 
rufus ) (Walker et al.  2002 ) and arctic fox ( Alopex lagopus ) (Mondain-Monval et al. 
 1977 ) are spontaneous ovulators. 

 Female maned wolves not paired with a male show baseline progestagen levels 
through the entire breeding season, demonstrating a lack of ovulation (Songsasen 
et al.  2006 ; Reiter  2012 ; Johnson et al.  2014 ). Treating females with a  gonadotropin 
releasing hormone (GnRH)   agonist can successfully induce estrus and ovulation in 
paired females, but not in females housed singly (Johnson et al.  2014 ). However, 
singleton females treated with the GnRH agonist followed by an exogenous lutein-
izing hormone treatment ovulate successfully (Johnson et al.  2014 ).   

31.1.2     Scent Marking 

    Chemical signaling through  scent-marking         is central to social recognition, territori-
ality, reproduction, and alarm signaling across Mammalia (Albone  1984 ; Wyatt 
 2014 ). Scent marks continue to emit olfactory signals after the depositor has left, 
which makes scent-marking especially important for solitary animals that rarely 
come into direct contact with conspecifi cs (Hagey and Macdonald  2003 ;  Wyatt 
 2014 ;  Delbarco-Trillo et al.  2011 ; Kean et al.  2011 ; Harris et al.  2012 ). 

  Urine      is considered to be a more important source of scent signaling than feces 
for canids (Gese and Ruff  1997 ; Parker  2010 ; Jordan et al.  2013 ). In general,  canids   
urinate more frequently than they defecate, and they assume specialized postures 
for urination that are not necessary for urine elimination but are thought instead to 
provide a visual signal to accompany the urine scent mark (Asa et al.  1984 ; Pal 
 2003 ; Wirant et al.  2007 ). African wild dogs respond at higher rates to urine than to 
feces (Parker  2010 ; Jordan et al.  2013 ).  Urine scent-marking      (but not defecation) 
increases in frequency during the breeding season in several canid species, includ-
ing the maned wolf (Hradecký  1985 ; Asa et al.  1990 ; Rodden et al.  1996 ; Gese and 
Ruff  1997 ; Pal  2003 ; Parker  2010 ; Jordan et al.  2013 ). In maned wolves, the fre-
quency of female urine scent-marking is highest during proestrus and predicts 
reproductive success, as defi ned by the birth of pups (Rodden et al.  1996 ). Therefore, 
it is likely that maned wolves release signals in their urine leading up to breeding to 
communicate about reproduction eventually prompting the female to enter estrus 
and/or to ovulate. 

M.E. Kester et al.



479

 Recent anecdotal evidence from individuals housed that the Smithsonian 
Conservation Biology Institute supports the role of a chemical signal in  reproduction. 
A female maned wolf ovulated when housed singly while sharing a fence line with a 
male. The female had visual access to the male as well as the ability to contact his 
urine scent marks (Johnson et al.  2014 ). However, other females housed within sight 
of a male but with no contact with his urine failed to ovulate. These fi ndings indicate 
that chemical signaling may be responsible for inducing estrus and/or ovulation in 
maned wolves.     

31.1.3     Olfactory Stimulation of Estrus and/or Ovulation 
in Mammals 

 In l  aboratory  mice ( Mus musculus ) estrus        can be accelerated and ovulation can be 
induced by exposing group-housed females to male chemosignals (Marsden and 
Bronson  1964 ; Bronson and Whitten  1968 ; Whitten et al.  1968 ; Jemiolo et al. 
 1985 ,  1986 ; Marchlewska-Koj et al.  1990 ; Ma et al.  1999 ; Morè  2006 ). When 
major urinary proteins from male mice were applied to the noses of estrous 
females, the number of eggs ovulated was similar to the number ovulated when 
females were exposed to whole male urine, suggesting that major urinary proteins 
elicit the ovulation response in female mice (Morè  2006 ). A similar effect of male 
urine has also been observed for deer mice ( Peromyscus maniculatus ) (Bronson 
and Marsden  1964 ) and rats ( Rattus norvegicus ) (Johns et al.  1978 ). Female rats 
allowed contact with male urine ovulated at the same rate as females exposed to 
bedding from the male’s enclosure (Johns et al.  1978 ), demonstrating that male 
urine is the bioactive substance. 

  Olfactory effects   of males on estrus and ovulation have also been documented in 
prairie voles ( Microtus ochrogaster ) (Carter et al.  1980 ), Siberian hamsters 
( Phodopus sungorus ) (Dodge et al.  2002 ), sheep ( Ovis aries ) (Cohen-Tannoudji 
et al.  1989 ,  1994 ; Gelez et al.  2004 ), and goats ( Capra aegagrus hircus ) (Iwata et al. 
 2000 ; Murata et al.  2009 ,  2014 ; Bedos et al.  2010 ). Furthermore, an olfactory cue 
prompting ovulation has been hypothesized for the dromedary camel ( Camelus 
dromedarius ) (Adams and Ratto  2013 ). 

 In carnivores, the so-called male effect is studied far less. There does seem to be 
a male effect in the bush dog, the closest living relative to the maned wolf, where the 
presence of an adult male decreases the inter-estrus interval of females (DeMatteo 
et al.  2006 ). However, to our knowledge, the compounds and mechanisms respon-
sible for this effect in carnivores remain completely uninvestigated.    

31.1.4     Maned Wolf Urinary Volatile Organic Compounds 

     Because        mammalian excretions are exceptionally complex (Burger  2005 ; Apps 
 2013 ), characterizing all the constituents that make up maned wolves’ urine is a for-
midable task. Previously, only two studies of maned wolf urine have been published. 
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They examined volatile organic compounds ( VOCs  ) as likely candidates for signaling. 
In one study, Goodwin et al. ( 2012 ) found that sulfur- containing hemiterpenoids, 
hemiterpenoid alcohols, and pyrazines were the main components contributing to 
this species’ odiferous urine. This study also supported the idea that different canid 
species have unique urinary VOCs; a compound found to be abundant in other  canids  , 
3-methyl-1-methylthiobut-3-ene, was not found in maned wolves; whereas, an iso-
mer tentatively identifi ed as 3-methyl-1-methylthiobut-2-ene was abundant. The only 
other analysis identifi ed several of the pyrazine compounds (Childs-Sanford  2005 ) 
also found by Goodwin et al. ( 2012 ). 

 Analysis of VOCs in urine samples typically employs gas chromatography–mass 
spectrometry (GC–MS) to identify compounds and measure their abundances. Even 
under the best conditions, chromatograms are crowded with peaks that can overlap 
or co-elute in such a way that some poorly resolved compounds are hidden among 
those with higher abundance. Peaks for compounds with high abundance can be 
distorted, and peaks for compounds of low abundance may not be suffi ciently 
resolved or distinguished from background noise. When peaks overlap, the mass 
spectrum at any given retention time (RT) may contain ions from one, two, or sev-
eral compounds, thus making identifi cation diffi cult and time-consuming. 
Preliminary analysis (unpublished) of several maned wolf urine samples revealed 
around 800 peaks in each chromatogram after spectral deconvolution. Even in a 
relatively small-scale experiment consisting of around 100 samples, the number of 
peaks quickly explodes to an intractable 80,000. With a rate of 5 min per peak work-
ing 10 h per day, checking all peak alignments manually would require 667 days. 

 In this study, a data-analysis software bundle was used to facilitate the analysis 
of GC–MS data from maned wolf urine samples. The strength of this data analysis 
method is that any sort of differential analysis can be conducted to generate a list 
of candidate semiochemical compounds to be tested for biological relevance in 
behavioral bioassays. For these analyses we focused on searching specifi cally for 
two lists of compounds: those that differ between sexes and those that are common 
across maned wolf urine samples. Identifying compounds that differ between the 
sexes is a solid fi rst step toward semiochemical candidate identifi cation while gen-
erating a list of compounds present across the entire data set will be useful to cre-
ate a synthetic maned wolf urine mixture to be used as a control or a vehicle for 
bioassay studies.      

31.2     Methods 

31.2.1     Animals 

 Eleven maned  wolves   housed at institutions within the United States were used in 
this study (Table  31.1 ). Monthly urine samples (4–15 mL) were collected when 
individuals urinated on a clean stainless steel pan placed in their enclosure. 
Each morning the pan was cleaned and the back of the pan (not the collecting side) 
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was sprayed with around 0.5 mL of maned wolf urine, prompting individuals to 
urinate on the front of the pan. The samples were collected and frozen at −20 °C 
within 8 h of elimination, a period of time dictated by the logistics at the four par-
ticipating institutions. This project was reviewed and approved by the Institutional 
Animal Care and Use Committee (IACUC) or its equivalent at each participating 
institution.

31.2.2        Head Space Solid-Phase Microextraction-Gas 
Chromatography–Mass Spectrometry 

    Urine      samples were defrosted, vortexed, and 1.0 mL aliquots were dispensed into 
10 mL glass headspace vials with metal twist caps and silicone/PTFE-layered septa 
(La-Pha-Pack, Langerwehe, Germany). Prior to use vials were rinsed with ultrapure 
water, rinsed with methanol, and baked at 425 °C overnight. Samples were saturated 
with high-purity sodium chloride to decrease the solubility of VOCs (Mills and 
Walker  2000 ). Samples were run in triplicate on a 7890A-5975C gas chromato-
graph–mass spectrometer (Agilent Technologies, Santa Clara, CA) fi tted with a 
CombiPAL robotic sampling preparation and injection system (CTC Leap 
Technologies, Carrboro, NC). The  CombiPAL   was confi gured with a  solid-phase 
microextraction (SPME)   adapter and a sample heater-agitator to automate the entire 
sample extraction and chromatography process. The instrument and autosampler 
system were controlled using MSD Chemstation software ver E.02.02 (Agilent 
Technologies, Santa Clara, CA). 

 Prior to running each sample batch, a 1 cm 50/30 μm divinyl benzene-carboxen- 
poly(dimethylsiloxane) (DVB/CAR/PDMS) stable-fl ex SPME fi ber (Sigma- Aldrich, 
St. Louis, MO) was cleaned and preconditioned in a spare split-splitless inlet 

   Table 31.1    Maned wolves that  supplied   urine samples   

 Institution  Studbook# a   Sex  Age (years) 

 Connecticut’s Beardsley Zoo, CT  3231  F  3 
 Connecticut’s Beardsley Zoo, CT  3232  F  3 
 Fossil Rim Wildlife Center, TX  2845  F  7 
 Smithsonian Conservation Biology Institute, VA  2810  M  7 
 Smithsonian Conservation Biology Institute, VA  2844  M  7 
 Smithsonian Conservation Biology Institute, VA  2926  F  7 
 Smithsonian Conservation Biology Institute, VA  2954  M  7 
 Smithsonian Conservation Biology Institute, VA  3120  M  6 
 Smithsonian Conservation Biology Institute, VA  3184  F  3 
 White Oak Conservation Center, FL  2660  M  9 
 White Oak Conservation Center, FL  2945  F  7 

   a Association of Zoos and Aquariums reference number of individual pedigree and demographic 
history  
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according to manufacturer recommendations of 270 °C for 60 min. Following each 
run, the  SPME   fi ber was cleaned for 20 min in this extra inlet prior to being re-used 
with another sample. VOCs in the sample were equilibrated between the headspace 
and urine at 500 rpm for 30 min at 37 °C. Heating and agitation continued for 
45 min while the SPME fi ber was exposed to the headspace. The 50/30 μm DVB/
CAR/PDMS has been shown to extract the widest array of compound classes with 
the best sensitivity for commercial SPME fi bers (Risticevic and Pawliszyn  2013 ). 

 Following extraction, compounds were thermally desorbed from the fi ber in a 
temperature-programmable multimode GC inlet with a 0.75 mm ID SPME liner 
(Restek Corporation, Bellefonte, PA). The initial inlet temperature was 50 °C for 
0.12 min followed by a ramp to 240 °C at 600 °C min −1 . The column was a 0.25 mm 
ID by 30 m long RTX-VMS with a 1.0 μm fi lm (Restek Corporation, Bellefonte, PA). 
The carrier gas was helium, and the initial GC oven temperature was 50 °C for 3 min, 
followed by a ramp of 7 °C min −1  to 240 °C. Total run time was 45 min. The GC was 
equipped with Agilent’s backfl ush module, which reversed the column fl ow for 
5 min following the 45 min GC run to eliminate sample-to-sample carry over and to 
maintain inertness of the fl ow path. 

 Retention-time locking was used to maintain consistent peak retention times, 
which facilitates identifi cations and comparisons of analytes across large sample sets. 

 The transfer line temperature was held at 290 °C. The 5975C mass spectrometer 
operated with an electron energy of 70 eV in the full scan mode with a range from 
40 to 350 m/z at a rate of 4.51 scans s −1 . The ion source was at 300 °C. The quadru-
pole was at 180 °C.    

31.2.3     Data Analysis 

  Urine sample  data   were analyzed using MassHunter Workstation software (Agilent) 
including MassHunter Qualitative Analysis ver B.06.00 and MassHunter 
Quantitative Analysis ver B.07.00 for chromatographic data processing and Mass 
Profi ler Professional ver 12.6.1 for visualization and statistical analysis. 
Subsequently these programs will be referred to as Qual, Quant, and MPP respec-
tively. This software suite was originally developed for metabolomics and pro-
teomics (Gu et al.  2011 ; Álvarez-Sánchez et al.  2012 ; Kim et al.  2014 ) but has 
applications in several fi elds: pharmaceutical impurity testing (West et al.  2010 ), 
food science (Bondia-Pons et al.  2014 ), as well as environmental toxicity studies 
(Hindle et al.  2013 ). 

 Qual analyzed all the samples as a batch with parameters selected in a Qual 
method. The program began the analysis by creating an ion chromatogram for every 
nominal ion. It integrated each ion chromatogram and created a peak list that was 
put through a deconvolution algorithm (a chromatographic covariance test to create 
compounds from related ions that eluted at the same time) (Fig.  31.1 ). Thus, for 
each compound there was an associated deconvoluted spectrum that contained far 
fewer ions from noise and adjacent peaks. The retention time window size factor 
was set to 80 and the extraction window was set to ±0.3 AMU. Ions 73, 207, and 

M.E. Kester et al.



483

281 m/z were excluded since they represent GC column bleed. For each data fi le, 
the compounds were exported into a .CEF fi le for evaluation in MPP.

    MPP   was then used to perform differential analyses to determine relationships 
among sample groups or experimental parameters. The software aligned each com-
pound across the entire sample batch using an alignment algorithm that matched 
similar spectra at the same retention time. A retention time tolerance of ±0.20 min 
was used along with a spectral match factor of 0.30 and a delta m/z window of 0.20. 
The relative abundance values were then log 2  transformed. Relative abundances of 
zero were set =  1 × 10-5  so that the log 2  value = −16.61 rather than being undefi ned 
(van den Berg et al.  2006 ). 

 Once compounds were aligned, the differential analyses could be performed 
across all samples with greater confi dence. Compounds that potentially differed by 
sex were determined using a moderated  t -test (Smyth  2004 ) on the log 2  trans-
formed relative abundances. Comparatively loose criteria were used in this step to 
minimize false negatives that could be present due to retention time shifts. 
Compounds with a corrected  p -value < 0.05 and a fold change difference between 
the sexes of >2.0 were retained. Fold change between conditions  A  and  B  is calcu-
lated on the natural scale as condition  A /condition  B . Once on the log 2  scale, 
log 2 (fold change) = log 2 (condition  A ) − log 2 (condition  B ). 

 To identify compounds that were found most commonly, the aligned peaks were 
fi ltered by frequency. Peaks initially found in >80 % of data fi les were retained to 
minimize false negatives. The resulting two compound lists were far shorter than 
the total list of compounds across all samples and were exported as .CEF fi les for 
screening in Quant. 

 Each .CEF fi le from an  MPP   analysis formed a compound library for use in Quant 
to be used in a targeted analysis. The library contained the compounds identifi ed by 

  Fig. 31.1    The  deconvolution algorithm   is able to separate overlapping, co-eluting compounds on 
the basis of individual ion chromatograms with high covariance. Total ion chromatogram shown in 
 green , total compound chromatogram shown in  orange , and base peak chromatogram shown in 
 blue . Three overlapping, co-eluting compounds shown shaded       
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retention time, quantifi er and qualifi er ions, and ion ratios as a Quant method that 
was then applied to a batch containing all the raw sample data. The results were 
checked for proper base peak integration and particularly for correct compound 
assignments. False negatives were corrected when some chromatographic peaks 
were assigned to one compound in some samples and another compound in other 
samples owing to retention time shifts (pers. obs.). False positives were eliminated 
when ion ratios clearly did not match the literature values or values in the NIST11 
Mass Spectral Search Program ver. 2.0 (NIST11) (National Institute of Standards 
and Technology, Gaithersburg, MD). 

 At this point, compounds were identifi ed by searching the NIST11 library. 
Further confi rmation was conducted for those compounds where authentic stan-
dards were available. In the case of some  pyrazines   for which an authentic standard 
was not available, a small sample of peanut butter was run with the same HS-SPME–
GC–MS method as pyrazines are common in roasted peanuts and peanut oil (Ku 
et al.  1998 ; Liu et al.  2011 ). The manually screened data were then exported into a 
.CEF fi le for fi nal analysis. 

 Once again,  MPP   was used to perform visualizations and differential analyses 
using the log 2  transformed relative abundances. Principal components analysis 
(PCA)    allowed visualization of the similarities and differences between samples. 
 PCA   is a dimension reduction technique to visualize groupings of samples based on 
a combination of variables, in this case compounds (Wold et al.  1987 ). Each princi-
pal component is chosen to maximize the amount of variance it explains while being 
orthogonal to the other principal components. Finally, a moderated  t -test and a 
fold change analysis offered insight into statistical signifi cance for compounds that 
differed by sex. A compound was considered signifi cantly different between groups 
if it met two criteria: a corrected  p -value of <0.001 and a fold change between 
groups of >3.0. Numerical results are reported as mean ± standard deviation.    

31.3     Results and Discussion 

 A total of 103 urine samples from 11 wolves were analyzed, covering 6–12 months 
of 2013 with an average of 9.36 ± 2.06 months per individual. One sample with low 
volume (Female #3184, 9/11/2013) was run in duplicate rather than triplicate, 
resulting in a total of 308 data fi les. 

31.3.1     Qualitative Analysis, Peak Alignment, and Preliminary 
Analysis 

  Overall,    1682 compounds were aligned across the 308 data fi les. On average, sam-
ples showed 126.75 ± 24.92 compounds, meaning the vast majority of compounds 
were only found in one sample. The average relative standard deviation between 
replicates of each sample was 6.46 %. 
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 After compound alignment, the log 2  of the relative abundance for each compound 
was reported for each of the samples. Based on these relative abundances, two lists 
were created: compounds that differed by sex with a  p  < 0.05 and a fold change 
between the sexes of >2.0 (63 compounds) and compounds occurring in >80 % of 
samples (39 compounds). Each list described the compounds with chromatographic 
and mass-spectral parameters rather than with a compound name.   

31.3.2     Compounds That Differed by Sex 

 For  the   analysis of compounds differing between sexes, false positives were removed 
and false negatives were added manually in Quant. The resulting candidate com-
pound list contained 27 compounds. 

 The candidate list of 27 compounds generated from Quant was then imported 
back into  MPP   for a second round of statistical analysis since the preliminary statis-
tical analysis occurred prior to manual checks of the integration and compound 
assignment verifi cation (removal of false positives and addition of false negatives). 

 After averaging across replicates,  PCA   was used to visualize the grouping of the 
samples for the 27 compounds identifi ed in Quant as differing by sex (Fig.  31.2 ). In 
this analysis, three principal components explained 43.03 % of variance between 
samples. Because principal component 1 (PC1) mainly described the variation 
attributable to the difference between the sample from Female 3184 on October 29, 
2013 and the rest of the samples (Fig.  31.2a ), the PCA was re-run excluding this 
data point. Results remained stable with good separation between the sexes using 
three principal components. In both cases, principal component 2 (PC2) seemed to 
relate to sex with male wolves showing mainly positive scores and females showing 
negative scores (Fig.  31.2a, b ). Principal component 3 (PC3) mainly described the 
variation between individuals (Fig.  31.2b ). The loadings plots (Fig.  31.2c, d ) show 
the contribution of each compound to the three principal components.

   There were seven compounds that showed signifi cantly higher relative abun-
dances in males (Table  31.2 ): ψ-diosphenol, [fold change (FC) = 3292.22], 1,3-di- 
tert-butylbenzene (FC = 603.86), 2,4-dimethyl-1-heptene (FC = 85.22), 2-nonen-
4-one (FC = 43.70), 2-acetyl-6-methyl pyrazine (FC = 16.63), 6-methyl- 3,5-
heptadiene-2-one (FC = 6.56), and 2-ethenyl-6-methyl pyrazine (FC = 5.53). The 
compound ψ-diosphenol (synonym: 2-hydroxy-6-methyl-3-(1-methylethyl)-2-
cyclohexen- 1-one) is a terpenoid found in the essential oil of the buchu plant 
( Agathosma betulina ), endemic to southern Africa (Fluck et al.  1961 ). 2,4-Dimethyl- 
1-heptene is a biomarker for bacterial infections, particularly for  Pseudomonas 
aeruginosa  (Sohrabi et al.  2014 ) and has also been identifi ed as a byproduct of 
high-temperature pyrolysis of polypropylene (De Amorim et al.  1982 ). As far as we 
are aware, the above two compounds have not yet been reported in mammalian 
excretions.
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  Fig. 31.2    ( a ) Principal component scores of 103 samples on principal components 1 and 2 using 
27 compounds found to vary by sex. Samples are colored by sex and shaped by individual wolf. 
( b ) Component loadings of 27 compounds on principal components 1 and 2. ( c ) Principal compo-
nent scores of 103 samples on principal components 2 and 3 using 27 compounds found to vary by 
sex. ( d ) Component loadings of 27 compounds on principal components 2 and 3         
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   Of the compounds shown to have signifi cantly greater relative abundances in 
male maned wolves, two have been previously identifi ed in mammalian excretions: 
2-nonen-4-one is a putative reproductive semiochemical found in the rutting pits of 
male Alaskan moose ( Alces alces gigas ) (Whittle et al.  2000 ). Female moose roll in 
the pits that have been marked extensively with male urine. This compound is also 
a constituent in the urine of 67 out of 84 European badgers ( Meles meles ) (Service 
et al.  2001 ). 2-Ethenyl-6-methyl pyrazine is present in the urine of sexually intact 
male brown antechinus ( Antechinus stuartii ) and was not identifi ed in females 
(Toftegaards et al.  1999 ). It is also a reproductive semiochemical in the papaya fruit 
fl y ( Toxotrypana curvicauda ) (Robledo and Arzuffi   2012 ). 

 Three compounds were reported in foods: 1,3-di-tert-butylbenzene is one of the 
main VOCs produced by the mycelium of  Tuber borchii , an edible species of truffl e 
(Tirillini et al.  2000 ). 2-Acetyl-6-methyl pyrazine is a common fl avor compound 
responsible for the roasted aroma of grains, peanuts, and liquors (Buttery et al. 
 1997 ,  1999 ; Fan et al.  2007 ; Liu et al.  2011 ). 6-Methyl-3,5-heptadiene-2-one is 
found in tomato products (Buttery et al.  1990 ), artichoke leaves ( Cynara scolymus L .) 
(Saucier et al.  2014 ), and also is found in the essential oil of  Hypericum annulatum  
(Radulović et al.  2010 ) and species of  Erodium  (Stojanović-Radić et al.  2010 ), as 
well as paprika ( Capsicum annuum  L.) oleoresin (Guadayol et al.  1997 ). 

 One compound, butanoic acid, was found only in female maned wolves (Table 
 31.2 ), though not in all females tested. Butanoic acid seems to be common in excre-
tions from other members of Canidae. This compound is present in anal gland 
secretions, feces, urine, and the preputial hair tufts of the African wild dog (Parker 
 2010 ; Apps et al.  2012 ), in the anal gland secretion and feces of black-backed jackal 
( Canis mesomelas ) (Apps et al.  2012 ), and in relatively high abundance in the feces 
of the Iberian wolf ( Canis lupus signatus ) (Mártin et al.  2010 ). This compound also 
is found in tiger ( Panthera tigris ) urine marks (Burger et al.  2008 ), in cloaca secre-
tions of the Tasmanian short-beaked echidna ( Tachyglossus aculeatus setosus ) 
(Harris et al.  2012 ), in the circumanal gland of the marmoset monkey ( Callithrix 
jacchus ) (Smith et al.  2001 ), in the buccal gland of the dwarf hamster ( Phodopus 
sungorus ) (Burger et al.  2001 ), and in milk of the European rabbit ( Oryctolagus 
cuniculus ) (Schaal et al.  2003 ). 

 Two compounds were signifi cantly more abundant in female maned wolves than 
males (Table  31.2 ): nonanoic acid (FC = 19.21) and 4-heptanone (FC = 3.3). 
Nonanoic acid is present in a wide variety of mammalian excretions including the 
urine marks of tigers (Burger et al.  2008 ) and leopards ( Panthera pardus ) (Poddar- 
Sarkar and Brahmachary  2004 ), the urine of  Mus domesticus  and  Mus spicilegus  
(Soini et al.  2009 ), anal gland secretion of the wolverine (Wood et al.  2005 ) and 
black-backed jackal (Apps et al.  2012 ), the preputial hair tuft and urine of the 
African wild dog (Apps et al.  2012 ), and the cloaca secretion of the Tasmanian 
short-beaked echidna (Harris et al.  2012 ). As far as we are aware, differential analy-
ses based on sex have not yet been done for any of the above species. 

 4-Heptanone has been previously identifi ed in urine across a wide variety of mam-
mals including the gray wolf (Raymer et al.  1986 ), wolverine ( Gulo gulo ) (Wood 
et al.  2009 ), African wild dog (Parker  2010 ), and several species of strepsirrhine 
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primate (Delbarco-Trillo et al.  2011 ). Differences in the abundance of 4- heptanone 
between the sexes are known for some species. In the cheetah ( Acinonyx jubatus ) this 
compound is only found in female urine (Burger et al.  2006 ), while in the ferret 
( Mustela furo ) 4-heptanone is more abundant in males than in females (Zhang et al. 
 2005 ), and in the rat ( Rattus norvegicus ) this compound is only found in male urine 
(Zhang et al.  2008 ). In the red fox, 4-heptanone is identifi ed in both males and 
females but there is a difference in abundance for males between breeding and non-
breeding seasons (Jorgenson et al.  1978 ). Similarly, 4-heptanone increases in concen-
tration from nonbreeding to breeding season in male white- tailed deer ( Odocoileus 
virginianus ) (Miller et al.  1998 ). This compound also occurs in the urine of African 
elephant ( Loxodonta africana ) females during both surges of the reproductive hor-
mone, luteinizing hormone (Goodwin et al.  2005 ).   

31.3.3     Compounds Found Commonly 

   Once   false positives were removed and false negatives were added via the manual 
recursion process in Quant, the candidate list of compounds found commonly across 
samples was pared down from 39 to 25 compounds. The resulting compounds were 
found in >98 % of the samples (Table  31.3 ). The compound found at a retention 
time of 11.4 min was likely 3-methyl-1-methylthiobut-2-ene for the reasons dis-
cussed in Goodwin et al.  2012 . The ion relative abundance ratios in mass spectra 
here matched those described in that work. Most of the pyrazines and hemiterpe-
noids reported in Childs-Sanford ( 2005 ) and Goodwin et al. ( 2012 ) were also found 
here (Table  31.3 ).

   To further analyze the 25 compounds found to be common across samples, heat 
maps were created to visualize the changes in compound abundance over the year 
for males and females separately. No discernible patterns were detected that would 
indicate changes in abundance of these compounds between breeding- and non-
breeding seasons.    

31.4     Conclusions 

 The data analysis conducted with this multistep software method fi ltered a nearly 
unmanageable body of raw GC–MS sample data into a list of compounds that were 
shown to be of considerable interest to this study. The same data analysis protocols 
can be used with other differential analyses to provide a better understanding of 
various chemical signaling mechanisms and their associated semiochemicals in 
many other vertebrates. 

 The resulting list of putative semiochemicals includes both compounds that have 
been previously identifi ed in maned wolves and in other species, and compounds 
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    Table 31.3     C  ompounds common in maned wolf urine   

 Compound  RT  CAS no.  ID method a  

 Percentage 
samples 
where 
present 
( N  = 103) (%) 

 Log 2  (relative 
abundance) 
(mean ± SD) 
( N  = 103) 

 2-Methyl-3-buten-2-ol b    4.25  115-18-4  NIST, STD  100.0  22.19 ± 1.19 
 3-Methyl-2-buten-1-ol b    8.70  556-82-1  NIST, STD  100.0  22.27 ± 1.07 
 3-Methyl-2-butenal   9.70  107-86-8  NIST, STD  100.0  16.22 ± 1.26 
 4-Heptanone  11.20  123-19-3  NIST, STD  100.0  21.03 ± 2.03 
 1-Methylthio-3-
methylbut-2- ene b          

 11.40  NA  100.0  19.07 ± 2.38 

 2,5-Dimethyl pyrazine b,c   11.80  123-32-0  NIST, STD  100.0  25.89 ± 0.46 
 Trimethyl pyrazine b,c   13.82  14667-55- 1   NIST, STD  100.0  20.94 ± 1.05 
 3-Ethylcyclopentanone  14.17  10264-55- 8   NIST  100.0  15.71 ± 2.5 
 6-Methyl-5-hepten-2-one  14.35  110-93-0  NIST, STD  100.0  16.03 ± 1.24 
 2-Ethenyl-6-methyl 
pyrazine b  

 14.49  13925-09- 2   NIST, PB  100.0  20.73 ± 2.62 

 2,5-Dimethyl-3-ethyl 
pyrazine b  

 15.57  13360-65- 1   NIST, STD  100.0  22.93 ± 1.36 

 2-Methyl-6-(1-propenyl) 
pyrazine b,c  

 16.40  18217-81- 7   NIST  100.0  22.5 ± 2.06 

 Acetophenone  17.04  98-86-2  NIST, STD  100.0  17.9 ± 1.31 
 Unknown (17.40)  17.40  100.0  14.92 ± 1.97 
 3,5-Dimethyl-2-propyl 
pyrazine 

 17.48  32350-16- 6   NIST  100.0  18.99 ± 1.85 

 2,6-Dimethylcyclohexanol  17.99  5337-72-4  NIST  100.0  15.03 ± 1.55 
 2,5-Dimethyl-3-(2- 
methylpropyl) pyrazine 

 18.42  32736-94- 0   NIST  100.0  18.3 ± 2.29 

 2-Acetyl-3,5-dimethyl 
pyrazine 

 18.78  54300-08- 2   NIST, STD  100.0  17.34 ± 1.16 

 3-Butyl-2,5-dimethyl 
pyrazine 

 19.60  40790-29- 2   NIST   98.0  14.88 ± 5.38 

 β-Cyclocitral  20.20  432-25-7  NIST, STD   98.0  13.75 ± 4.53 
 2,5-Dimethyl-3-(3- 
methylbutyl) pyrazine 

 21.00  18433-98- 2   NIST  100.0  19.39 ± 2.33 

 Unknown (21.79)  21.79  100.0  18.73 ± 1.47 
 Unknown (21.96)  21.96  100.0  16.64 ± 2.47 
 Geranyl nitrile  25.07  5146-66-7  NIST  100.0  17.63 ± 3.5 
 3-Hydroxy-β-damascone  26.78  102488-09- 5   NIST  100.0  14.94 ± 2.28 

   a Identifi cation methods: NIST National Institute of Standards and Technology 2011 library of mass 
spectra; STD retention time match to authentic standard; PB retention time and mass spectral match 
to compound in peanut butter (see text) 
  b Also found in maned wolf urine by Goodwin et al. ( 2012 ) 
  c Also found in maned wolf urine by Childs-Sanford ( 2005 )  
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that have not previously been identifi ed in maned wolf urine or in other mammalian 
excretions. The compounds found to be common to all maned wolves in this study 
could prove important as a control or background signal in future bioassay research. 
It is possible that they confer nonreproductive signaling among conspecifi cs. 
Furthermore, the compounds that were shown to differ by sex are good candidates 
for semiochemical testing through bioassay research.     
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    Chapter 32   
 Learning and Applications of Chemical 
Signals in Vertebrates for Human–Wildlife 
Confl ict Mitigation       

       Bruce     A.     Schulte    

32.1            Human–Wildlife Confl ict 

  Human–wildlife confl ict ( HWC)      encompasses all negative interactions between 
humans and wildlife (Messmer  2000 ). Confl ict between humans and wildlife is eco-
nomically costly and ubiquitous globally (Woodroffe et al.  2005 ). HWC is a density- 
dependent phenomenon that takes on two major forms for humans, namely property 
damage and personal safety (Madden  2004 ) with costs that can extend well beyond 
the specifi c confl ict (Barua et al.  2013 ). When considered broadly, wildlife can be 
any form of animal life not domesticated by humans. Animals may consume the 
food crops cultivated by humans and their actions can be destructive to human 
machinations. HWC is estimated to be the leading source of both crop damage and, 
in the form of competition for land use, biodiversity loss globally (Yudelman et al. 
 1998 ; Hanski  2005 ). Wildlife also may attack humans directly (Treves and Karanth 
 2003 ) and be vectors of attack by disease-causing organisms (Joseph et al.  2013 ). 
For most of human evolution, people competed with wildlife for food via hunting 
and gathering, and served as prey for some carnivorous predators. Once humans 
became more sedentary as a result of plant cultivation and animal domestication, 
wildlife could impact property as well as personal safety. 

 For millennia, human populations were low relative to the available landscape 
(Klein Goldewijk et al.  2010 ), so animal intrusions into human developments 
were likely relatively rare. However, post the industrial revolution, human popula-
tion growth has become exponential, and by sheer probability alone, the likeli-
hood of HWC has increased in a density-dependent manner. Among many, three 
factors of relevance herein have acerbated the confl ict. One, humans have occupied 
prime land for habitation and cultivation, driving species out of critical habitat. 
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Two, humans have grown plants in unnaturally high, monoculture densities, 
selecting for said plants to be highly nutritious while also selecting against their 
natural defenses. Three, humans have raised livestock and pets in the same habitat 
where the prey, medium- to large-sized herbivores, of sympatric predators once 
foraged. In essence, humans have established unprotected candy shops in the 
midst of a children’s playground. This has led to some of the most economically 
detrimental forms of HWC, crop, and livestock depredation with potential associ-
ated threats for which social and biological factors have to be considered when 
developing mitigation schemes (Dickman  2010 ).   

32.2     Population Level Management of HWC 

  Historically,    the management approach to ameliorating HWC was largely at the 
level of the population, although killing particular problem animals has always been 
one attempt at a solution. One common management strategy targets the population 
size reduction of the problem species directly or indirectly. Direct population reduc-
tion occurs through such practices as hunting, lethal traps, or poisoning (Treves and 
Naughton-Treves  2005 ). These practices have a variety of potentially negative side 
effects including unforeseen trophic cascades, non-target species mortality, and bio-
accumulation of toxins in the environment that can impact human health. For large- 
scale agricultural systems, insect pests comprise the most widespread and deleterious 
source of crop losses (Zalucki et al.  2012 ). Yet, global food security may be more 
dependent on smallholder farmers, and such systems are intimately associated with 
biodiversity conservation (Tscharntke et al.  2012 ). The loss of biodiversity in such 
systems can result in an increase in pest prevalence and concomitant economic and 
social strife. Traditional, large-scale approaches to pest control, such as widespread 
use of pesticides, are not viable alternatives for smallholder farmers. Therefore, an 
approach to pest management that is more broadly applicable, environmentally 
safe, effective, and effi cient has been sought. 

 A second method to reduce population size is to target future growth through 
reproductive control (Fagerstone et al.  2010 ). Rather than reducing current popula-
tion size in the short term, this process shifts the intrinsic rate of increase such that 
deaths exceed births and the population size decreases over time. Numerous prob-
lems, such as long testing periods, lack of investment in this often expensive process, 
and sometimes social resistance to the option, have reduced the widespread imple-
mentation of this practice (Rutberg  2013 ). A third method of population control is to 
translocate animals out of the region if suitable habitat is available in which to place 
them. The success of this method is often measured more by the reduction in popula-
tion size and confl ict at the source and not the survivorship and viability of the trans-
located animals (but see Whisson et al.  2012 ). If the moved animals do not survive 
well, then this becomes a delayed form of lethal population control. Increasingly, 
this method meets resistance for the reason that with time, it simply moves the 
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problem elsewhere or delays the confl ict until the moved animals return or the 
population increases again (Linnell et al.  1997 ; Conover  2002 ; Shivik et al.  2011 ). 

 Beyond reducing effective population numbers, another strategy to control ani-
mal populations involves the exclusion of the problem species through permanent 
obstructions such as fences (Ferguson and Hanks  2010 ). While such obstructions 
might work for animals such as medium to large vertebrates, they are less effective 
for small vertebrates (e.g., mice and rats) or invertebrates. Fences can be used in one 
of two ways—fencing around the human area (crops or livestock) or fencing around 
the wildlife area (park or refuge). In either case, fences can be expensive and require 
regular maintenance. They also are not specifi c to the problem species; therefore, all 
species that cannot get over, through or under the fence must deal with its presence. 
Thus, individuals involved in trying to reduce HWC, and specifi cally crop depreda-
tion, continue to search for means to keep problem animals out with minimal eco-
nomic cost and continuous human labor, while also maintaining a viable ecosystem 
for animals that do not crop raid (Woodroffe et al.  2005 ). 

 The discovery of  chemical signals   that mediate intra- and inter-specifi c interac-
tions (semiochemicals) led to the application of such chemicals for controlling the 
population size, movement, and distribution of pest species (Hokkanen  1991 ). 
Plants whose  semiochemicals   attract particular insect pests can be grown around 
crop fi elds (Reddy and Guerrero  2004 ).  Intraspecifi c chemical signals     , or  phero-
mones  , have been placed within traps to disrupt mating or reduce population sizes 
around crop fi elds (El-Sayed et al.  2006 ; Witzgall et al.  2010 ). An initial limitation 
to this practice was the lack of knowledge on the specifi c chemicals that served as 
chemical signals. Over time, the work of chemical ecologists and their collaborators 
have led to the identifi cation of pheromones that could be used in traps or as lures. 
Major advantages of using pheromones over other chemicals are their lack of toxic-
ity in the environment, low dosages, and their specifi city, avoiding deleterious con-
sequences for non-target species (Witzgall et al.  2010 ). However, the use of 
 pheromones   is not without its disadvantages. The same species may show geo-
graphic variation in its signals, which could affect the success of artifi cial chemicals 
used to modify pest behavior (Unbehend et al.  2014 ). In addition, because of the 
often rapid generation time of invertebrate pests, an evolutionary problem could 
occur by traps and lures selecting against the pheromone, leading to the modifi ca-
tion of the natural signal through directional selection (Dumenil et al.  2014 ). In 
nature, such  pheromones   are adaptive by attracting one sex to the other or by aggre-
gating individuals to a food source. No such benefi ts accrue to the individuals when 
responding to a pheromone used in a trap. This leads to the classic “arm-race” or 
Red Queen problem so well studied with predator–prey (parasite–host) interactions 
(Van Valen  1973 ; Liow et al.  2011 ). That is, individuals that can distinguish between 
the compound(s) being released by a conspecifi c versus a trap will do better and 
thus reduce the effectiveness of the trap. In addition, the extreme reduction of one 
invertebrate pest could create an opportunity for other species in that feeding guild 
to attack the crop. Because pheromones are species-specifi c, the trap or lure would 
only work for a single problem species. 
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  Chemical signals   also can be used to attract vertebrates. For mammalian carnivores, 
meat is often used but food is often not a viable signal for herbivores. In either 
case, food has the problem of spoiling; whereas, prey or conspecifi c chemical 
signals may retain their effectiveness for a longer duration (Spurr et al.  2004 ; 
Martin et al.  2014 ). While the use of artifi cially created chemical attractants is pro-
gressing for invertebrate pests (e.g., Bray et al.  2014 ; Higbee et al.  2014 ), much less 
progress has been achieved for vertebrate pests. The use of artifi cial lures for verte-
brates may be limited by the paucity of known chemical signals with defi nitive 
attractant functions (Wyatt  2014 ). 

  Natural chemical signals      also could function as an odor or scent fence (Hediger 
 1949 ). In nature, territorial scent marks are likely not the sole means of repelling 
potential intruders, but they can reduce the probability of intrusion (Gosling  1982 , 
 1990 ).  Pheromones   such as territorial markers or perhaps more effectively, alarm 
signals, might be enlisted to reduce HWC at crops or livestock holdings. For insects, 
one problem with this approach can be the volatility of the alarm compounds. The 
challenge is determining means to release the compound only in the presence of an 
invading pest, have the pest go in the appropriate direction (i.e., away from the 
crop), and to replenish the supply of the chemical in a timely and cost-effective 
manner or have the chemicals last throughout the problem period (Bray et al.  2014 ). 
In this regard, territorial markers for vertebrate species might be useful. For exam-
ple, many territorial mammals create scent marks around the perimeter of their ter-
ritory, updating the marks periodically (Peters and Mech  1975 ). The scent marks 
can remain effective for many days, making their application for HWC a possibility. 
One such attempt was tried with  North American beavers ( Castor canadensis )  . 
Welsh and Müller-Schwarze ( 1989 ) placed beaver scent around viable but currently 
unoccupied sites to see if beavers would avoid settling in these regions. The scent 
marking fence worked but only when the beaver population in the region was low; 
that is, the scent fence was not a suffi cient defense when the need for open habitat 
by beavers was at a premium. A more recent study with  grey wolves ( Canis lupus )   
used human placed scents with good success as a biofence, although the human 
effort involved was considerable (Ausband et al.  2013 ). Jackson et al. ( 2012 ) showed 
that conspecifi c scents could be used to alter the movements of  African wild dogs 
( Lycaon pictus )  , but Anhalt et al. ( 2014 ) indicated that a simulated wolf pack using 
scents and sounds did not affect real wolf pack movements. It seems most likely that 
animal scent marks can serve to delineate territories but they do not by themselves 
repel all intruders (Gosling and Roberts  2001 ; Roberts  2012 ). 

 Thus, there are limitations with trying to draw animals of a problem species 
away from a target area such as a crop fi eld and with fencing them out through either 
physical or chemical means. Yet, in tandem, these mechanisms may be more effec-
tive. For this approach, the local population size of the pest species is reduced but 
not eliminated and their avoidance of an area (e.g., crop fi eld) is reinforced through 
reward. This is modifi cation of a similar approach used for invertebrate pests in 
which  chemical deterrents   are coupled with chemical attractants or lures in a pro-
cess known as  a      push–pull approach (Cook et al.  2007 ). 
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 A sound understanding about the biology of the pest species forms the foundation 
of a push–pull strategy for integrated pest management (Cook et al.  2007 ). With 
push–pull, aversive stimuli, such as natural chemical signals, repel insects from 
crops and attractive odors lure them into another, viable area.  Natural chemicals   are 
appealing signals for push–pull because of their potential for slow, long-lasting 
release and high specifi city without adverse side effects. Additionally, natural asso-
ciations with biologically relevant  chemical signals   are likely to be better suited for 
push–pull management because behavioral responses are strengthened by genera-
tions of selective pressure. Several recent studies have shown that this approach is 
effective in repelling invertebrate pests from valuable crops toward trap plants 
(Khan et al.  2007 ,  2011 ; Hassanali et al.  2008 ). The push–pull  strategy      can be 
applied to vertebrate pests, although our understanding of chemical communication 
in vertebrates remains a limitation in using this approach. The need to test this strat-
egy with vertebrate pests should provide even more impetus for the identifi cation 
and study of vertebrate semiochemicals. However, in the meantime, the need to 
reduce HWC and specifi cally crop raiding by vertebrate species is immediate and 
imperative. Thus, other avenues to mitigate HWC are needed.   

32.3     Individual Level Management of HWC 

  One  such   possibility exists by considering the identity of the problem animals, 
which is not a reasonable option when dealing with the far more numerous inverte-
brate pests. In a number of instances, the confl ict with vertebrate wildlife species is 
not a population level issue but an individual issue. When a problem individual or 
group is identifi ed, killing has been a common response, and translocation to a less 
human occupied landscape is another possibility (Treves and Karanth  2003 ; 
Goodrich and Miquelle  2005 ). Lethal control is often an undesired option (Treves 
et al.  2006 ). Several scenarios may preclude translocation from being a viable solu-
tion. No unoccupied habitat is available, such that the translocated animal is des-
tined to die in the new habitat or leave it, and quite possibly return to the original 
region. By taking the animal away, the habitat is now open and another individual 
may occupy it, resulting in the same problem with a new occupant. Thus, it may be 
ideal to retain the individual in the region but reduce its impact. If the impact results 
from progeny, then contraception might be an option. However, if the occupant is 
itself the issue, then an understanding at the individual level might provide insight 
on solutions (e.g., Blumstein and Fernandez-Juricic  2010 ). 

 The fi eld of  conservation behavior   strives to assist in the maintenance of biodi-
versity through an application of behavioral principles. When an HWC incident can 
be attributed to repeated offenses by one or a group of individuals, such as a preda-
tor attacking livestock or an herbivore raiding a crop fi eld, then determining the 
reasons why this individual has become a problem can be useful. For instance, an 
animal that is injured or diseased may resort to potentially easier prey than hunting 
wildlife or foraging for native vegetation. In other cases, aspects of the behavioral 
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repertoire or status may make the individual prone to HWC. A dominant individual 
or one that has disperse a long distance may be a high risk taker and thus human 
provisioned food sources may be included in its search image. Identifying the char-
acteristics of animals that cause HWC could yield meaningful profi les, providing 
predictive power in when HWC will occur and by whom, and thereby facilitate 
preventive measures. 

 Réale et al. ( 2007 ) described fi ve categories of personality traits (Table  32.1 ) that 
could be used to create such a profi le. These personality axes are akin to the big fi ve 
 personality factors   associated with humans (Table  32.1 ) (Digman  1990 ). An inter-
esting parallel to these personality factors exists with the dimensions of feelings 
evoked by odors in humans (Table  32.1 ) (Chrea et al.  2009 ). These dimensions sug-
gest that in humans odors might tap into basic personality characteristics. This is not 
unreasonable given that odors assist in the formation of deep and lasting memories 
with strong emotional components. In terms of HWC abatement, the idea would be 
to use odors to recall or form and then recall these strong memories. If the recall of 
memories leads to a change in behavior from what would have occurred otherwise, 
then the animal has displayed learning. Interestingly, learning can thwart the reduc-
tion of HWC. Through habituation, association, social, or other forms of learning, 
an animal ignores or overcomes the human-created disruption or obstacle used to 
keep the animal away from the livestock or crops (Shivik et al.  2003 ). Thus, birds 
learn to disregard the brightly colored scarecrow, predators stop avoiding motion- 
activated lights in the absence of other negative reinforcement, herbivores learn that 
the sounds of dogs barking without the presence of real dogs can go unheeded, and 
a variety of animals may fi gure out how to overcome or avoid a fence or other such 
impediment. However, other repellents base their functionality on learning by asso-
ciating an unwanted behavior to an aversive stimulus or associating it to a cue of the 
impending aversive stimulus (Shivik et al.  2003 ; Schakner and Blumstein  2013 ).

   The question posed herein is whether problem animals can be trained to avoid 
human-dominated areas and have this learning maintained through the judicious use 
of memory-evoking odors as has been studied in humans (Schab  1990 ). Research 
with humans has shown that odors can affect the learning process. Aversive learning 
can result in lower threshold detection of a compound (Ahs et al.  2013 ). Humans 
also can learn to discriminate between enantiomers when one is paired with an aver-
sive stimulus; whereas, the enantiomers are unable to be discriminated in the 
absence of said stimulus (Li et al.  2008 ). This ability also can occur through pairing 
with positive reinforcement such as chocolate (Pool et al.  2014 ). In children (Chu 
 2008 ) and mice (Jones et al.  2005 ), an ambient odor leads to better performance. An 
odor can even affect an individual’s attention. Seigneuric et al. ( 2010 ) demonstrated 
that humans shown a collage of objects focused more readily on the object for 
which they had been exposed previously to its odor (e.g., exposed to scent of an 
orange, then shown a collage of pictures of which one was an orange). Thus, odors 
have a cross-modal infl uence in sensory processing. In everyday life, humans rarely 
use the memory of odors to conduct tasks (Köster et al.  2014 ). Rather, familiar 
odors provide a sense of comfort or security and unusual odors can evoke a response 
but more to seek the source or make an association than to identify the odor itself.   
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32.4     Using Learning and Odors to Ameliorate HWC 

   To date,  the      reduction of HWC at the individual level has emphasized using aversive 
or fear-inducing stimuli, and often ones that have an evolutionary-based meaning 
(Schakner and Blumstein  2013 ). The benefi t of this approach is that the signals are 
reinforced in nature. That is, predators, distasteful prey, and humans that might 
harm the animals are real threats for the animals that are causing confl ict. However, 
several problems also exist. In some cases, the natural odor may only be relevant to 
a subset of animals. For example, a territorial marker may be intended for one sex, 
such that opposite sexed animals would not feel threatened, or it may only be func-
tional at certain times of year if territoriality in the species is not year round. Another 
dilemma that arises is similar to a Batesian mimicry situation. In this form of mim-
icry a palatable model looks, smells, acts, or otherwise mimics an unpalatable 
model. Predators learn to avoid the model and thereby also avoid the mimic. For this 
system to be maintained, the model must be repulsive without killing the consumer. 
Furthermore, the relative frequency of models must exceed mimics; otherwise, the 
consumer is successful (consumes palatable prey) more often that it is not (attempts 
to eat unpalatable prey). In human-dominated landscapes in which defenseless 
crops or livestock are present, protecting these resources via auditory, visual, tactile, 
gustatory, or olfactory defenses that mimic a real threat can quickly lead to mimics 
greatly outnumbering models. Thus, the consumer that ignores the potential threat 
and raids the crops or attacks the livestock does better than the consumer that leaves 
the area hungry. One solution without leaving crops or livestock unprotected is to 
give the raiding animal aversive reinforcement to stay away without killing it 
(because then no learning can occur). Such aversion can be given repeatedly but this 
is often expensive and logistically diffi cult (Baruch-Mordo et al.  2011 ). Alternatively, 
the aversion can be severe enough that it creates a deep impression so that the con-
sumer does not return regularly, doing damage each time. Unfortunately, in many 
situations the learning is not deeply rooted and consumers return repeatedly and often. 

     Table 32.1    Comparison of the animal personality axes and in humans, the big  fi ve   personality 
factors and the odor-evoked feelings   

 Animal personality a   Human big fi ve b   Odor evoked feelings c  

 Activity  Openness to experience  Arousal 
 Exploration  Conscientiousness  Conscious recollection 

of emotional memories 
 Boldness  Extraversion  Well-being 
 Sociability  Agreeableness  Social interaction 
 Aggressiveness  Neuroticism  Danger prevention 

  Each factor or axis has its counterpart at the other end of the scale (e.g., bold-shy; exploration- 
avoidance) 
  a Réale et al. ( 2007 ) 
  b Digman ( 1990 ) 
  c Chrea et al. ( 2009 )  
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For example, taste aversion studies in terrestrial predators often indicate initial 
success but decreased effectiveness with time (Shivik  2006 ). Furthermore, highly 
aversive stimuli may lead with repeated exposure to animal welfare issues, be 
expensive, or have the potential to be lethal, which again prevents further learning. 
The challenge is to establish the learning and then prevent its decay in a cost- 
effective, humane, and non-lethal manner. 

 Schakner and Blumstein ( 2013 ) suggest associative learning that induces not just 
immediate fear (short-term fl ight away from stimulus) but anxiety (long-term stay-
ing away) will be an effective deterrent protocol. Cues that predict the fear (fl ight) 
behavior create anxiety, and it is this anxiety that promotes avoidance. For many 
marine mammals, sound may be the pertinent cue (Schakner and Blumstein  2013 ), 
but for terrestrial vertebrates that come into confl ict with humans, odors may be 
more salient. Naturally occurring odors could be useful if they are always associated 
with a potentially negative interaction. In this case, using such odors as repellents 
would be akin to a Müllerian mimicry scenario in which only models exist. One 
example might be the current practice of using bee sounds and bee nest strung along 
fl exible fences to repel  African elephants ( Loxodonta africana )   from crop fi elds 
(King et al.  2007 ,  2011 ). Elephants learn about the negative consequences of dis-
turbing bee hives while foraging on trees (Vollrath and Douglas-Hamilton  2002 ). 
The odor of bees could be coupled with their sounds and presence to reinforce fur-
ther the deterrence signal. Further reinforcement is provided by associating the 
naturally aversive odor with the presence of humans and their actions to repel ele-
phants (Webber et al.  2007 ; Hoare  2012 ). 

 Where a  natural repellent      is not present or feasible, an odor would be selected to 
couple with the aversion to the targeted species. A key feature of this approach is the 
use of odors that are affordable, do not have an already defi ned meaning to the ani-
mal, and are not present or at least not common in its environment. Thus, the 
selected odor for a specifi c species and problem can be associated with a fear- 
inducing stimulus through conditioning. Once the association is established, the 
odor can be used as a scent fence when needed. It would be important not to saturate 
the environment with this odor as the animal must be able to function normally in 
most of its habitat and only be stimulated into anxiety when it approaches a problem 
area (e.g., near livestock or crops). An odor that evokes the powerful memory of the 
fear-inducing experience will suffi ce to keep the animal away from the area without 
the animal experiencing fear. In social animals, it could be possible that such asso-
ciations would be transferred to social group members (Olsson and Phelps  2007 ).    

32.5     Conclusion 

 The  reduction of HWC   has invoked various forms of obstacles to deter animals 
from human areas and different types of operant conditioning in which a negative 
stimulus is supplied to animals that enter human areas. The pairing of odors with an 
aversive  stimulus   in a form of classical conditioning could lead to the formation of 
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deep-rooted, emotive memories that create anxiety, resulting in animals avoiding 
the odor fi eld. Several challenges exist for this idea. First, it must be determined that 
such an association can be created and that it is indeed maintained. Second, the 
logistics must be confronted of what odor and how to deploy it not only during the 
training period but thereafter for the animals that are causing problems. If these 
animals are long-lived, recall their learning when exposed to the odor, and can trans-
fer this learning to conspecifi cs, then an effi cient process has been created that 
reduces HWC and also helps to maintain local biodiversity.     
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    Chapter 33   
 An Experimental Test of the Effect of Diet 
on Preen Wax Composition in New Zealand 
Silvereyes ( Zosterops lateralis )       

       Laura     Azzani     ,     Justin     L.     Rasmussen     ,     Steven P.     Gieseg     , and     James     V.     Briskie   

33.1           Introduction 

 Research in avian communication has increasingly focused on “ odor signatures  ,” 
defi ned as olfactory or chemical cues that enable individual recognition (see 
Bonadonna and Mardon  2013 ; Caro et al.  2015  for a review). Odor signatures, and 
 olfactory signals   in general, could function in territorial marking and defense (Rich 
and Hurst  1998 ; Hayward and Hayward  2010 ), individual recognition (Mardon 
et al.  2010 ), and mate choice (Balthazart and Schoffeniels  1979 ; Hirao et al.  2009 ). 
However, for odor signatures to function in communication, they need to be consis-
tent (or at least predictable) over time within the same individual (Hauser  1997 ). 
Kwak et al. ( 2008 ) point out that individual characteristics (not just individual 
chemical signatures) are assumed to be relatively invariant over time if they func-
tion as a cue for individual recognition, and this stability would therefore be 
expected of olfactory signatures. Nevertheless, short-term fl uctuations in body odor 
due to stress, diet, and individual condition are known (Valenta and Rigby  1968 ; 
Ferkin et al.  1997 ; Yamazaki et al.  2002 ). 

    A signature role for odors would be less likely if odors were easily, and directly, 
modifi ed by environmental factors, such as changes in diet. If the odor profi le of an 
animal closely refl ects what it just ate rather than some intrinsic, individual char-
acteristic, then communication of individual qualities based upon it could be 
impaired. For example, Kwak et al. ( 2008 ) demonstrated that mice were able to 
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detect a change in diet of congeners by odor alone more readily than a difference 
in  MHC- dependent odors. Nevertheless, variation in diet did not mask the expression 
of MHC-dependent odor types, as suggested by previous studies (Brown et al. 
 1996 ; Schellinck et al.  1997 ). Despite the increasing realization that odors may 
play an important role in social communication in birds (Caro and Balthazart 
 2010 ), the infl uence of diet on odors in birds, but also vertebrates in general, has 
been tested in only a few studies (non-avian vertebrates: Ferkin et al.  1997 ; 
Havlicek and Lenochova  2006 ; Kwak et al.  2008 ; Osada et al.  2011 ). 

 Most studies on the infl uence of diet on odor  production   in birds have been car-
ried out by poultry researchers, aimed at investigating differences in taste and smell 
of meat and eggs produced by broilers fed different diets (Mielnik et al.  2002 ; 
Overland and Skrede  2012 ).  Dietary lipids      are readily assimilated and stored in fat 
deposits in birds, as well as infl uencing fatty acid composition of other tissues and 
organs (McCue et al.  2009 ), and so it is not surprising that researchers have con-
fi rmed a direct link between food intake and meat fat quality (Bou et al.  2005 ; Shin 
et al.  2011 ). However, the main  source of odor  s in most birds are the preen waxes 
produced by the  uropygial gland   (Jacob et al.  1979 ; Mardon et al.  2010 ; Caro et al. 
 2015 ), which are likely to have a different physiological mechanism of production 
than that of body fat (Apandi and Edwards  1964 ; Sandilands et al.  2004 ). The  uro-
pygial gland   has a high capacity for synthesizing lipids  de novo  (Noble et al.  1963 ; 
Tang and Hansen  1972 ; Buckner and Kolattukudy  1975 ; Jacob and Ziswiler  1982 ; 
Stevens  1996 ). However, the composition of preen wax is known to change with 
season in some species (Reneerkens et al.  2002 ), and it is possible that such changes 
could be at least partly triggered by concurrent seasonal changes in diet. Given that 
hormonal changes also occur seasonally, experiments that manipulate food intake 
independently of season are needed to determine whether diet alone affects changes 
in preen wax composition. 

 To date, the results of experimental tests of diet on  preen wax composition   have 
been variable. Thomas et al. ( 2010 ) found that diet affected preen wax composi-
tion in a feeding study on white-throated sparrows,  Zonotrichia albicollis . The 
treatment consisted of an artifi cial diet enriched with sesame oil or fi sh oil; these 
oils contain fatty acids that differ in their average chain length and in their n3:n6 
ratio. The authors found that birds fed the sesame oil diet had longer chain mono-
esters than those fed the fi sh oil diet. Apandi and Edwards ( 1964 ) found a similar 
effect of corn- oil supplementation on the composition of uropygial secretions of 
chickens. In contrast, Pan et al. ( 1979 ) found no effect of diet on preen wax com-
position in domestic poultry. An experimental study on the “make-up hypothesis” 
in tawny owls,  Strix aluco , also indirectly suggests no effect of diet on  preen wax 
composition  , at least with respect to uropygial compounds that contribute to bill 
refl ectance (Piault et al.  2008 ). In some species of  sandpipers  , one food-restriction 
experiment showed an effect of diet (Reneerkens et al.  2007 ), but unpublished 
results reported in the same paper suggest an absence of dietary effects on the 
composition of  uropygial gland   secretions (reported in Reneerkens et al.  2006 ). 
In short, there have been few experiments designed to test the infl uence of diet on 
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preen wax composition. Even if the biochemical pathways between dietary intake 
and preen wax production are not direct, changes in energy budgets as a result of 
dietary changes could affect preen wax production. 

 Determining if the odors  of wild birds   are infl uenced by changes in diet would 
help explain differences in odors of birds occupying different habitats (Levy and 
Strain  1982 ) and the seasonal changes in preen wax composition reported for some 
birds (Reneerkens et al.  2002 ), which may or may not be partly infl uenced by sea-
sonal changes in diet (Shaw et al.  2011 ). Alternatively, confi rming that diet has little 
role in preen wax composition, would support a greater role for a genetic basis to 
odors (as shown in mice by Kwak et al.  2008 ), which may be used to reliably signal 
information such as gender or individual identity. To this end, we carried out a diet 
supplementation experiment on a wild population of silvereyes,  Zosterops lateralis , 
in New Zealand. As progression in the breeding season and sex can affect preen wax 
composition in a number of species (Caro and Balthazart  2010 ), we also examined 
the effect of sampling date and sex on preen wax composition.  

33.2     Materials and Methods 

33.2.1     Study Site and Species 

   The   experiment took place in a regenerating native forest on the east coast of the 
South Island, New Zealand (Kowhai Bush Reserve, 173°36′E, 42°23′S). The silver-
eye is a small (11–14 g) passerine bird that ranges throughout Australia and the 
South Pacifi c, although it only recently self-colonized New Zealand, with the fi rst 
birds arriving in the early nineteenth century (Higgins et al.  2006 ). They have a 
generalist diet, feeding on a variety of insects, fruit and nectar (review in Higgins 
et al.  2006 ), although there have been no detailed studies of diet of silvereyes at the 
study site. Sexes are similar in size (mass (g): females = 12.9 ± 1.1, males = 12.4 ± 1.2) 
and coloration, and both parents perform incubation and feeding duties. From 22 
November to 16 December 2011, birds were captured using mist nets (under band-
ing permit 2008078 and research permit NM-34075- FAU). This coincides with the 
period of peak nesting for this species at the study site. Each bird was handled using 
a new pair of latex gloves and placed in a clean paper bag before processing. This 
precaution was taken to minimize contamination of the preen wax samples with oil 
from the hands of the handlers. Preen wax samples were collected by gently squeez-
ing the uropygial gland with forceps with wax-coated tips; the extruded droplet was 
then collected on a clean stainless-steel inoculation loop and placed in a clean glass 
insert lodged inside a glass vial, sealed with Tefl on-covered lids to minimize evapo-
ration or contamination of samples. Vials were kept cool using freezer packs in the 
fi eld for a maximum of 8 h, until later frozen. Samples were kept at −20 °C until 
analysis. All birds ( n  = 107) were banded with numbered aluminum bands to allow 
resampling of individuals as the season and experiment progressed.   

33 An Experimental Test of the Effect of Diet on Preen Wax Composition…



514

33.2.2     Diet Supplementation Experiment 

  Birds  were   given  ad libitum  access to tallow (a commercially available mixture of 
drippings from beef, mutton, and pork fat; “Butchery Pure Dripping” brand) for 22 
days, from 26 November to 17 December 2011. The fat was provided in a series of 
feeders set up in the study area. Silvereyes readily fed on the fat, and earlier work 
had confi rmed that supplemental feeding signifi cantly increased reserves of body 
fat in this species (Barnett and Briskie  2007 ).  Consumption of fat   was monitored to 
ensure the feeders were always stocked. No birds were caught or sampled during the 
fi rst 5 days of the feeding experiment to allow time for the changes in the energy 
balance of silvereyes to infl uence their preen wax production. The time needed for 
diet to start affecting preen wax composition is unknown but a period of 5 days was 
deemed to be suffi cient as the time-frame was comparable to that employed in one 
other study (Piault et al.  2008 ) and the feeding protocol used is known to change 
both the fat reserves and singing behavior of silvereyes within a 24 h period (Barnett 
and Briskie  2007 ). Sampling of birds occurred on the sixth and seventh day after the 
feeders were deployed (1 and 2 December 2011; sampling period 1). Birds were 
sampled again 11 days (6 December 2011; sampling period 2) and 21 and 22 days 
(16 and 17 December 2011; sampling period 3) after the feeders were deployed. In 
addition to these 3 time points, “pre-feeding” samples were also collected from 
birds caught within the 7-day period preceding the commencement of diet supple-
mentation (no birds could be collected from 20 to 22 November because of adverse 
weather conditions, so the actual time-frame for the pre-feeding samples was 4 
days). The temporal structure of the experiment was chosen to allow for the detec-
tion of any changes in preen wax composition that may be related to a change in diet 
and energy intake of silvereyes.   

33.2.3     Sample Preparation and Analysis 

   Samples   were dissolved in 100 μl of ethyl acetate, poured directly into the insert 
containing the inoculation loop and the preen wax. The vial was then re-capped, 
and vortexed for 60 s at 700 rpm to ensure dissolution of the preen wax. The origi-
nal cap was then substituted with a chromatographic cap fi tted with a single- use 
PTFE silicone septum. Samples were analyzed on a Shimadzu GC-2010 gas chro-
matograph, equipped with a Shimadzu AOC-20i + s auto-injector and a Varian 
CP-SIL 5 CB capillary column (25 m length × 320 μm internal diameter × 0.12 μm 
fi lm thickness). Injection volume was 1 μl, with a 6:1 split ratio. Injection port 
temperature was set at 250 °C, the carrier gas was nitrogen with a total fl ow of 
19.0 ml/min and a linear velocity of 36.7 cm/s. The FID detector operated at 320 °C, 
with a sampling interval of 40 msec. Oven temperature was programmed as follows: 
initial temperature 70 °C with a hold time of 4 min, then increased to 130 °C at a 
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rate of 20 °C/min, and fi nally increased to 320 °C at 4 °C/min rate (hold time 15 min). 
Results were recorded on Shimadzu’s GCSolution, version 2.3 (©Shimadzu 
2002-2009) software.   

33.2.4     Quality Control 

  Sequences of  linear   alkanes ranging from C6 to C40 (C7-C40 Saturated Alkane 
Mixture in hexane, 49452-U Supelco, Sigma-Aldrich), and palmytoil palmytate 
(C16-C16 ester) were injected at regular intervals during the analysis period to 
ensure consistency and monitor column performance. In addition, empty vials that 
were manipulated in the fi eld and processed in the lab in the same manner as sample 
vials were analyzed to control for any background or environmental odors .  

33.2.5     Post-processing 

   Traces   with an absolute maximum intensity in the peak region inferior to 8000 uV 
were excluded from further analysis. Low trace intensity was most likely due to an 
insuffi cient quantity of preen wax having been drawn from the bird. As it was hard 
to standardize the quantity of preen wax extracted from each bird, we used the rela-
tive proportions of compounds rather than their absolute quantities. Observations 
were post-processed in R (R Core Team  2014 ), by aligning the retention times and 
areas for each peak across all observations. Peaks that were present on a chromato-
gram but fell below the detection limit of the instrument were given an arbitrary 
value of 0.000001. Only peaks that were above the detection limit for the instrument 
in at least 5 % of the samples were included in the analysis. The area of each peak 
was converted to its proportional contribution to total peak area in that sample. The 
proportions were then square-root transformed, to reduce the infl uence of large 
peaks (Borcard et al.  2011 ). These two steps correspond to the  Hellinger transfor-
mation  , and the  Euclidean distance   calculated on transformed data is identical to the 
Hellinger distance (Legendre and Birks  2012 ). This distance is metric and has 
proven effi cient in separation of ecological datasets (Legendre and Gallagher  2001 ; 
Anderson and Willis  2003 ; Kindt and Coe  2005 ).   

33.2.6     Statistical Analysis 

   Differences   in the chemical profi les of birds among the different diet time points 
(encoded in a matrix of Hellinger distances) were analyzed using two multivariate 
techniques: (1) permutational MANOVA (“non parametric MANOVA,” after 
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Anderson  2001 , implemented in R, package vegan (Oksanen et al.  2013 ), function 
Adonis) and (2) Canonical Analysis of Principal  Coordinates      (CAP, Anderson and 
Willis  2003 , implemented via FORTRAN program by M.J. Anderson). These two 
techniques share some similarities, but each is expected to perform slightly better in 
different situations, depending on the data structure and the correlation matrix of the 
dependent variables;  PERMANOVA   is expected to perform better when the depen-
dent variables are not highly correlated, while for a dataset containing several abun-
dant variables that are highly correlated, CAP can be more effi cient at detecting 
signifi cant changes in minor variables that are not correlated with the former 
(Anderson  2004 ). Adonis allows testing of multi-way hypotheses, whereas CAP, as 
implemented in FORTRAN, only allows to test one grouping factor at a time, so the 
joint effect of “diet treatment” and “sex” was analyzed in Adonis only. Both 
 PERMANOVA   and  CAP   possess some key advantages over other multivariate tech-
niques: they allow any dissimilarity measure to be used, rather than being limited to 
metric distance measures, and, they do not require the response variables to meet 
stringent assumptions, such as multivariate normality, which are seldom satisfi ed in 
chemoecological data sets (Anderson and Willis  2003 ). Finally, CAP enables us to 
generate a visual representation of the constrained ordination (by plotting samples 
against axes that maximize the differences between the specifi ed  a priori  groups, 
i.e. the canonical axes), which can be compared with a robust unconstrained ordina-
tion (i.e.  NMDS  ) to explore the multivariate patterns in the dataset (Anderson and 
Willis  2003 ). 

 Effect of sampling date on preen wax composition was evaluated using both 
multivariate and univariate techniques. Because of the temporal structure of the diet 
supplementation experiment, and because data belonging to three of the four time 
points (i.e. pre-diet supplementation, sampling period 1, sampling period 3) were 
collected over a period of days, we also performed a PERMANOVA analysis, on the 
same Hellinger distances, to verify whether collection date, rather than feeding time 
point, was correlated with variation in chemical distances. 

 Recaptured birds were excluded from the above analyses ( n  = 92) to avoid pseu-
doreplication: the samples used in the above analysis have all been collected from 
different individuals (Pre feeding:  n  = 9; 6 days feeding:  n  = 22; 11 days feeding: 
 n  = 26; 21 days feeding:  n  = 35). However, in the context of chemical profi les being 
used as individual signature, it is interesting to investigate the “consistency” of such 
signals (i.e. if individuals maintain a coherent signature in the face of dietary 
changes). To this end, we performed a separate analysis—'Response of individual 
birds to food supplementation'—testing for effect of diet on individual birds that 
were captured during more than one sampling period. Because of a smaller sample 
size ( n  = 15 different individuals), we split the 30 replicate samples into two groups: 
“sampling period 1,” comprised of birds fi rst captured 5 days after the beginning of 
diet supplementation, and “later sampling periods,” comprised of the same individu-
als recaptured 5 or 14–16 days later. To analyze multivariate responses from repeated 
samples, PERMANOVA was carried out using vegan function Adonis to obtain a 
value for the model pseudo- F  ratio. Then, specifying a custom permutation scheme 
to take into account dependency of data points, a “trustworthy”  P -value was obtained 
via a randomization test, with 1999 permutations restricted within individuals.    
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33.3     Results 

33.3.1     Effect of Diet Treatment and Sex 

  Clustering based on  the   diet treatment did not appear to be supported either in the 
 NMDS   or in the CAP ordination (Fig.  33.1a, b ). CAP analysis did not highlight any 
signifi cant differences among pre-diet supplementation and the three diet time 
points. The squared correlations of the three canonical axes extracted from 7 PCO 
( δ  2  1  = 0.211,  δ  2  2  = 0.082, and  δ  2  3  = 0.025) were not signifi cantly higher than correla-
tions obtained by random permutation of the observations (number of permuta-
tions = 9999, trace statistic = 0.319,  P  = 0.10). “Leave-one-out allocation” of 
observations to pre-specifi ed groups resulted in 36 % of cases being correctly clas-
sifi ed, which is similar to the proportion of observations correctly classifi ed by 
chance alone, i.e. 28 % (for details of this calculation, see Tabachnick and Fidell 
 2006 , p. 404). A two-way PERMANOVA also yielded non-signifi cant results for 
both feeding treatment (Pseudo- F  3,84  = 1.47,  P  = 0.082) and sex (Pseudo- F  1,84  = 1.37, 
 P  = 0.19). Sex × Treatment interaction was tested in a previous model, found to be 
non-signifi cant ( P  = 0.97), and therefore removed from the fi nal model. Thus, there 
was no evidence that food supplementation or sex affected the preen wax profi les of 
silvereyes. 

33.3.2        Effect of Collection Date 

  As  our   experiment was carried out over a period of several weeks, seasonal changes 
in preen wax composition may have affected the results. To determine if seasonal 
changes were apparent in our study, we examined the effect of collection date on 
preen wax composition. No change with date was detected during the course of the 

  Fig. 33.1    ( a )  NMDS   plot from unconstrained ordination and ( b )  CAP   plot from constrained anal-
ysis of preen wax profi les from independent samples collected during the feeding experiment. 
Each point corresponds to one individual, i.e. one chemical profi le       
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experiment. Canonical Correlation Analysis of multivariate profi les correlation 
with sampling date was not signifi cant (One canonical axis extracted from 4 PCO, 
 δ  2  1  = 0.079, trace statistic = 0.079,  P  = 0.12). It is important to note that the number 
of PCO upon which to draw the axis is chosen in this case to minimize the residual 
sum of squares, rather than to maximize the proportion of correctly classifi ed obser-
vations (i.e. using a continuous variable rather than a grouping factor to classify 
against). PERMANOVA on the same dataset also did not reveal any signifi cant dif-
ferences (Pseudo- F  1,90  = 1.47,  P  = 0.16). Both analyses suggest date had no effect on 
the profi les of preen wax over the course of the supplementation experiment .  

33.3.3       Response of Individual Birds to Food Supplementation 

   Birds   sampled during feeding period 1 and recaptured during feeding period 2 or 3 
did not exhibit any signifi cant change in preen wax profi le (repeated measures 
PERMANOVA: Pseudo- F  1,28  = 0.68,  P  = 0.36). Preen wax profi les did not appear to 
mirror the duration of diet supplementation: the preen wax profi les were either 
unchanged (see example in Fig.  33.2 ) or the change was not unidirectional. This 
lack of any consistent change between sampling periods suggests the feeding regime 
was an unlikely explanation for such diffused changes (Fig.  33.3 ). In contrast, two 

  Fig. 33.2    Example of a silvereye’s chemical profi le. For graphical clarity, only a subsection of the 
chromatogram is displayed, centered around the ester section of the preen wax (Rt: 32–52 min). 
Pictured here are chromatograms obtained from a recaptured individual (SE50): the profi le remains 
substantially unchanged between sampling period 1 compared to sampling period 3       
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artifi cial datasets produced by simulating a big or small effect of feeding on the 
preen wax profi le resulted in both a signifi cant repeated measures PERMANOVA 
and a  NMDS   plot that clearly highlighted the clustering of samples based on feed-
ing status (see Online Supplementary material). 

33.4          Discussion 

   Dietary   fat supplementation did not affect preen wax composition in silvereyes, 
both in the population as a whole and within individuals. The remarkable consis-
tency of chemical profi les of silvereyes in the face of sizeable changes in dietary 
intake would suggest preen wax composition is largely controlled endogenously, 
and thus our study supports the hypothesis that preen wax in silvereyes would qual-
ify as a state signal that carries information about the physiological and genetic 
attributes of an individual (Bonadonna and Mardon  2013 ). 

 As direct incorporation of fat from food into the preen wax seems unlikely 
(Noble et al.  1963 ; Buckner and Kolattukudy  1975 ), it is still possible that changes 
in energetic intake could stimulate hormonal synthesis or release which would in 
turn infl uence the activity of the uropygial gland. The uropygial gland is particularly 
rich in receptors for steroid hormones and the activity of the gland is known to be 

  Fig. 33.3     NMDS   plot, multivariate intra-individual (repeated measures) comparison: lines con-
nect preen wax profi les from 15 individuals sampled in period 1 (black) and periods 2 or 3 (red)       
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under the infl uence of hormones (Asnani and Ramachandran  1993 ; Whittaker et al. 
 2011 ). Furthermore, the enzymes responsible for fatty acid synthesis and modifi ca-
tion are genetically determined, and their activity is endogenously regulated (Bohnet 
et al.  1991 ; Kolattukudy et al.  1991 ). The absence of an effect in our study could 
indicate that the diet supplementation period was too short for such hormonal modi-
fi cations to be instated. However, steroid-induced stimulation is known to act within 
hours in humans (Falkenstein et al.  2000 ), and acute steroidogenesis, which could 
be enhanced by increased dietary fats, occurs in a matter of hours (Miller and Bose 
 2011 ). The timing of our experiment, therefore, seems to be long enough to allow 
detection of such indirect effects. Given that our feeding protocol is known to 
change both the fat reserves and singing behavior of silvereyes within a 24 h period 
(Barnett and Briskie  2007 ), it also seems unlikely that we failed to induce any 
change in preen wax because of inadequate exposure to the treatment. 

 Another possible explanation for the failure of our experiment to change preen 
wax composition is that physiological pathways of preen wax production are com-
pletely fi xed. However, preen wax composition in silvereyes is known to vary sea-
sonally, changing between non-breeding and breeding seasons (Fluen (2008),  our 
unpublished data ). This is a pattern found in many species of birds and typically 
involves a decrease in the production of more volatile monoesters (and increase of 
less volatile diesters) when individuals are nesting, perhaps as an adaptation to cam-
oufl age nests from predators that use olfaction to locate their prey (Reneerkens et al. 
 2005 ). Seasonal changes in the preen wax of silvereyes indicates that preen wax 
production is not completely fi xed, but instead that any changes are presumably the 
result of endogenous mechanisms (e.g. hormonal states) accompanying breeding, 
and not local changes in the type and quantity of food available. 

 Although we did not fi nd any signifi cant change in preen wax composition in 
silvereyes, it is possible that providing supplemental food may have increased the 
amount or volume of wax produced per unit time. An increase in the rate of preen 
wax production could then be used as a signal, with those individuals producing 
more wax (and presumably more persistent odor signals), conveying their better 
condition, in a manner analogous to studies showing high quality individuals having 
more colorful plumages, or more complex song repertoires (e.g. Hill  1991 ). 
Unfortunately, it was not feasible to reliably measure the volume of preen wax pro-
duction in silvereyes in our experiment. 

 The lack of a change in preen wax with diet is consistent with the hypothesis that 
such compounds could be used as reliable chemosignals. Previous workers have 
found evidence that chemosignals are used by birds for species recognition 
(Bonadonna and Mardon  2010 ; Zhang et al.  2013 ; Krause et al.  2014 ), for kin rec-
ognition (Coffi n et al.  2011 ; Krause et al.  2012 ), and for homing to the nest 
(Bonadonna and Bretagnolle  2002 ; Krause and Caspers  2012 ). All functions require 
a relatively stable odor profi le, that can (a) reliably convey information about the 
genetic make-up of an individual or (b) be recognizable over time in order to be 
used as an effective cue for locating and returning to the nest. Equally, if avian che-
mosignals are to function as cues for reproduction, (i.e. convey information about the 
sexual maturity and/or sexual receptiveness of an individual) (Bohnet et al.  1991 ; 

L. Azzani et al.



521

Hirao et al.  2009 ), the chemical profi le has to be robust to transient changes such as 
those introduced by diet. Nevertheless, at present it is not known if the odors pro-
duced by preen wax are used by silvereyes in communication. There are no sexual 
differences in preen wax composition between males and females, as is found in 
other species. It bears noticing that the similarity in preen wax composition between 
the sexes in silvereyes could be related to the fact that both males and females share 
in incubation and brooding. However, allopreening behavior is common in silver-
eyes and occurs regularly between members of a pair, between siblings in a nest, 
and between parents and offspring (Kikkawa and Wilson  1983 ). Allopreening puts 
individuals in direct contact with the preen wax (and thus odors) of other individu-
als, and thus has the potential to be used for individual recognition and perhaps 
measures of quality. 

 The extent to which birds use chemical signals is species-specifi c, possibly 
related to the ecology of a species and to the greater or lesser extent to which it can 
use other senses (Martin  2012 ). Comparative studies have only been undertaken 
within Procellariiformes (Bonadonna and Bretagnolle  2002 ; Cunningham  2003 ), 
but other species also use olfactory cues for predator detection (Amo et al.  2011 ) 
although this ability is not universal (Johnson et al.  2011 ). It is possible that species 
which use endogenous olfactory cues as state signals show little modifi cation of 
their profi le in response to diet (for the reasons stated above), whereas species that 
do not rely on a signaling function could have a less “stable” profi le, but there are 
too few studies at present to examine this hypothesis. 

 Our experiment only manipulated one aspect of the silvereye diet (i.e. fat intake) 
and we cannot rule out that other changes to diet might induce compositional 
changes in preen wax. Fat was chosen because of the effect it has on body mass and 
fat reserves, as well as on dawn chorus performance (Barnett and Briskie  2007 ) and 
breeding behavior in silvereyes (Barnett and Briskie  2010 ). It would be worthwhile 
manipulating the diet of silvereyes in other ways to determine whether the lack of 
change we observed is a general pattern across all types of diets. Lab studies have 
the advantage in that diet can be manipulated under controlled conditions as our use 
of wild birds meant it was not possible to control an individual’s entire diet. 
However, fi eld experiments have the undoubted value of mirroring what happens 
under natural diet variations. As our study is the fi rst to determine whether diet can 
alter preen wax in a wild bird, further trials are needed to confi rm that any diet- 
induced changes in the lab are likely to occur in the wild. 

 Finally, despite the fact that we did not detect any signifi cant change in the pro-
fi les of preen wax in relation to either sex, date or diet supplementation, does not 
mean preen wax composition is identical between individuals. Both the analyses on 
independent samples and on recaptured birds showed that there is remarkable varia-
tion among individuals. Our results indicate this variation is not correlated to diet, 
sex or seasonality. However, our results do not reveal the factors responsible for the 
differences in preen wax composition among individuals. The next step is to deter-
mine whether the variation observed in chemometric analyses of preen wax can be 
perceived by the birds, and if so, what role this variation plays in either intra- or 
inter-specifi c communication.      
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