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EPIGRAPH

Before you cross the street take my hand.
Life is what happens to you while you're busy making other plans.

-John Lennon
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PREFACE

I got my first break when, as an undergraduate in the Department of Zoology at
the University of Texas at Austin, Dr. Michael J. Ryan asked me what I was doing for
the summer.

“Probably working at REI and taking Physics,” I said. “Why?”

“I was going to ask you if you wanted to go to Panama to work at the
Smithsonian Tropical Research Institute.”

“Did I say physics? I meant Panama. Yeah Panama!”

Sitting in a darkened lab being blasted with electronic whines and chucks well
into the early morning hours would drive most people to pre-med. For me, it was
profound and thrilling. We caught frogs, brought them inside and played sounds to them
from a computer. With each hop, the frogs were answering fundamental questions
about evolution.

I started my graduate training at Duke University where I learned a great deal
about biomechanics and bioacoustics. In a lab devoted to the study of birdsong
mechanisms, | began work to build a project on the evolution of vocal sacs in frogs. 1
had found a pair of species with a wide and well-studied hybrid zone where one species,
the fire-bellied toad (Bombina bombina) had a vocal sac and its closest relative, the
yellow-bellied toad (Bombina variegata) didn’t. Hybrids were intermediate, which was
possible only because the vocal sac in this group wasn’t an independent structure, but
more of a distension of the buccal cavity.

This would have been a great study to do except for two challenges. First, the

hybrid zone was in the middle of Bosnia which was slipping into sectarian warfare.
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Secondly, the Duke environment proved a poor fit for me personally. I left the program
with a Master’s degree and a handful of captive frogs.

I was supremely fortunate to find a new home in the Vehrenbury Lab where I
could pursue my interest in signal evolution. I initially intended to stick with the
Bombina system. One day Jack Bradbury pulled out the video tape of a displaying male
sage grouse and said, “You think frog vocal sacs are cool, well check these out.” I
pretty much knew that my frog days were over right then and there.

We talked about the possible functions of the paired air sacs used by male sage
grouse in their strut displays. I had no idea what to suggest based on the frog work. As I
dug into the literature, I realized that, though much more spottily distributed than in
frogs, many bird species also had vocal sacs and that some appeared to be used in vocal
displays. Even more intriguing, no one had then tackled the functions of avian vocal
sacs or even asked the relevant questions about mechanisms. [ was captivated and hence
filling this vacuum became the focus of my thesis.

The thesis is divided into three parts. The first is a general review of what is
known about vocal sacs in birds. 1 discuss some of the possible functions, and what
little is known about the mechanisms achieving those functions. My major attention in
this chapter is given to the dual sacs in grouse, with a narrowing focus on sage grouse.
This review, while not completed at the time, was the springboard for my subsequent
research. In 2002, I was an invited speaker in a symposium on bird vocal
communication as part of the 23 International Ornithological Congress in Beijing. All
speakers provided a short summary of their presentations that were then published

(Dantzker, M.S. and J.W. Bradbury. 2006. Vocal sacs and their role in avian acoustic
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display. Acta Zoologica Sinica 52 (Supplement): 486-488). The current thesis chapter is
a much expanded and updated version of that material. It has not yet been submitted for
publication.

My review only reinforced my interest in Sage Grouse. They make the most
dynamic use of a vocal sac of any animal. Jack and Sandy Vehrencamp had studied
Sage Grouse in prior years with Robert Gibson, but both had recently switched
organisms and study sites. While Dr. Gibson was continuing the research on the sage
grouse mating system, Jack and I felt there was a more mechanistic set of questions to
be asked about the role of the vocal sac that might help explain the evolution of this
extraordinary display.

I set out to test various theories of the functions of the air sacs in Greater Sage-
Grouse and I knew I would have to make extensive acoustic measurements on the leks
where males display. My first field season using array recordings around strutting
males proved to be a wakeup call. On analysis, the recordings seemed to point to
interesting phenomena but were terribly inconsistent and seemed to have systematic
errors. It was clear that I needed help. Jack pointed me down the hill to the Scripps
Institute of Oceanography where acoustical physics was a major topic of study. I found
a patient acoustical mentor in physicist Dr. Grant Deane. With Grant’s help, I found that
the problem I was having was principally due to my not factoring in the variability of
sound propagation in the environment.

I knew from the bioacoustics literature that sound propagation near the ground
presented additional challenges to both the birds and biologists. Clearly no

measurements of male display acoustics could be interpreted without a suitable model
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for sound propagation at the ground and under natural field conditions during the lek
season. Grant and I developed a model of sound propagation in the environment that we
then tested against extensive (and hard won) field data collected during lek seasons in
California's Eastern Sierras. The results of this work constitute the content of Chapter 2
of this thesis. This chapter has not been submitted for publication but hopefully is now
ready.

Finally, I turned to testing possible functions of the paired air sacs used in
displays by male Greater Sage Grouse. Earlier studies by my advisor and his colleagues
gave hints that strut sound amplitudes might be one of the criteria used by females in
mate choice, but they had experienced considerable difficulty in obtaining consistent
measurements from a given male. Part of this problem might have been variations in
sound propagation processes at different temperatures or ground conditions. I hoped to
account for this source of the variability with the results of Chapter 2. But there were
still other possibilities suggested by my review in Chapter 1. If the main sources of
emitted sound during a strut were the two sacs, there was a possibility that the waves
emitted from the two nearby sources could interfere and generate a complex sound field
around the bird. If so, the standardized procedure of recording a male only when he
faced the microphone might give variable and even erroneous measures of amplitude.
This is why I set out to record male strut displays in the field with a microphone array
system. This would allow me to characterize the shape of the sound field around each
male and use the peak lobes as the best measure of display amplitude but only if I could
account for the transmission loss along each path.

There were no commercial systems or software available at the time, so I had to

Xiv



devise my own. Luckily, my advisor and I had written and received two NSF grants to
fund the relevant equipment, field costs, and computers (NSF IBN-9701201 and NSF
IBN-940621). The system design was quite technically challenging and collecting
sufficient data in the field required several very challenging lek seasons. Dr. Deane was
a major collaborator in this project and provided key insights at every stage. The results
constitute the third chapter of my thesis and this work has been published (Dantzker,
M.S, Grant B. Deane, and J.W. Bradbury. 1999. Directional acoustic radiation in the
strut display of male sage grouse, Centrocercus urophasianus. Journal of Experimental

Biology 202: 2893-2909).
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ABSTRACT OF THE DISSERTATION

Acoustic communication in the Greater Sage-Grouse (Centrocercus urophasianus)
an examination into vocal sacs, sound propagation, and signal directionality

by

Marc Steven Dantzker
Doctor of Philosophy in Biology
University of California, San Diego, 2015

Professor Jack W. Bradbury, Chair

The thesis is an inquiry into the acoustic communication of a very unusual avian
species, the Greater Sage-Grouse, Centrocercus urophasianus. One of the most
outstanding features of this animal's dynamic mating display is its use of paired air sacs
that emerge explosively from an esophageal pouch. My first line of inquiry into this
system is a review of the form and function of similar vocal apparatuses, collectively
called vocal sacs, in birds. Next, with a combination of mathematical models and field
measurements, My collaborator and I investigate the acoustic environment where the

Greater Sage-Grouse display. The complexities of this acoustic environment are
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relevant both to the birds and to the subsequent examinations of the display's properties.
Finally, my collaborators and I examine a cryptic component of the acoustic display —
directionality — which we measured simultaneously from multiple locations around

free moving grouse on their mating grounds.
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CHAPTER 1:

Vocal sacs and their role in avian acoustic display

ABSTRACT

Much progress has been made in understanding the fundamental role of the
avian syrinx in generating vocalizations. However, there is growing recognition that the
rest of the avian vocal system may play an equally important part in sound production
and emission. Here I examine the role that one such secondary structure, the avian vocal
sac, may play in shaping the avian voice, addressing its function in chamber resonance,
membrane resonance, acoustic coupling, directionality, and percussion. Special
attention is given to the Greater Sage-Grouse, Centrocercus urophasianus, with its

paired vocal sacs and unique strut display.



INTRODUCTION

The process of acoustic signaling can be understood as following three
somewhat distinct stages — production, propagation, and reception. There are many
degrees of freedom and constraints in each of these stages, the sum of which helps
shape signal evolution (Bradbury & Vehrencamp, 2011). Here, I focus on the sound
production stage.

Production is the process of creating and modifying vibrations, then transmitting
them into the surrounding medium (here, air). This usually entails a primary vibration
source, vibration modification in the internal environment, and finally emission into the
air. | introduce each stage with a look at some of the more common variations in form
found with special emphasis on birds. Thereafter I examine the role of a structure found
in many terrestrial vertebrate taxa but not usually associated with birds, a vocal sac.

Vibration Sources

Most bird vocalizations begin in the syrinx — a uniquely avian voice-box built
around specialized vibrating valves near the tracheal-bronchial split (King, 1989).
Unlike the larynx and its vocal folds, the form of which is remarkably conserved across
terrestrial vertebrates from frogs to mammals, the syrinx has proved evolutionarily
labile. The syrinx is found in various forms in a variety of positions along the airway of
different avian taxa (reviewed in King, 1989; and more recently in Bradbury &
Vehrencamp, 2011). Physiologists have spent decades determining how the most
common form of syrinx, the tracheobronchial syrinx, works (Goller & Larsen, 1997,
2002; Suthers et al., 1999; Larsen & Goller, 1999, 2002; Larsen et al., 2006; Jensen et

al., 2007). Syringes whose vibratory membranes are elsewhere in the trachea or bronchi



have received less attention (but see Gaunt et al., 1976 on domestic chickens; Suthers &
Hector, 1982 on Grey Swiftlets; Krakauer et al. 2009 on Greater Sage-Grouse). Surely
there are still many puzzles to be solved.

Not all avian acoustic communication starts in a syrinx; birds have other ways of
making sound. Feathers can be used to create sound either by percussion as in some
manakins (Bostwick, 2000) and Ruffed Grouse, through stridulation as in sage grouse
(Hjorth, 1970), and manakins (Bostwick, 2000), by aeroelastic flutter (Clark & Feo,
2008; Clark et al., 2013), or possibly by true vortex whistling (Fletcher 1992). All that
said, most avian acoustic communication is vocal and produced internally with a syrinx.

Vibration Modification

When sounds are created internally, as they are with a larynx or syrinx, they are
subject to modification by the structures and spaces in and around the airway'. These
supplemental acoustic structures filter, amplify, radiate, and spatially configure the
radiated vibrations. It has long been realized that the upper vocal tract of mammals acts
as a resonance filter (reviewed by Fletcher, 1992). Acousticians have demonstrated the
importance of the pharyngeal and other vocal tract anatomy on species such as lions,
domestic cats, and non-human primates (Fitch & Hauser, 1995; Fitch, 1997, 2000;
Weissengruber, 2002; Gamba et al., 2012). In great apes, anatomical changes to the
vocal tract were an essential precondition for the evolution of human speech (Fitch,

2010).

' While it is helpful to consider modification as a separate step in sound production, there can
be an interaction between the vibration source and the resonance of the vocal track that feeds
back to alter the vibration pattern itself (Nowicki & Capranica, 1986; Mergell and Herzel, 1997;
Riede et al., 2000,).



The syrinx is farther down the airway than the larynx so there is even more
opportunity for the evolution of secondary acoustic structures. In fact, one adaptation
that has evolved independently in multiple taxa is the extreme elongation of the trachea
(Figure 1 and reviews by McLelland, 1989; Fitch, 1999) pushing the syrinx farther and
farther away from the beak. This elongation appears to be an adaptation for size
exaggeration, not by lowering frequency but by altering formant dispersion which is
perceived as “richer” or “more resonant.” This is an acoustic adaptation that works well
for the broadband sounds of many non-songbirds, but the more musical song of

passerines present a distinct challenge.



Figure 1. Four types of tracheal elongation. (a) intraclavicular coiling in the
Crested Guinea-Fowl, Guttera edouardii; (b) intrathoracic coiling in the European
Spoonbill, Platalea leucorodia; (¢) intrasternal coiling in the trumpeter swan, Cygnus
buccinator; and (d) subdermal coiling in the Trumpet Manucode, Manucodia
keraudrenii. From Fitch, 1999.



Some bird songs are tonal, and these represent a particular acoustic challenge
that many thought couldn’t be explained by a source-filter model (e.g. Grenwalt, 1968).
Tonal song has no overtones, and in many cases frequency modulation occurs rapidly
without the appearance of any harmonics. In a source-filter model, to accomplish this,
the vocal-tract filter must be narrow band and variable. Heliox experiments
demonstrated that the vocal tract was responsible for the tonality of birdsong (Nowicki,
1987) but, at the time, the mechanism was unknown. Later, recordings made with
implanted microphones directly demonstrated that filtering was responsible for tonal
song (Beckers et al., 2003), at least in some doves.

Biologists did not know how songbirds could possibly reshape their vocal tract
filter sufficiently to filter their highly variable sounds. The importance of aspects of the
vocal tract beyond length became clearer with studies of beak posture (Westneat et al.,
1993), which demonstrated an association between beak movements and vocalization.
Others have found that the evolution of beak morphology for changes in feeding
strategies can drive the diversification of vocal signals (Podos, 2001). But there are
clear limits to the “rigid tube with variable opening” model that beak shape and
movements can contribute to the capability of vocal tract filtering (Fletcher &
Tarnopolsky, 1999) so acousticians have looked further. More advanced theoretical
models later showed that adding the filtering components of other coupled vocal organs,
in this case a distensible vocal cavity, would better explain the precise filtering required
for songbird song (Fletcher et al., 2006). Researchers then used cineradiography to
show that cardinals coordinate movements of the hyoid skeleton and the expansion of

the cranial end of the esophagus during sound production (Riede et al., 2006). These



movements are consistent with the theoretical model and, taken together with that
model, show how the precise nature of the vocal tract and associated structures can be
critical to understanding the mechanism of sound production. Given the wide variety of
sounds birds make, and the variety of associated structures they have available, there
are clearly myriad other structures and mechanisms left to examine.

One such trait that has evolved multiple times in birds, yet has received almost
no attention as a general phenomenon, is the vocal sac (Dantzker & Bradbury, 2006;
Bradbury & Vehrencamp, 2011). All birds have air sacs as part of their respiratory
system but these are not known to play a role in acoustics beyond their role in
respiration. Many birds puff up their gular region to some extent when vocalizing,
which may be a key component of tuning the vocal filter (Fletcher et al., 2006; Riede et
al., 2006). However these minor expansions are not vocal sacs.

The vocal sac

Vocal sacs are a specialized structure, near the skin and unbounded by bone on
at least one side, such that they can be inflated and deflated for vocalization. Vocal sacs
protrude from the body but they may be covered by feathers or fur. Vocal sacs have
flexible walls containing elastin, collagen and muscle fibers and thus they collapse
when not under respiratory pressure through both passive and active components (Riede
et al. 2008). Vocal sacs are generally associated with frogs (Figure 2). Except for a
couple of basal clades, almost all frogs have vocal sacs. Frog vocal sacs are diverticula
of the buccal cavity communicating with it through specific apertures (Tyler, 1971,
1972; Duellman & Trueb, 1994; Tyler & Duellman, 1995). There are more than four

thousand species of frogs with vocal sacs, but frogs do not have a monopoly on the



acoustic apparatus.



Figure 2. Tungara frog, Engystomops pustulosus, with inflated vocal sac. Photo
by author.
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The mammalian vocal tract has provided ample fodder for the evolution of
additional chambers (Kelemen, 1963; Negus, 1949) anterior to the vocal chords. Most
of these are not vocal sacs because the structures are of a nearly fixed size regardless of
vocal behavior or they are bounded on all sides by thick tissues or bone (Riede et al.,
2008). The Mongolian Gazelle’s (Procapra gutturosa) throat expansion is seasonal so,
while it changes its posture during roaring, the chamber is fixed and not inflated (Frey
& Gebler, 2003; Frey & Riede, 2003).

True vocal sacs do occur in mammals and some of the most intriguing are found
in our closest relatives (Hewitt et al., 2002; Nishimura et al., 2006). All great apes
except humans have a single fused ventricular sac extending from paired ventricles in
the larynx (Raven, 1950; Starck & Schneider, 1960). The precise function of these air
sacs is debated, but most hypotheses agree they are used in acoustic communication
(Fitch and Hauser 2003; Hewitt et al. 2002). In adult male orangutans (Pongo sp.) the
air sac is visible in the neck region when inflated (Figure 3a). In chimpanzees (Pan sp.)
and gorillas (Gorilla sp.) the air sac extends into the pectoral and axillary regions which
makes it less apparent (Starck & Schneider, 1960). It takes years for the sacks to fully
develop (Nishimura et al., 2007) which I hypothesize may be the reason that only
silverback gorilla’s can do a full hoot-chest beat (Salmi et al. 2013).

Many other primates have laryngeal air sacs. Some of these qualify as vocal
sacs and some do not. Siamangs (Symphalangus syndactylus) have perhaps the most
conspicuous vocal sac of any primate, which both sexes use in their territorial display
(Booth, 1957). The vocal sacs are inflated while vocalizing with mouths closed

creating the “boom” sound, or held full of air while calling with mouth open (Figure 3b)
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producing the “scream” (Riede et al. 2008). While the Siamang is a gibbon, the vocal
sac has the same basic anatomy as the great apes (Starck & Schneider, 1960; Schneider,

1964.)
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Figure 3. Laryngeal air sacs in primates. A) Orangutan, Pongo spp.>. B) Siamang, the
largest of the gibbons, Symphalangus syndactylus.?

* photo by Sean Crane http://photo.net/photodb/photo?photo_id=9837008&size=Ig

3 "Symphalangus syndactylus, Chiba Zoo, Japan" by Suneko -
http://www.flickr.com/photos/suneko/373310729/. Licensed under Creative Commons Attribution 2.0 via
Wikimedia Commons -
http://commons.wikimedia.org/wiki/File:Symphalangus_syndactylus, Chiba Zoo, Japan.jpg#mediaview
er/File:Symphalangus_syndactylus, Chiba_Zoo, Japan.jpg
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As with the air sacs of apes and siamangs, most mammalian vocal sacs are
connected to the airway through apertures in the larynx. One example is the Diana
monkey (Cercopithecus diana) (Riede & ZuRiede et al., 2005). Other mammalian vocal
sacs include the “hubmaseakkha” of reindeer (Rangifer tarandus) (Frey et al., 2007),
and the pharyngeal pouches of male epomophorine bats (Kingdon, 1984).

That said, there are many laryngeally connected chambers that fill with air but
should not be considered vocal sacs. Howler monkeys (4/ouatta spp.) have superficially
similar air cavities, called Bulla hyoidea, below their chins but these are not inflatable
(Riede et al., 2008, Frey & Gebler, 2010). In bears (Ursidae), there is a laryngeal air
sac but it is deep between tissues and its inflation and deflation cannot be seen
externally (Ganzberger et al. 1995; Weissengruber et al., 2001). Musk Oxen (Ovibos
moschatus) also have a very small inflatable chamber adjacent the larynx, but it is deep
inside their thick necks (Frey et al., 2006). None of these are vocal sacs. The only
mammalian vocal sac that is not laryngeal is the super nose-balloon of hooded seals
(Berland, 1966).

BIRDS WITH VOCAL SACS

The throats of most birds expand during vocalization and recent work by Riede,
Fletcher and colleagues explains the significance of this (Fletcher et al., 2006; Riede, T.
et al., 2006). But, no matter how big a bird’s mouth gets, the buccal cavity isn’t a vocal
sac. This is more like the pharyngeal adaptations for mammalian roaring and human
speech. True vocal sacs have evolved in at least eleven distinct avian lineages. There
are three basic anatomical types of vocal sacs — esophageal, tracheal, and gular — and

we shall review the diversity of species and forms in each type, plus a few more
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mysteries.

Esophageal vocal sacs

The most familiar avian vocal sac, at least if you’ve spent any time in an urban
park, is that of the common Rock Pigeon, Columba livia. In fact the same basic
structure is found in many of the approximately 310 pigeon and dove species in the
order Columbiformes (Baptista et al., 1997) . Because their sacs are covered in
feathers, cooing is often described as fluffing up of feathers, but it is actually an inflated
esophagus. One can see the air sac more clearly in some breeds of domesticated fancy
pigeon including the Norwich Cropper, which have been artificially selected to increase
sac volume and inflation behavior. The vocal sac of the dove is also the best studied
avian vocal sac so we will return to a discussion of this structure below in the section on

vocal sac functions (Beckers et al., 2003).



15

Figure 4. Esophageal vocal sac of the Rock Pigeon is inflated in the cooing courtship
display. A) a wild Rock Pigeon male displays to a female®. B) A fancy pigeon breed,
the Norwich Cropper.’.

* "Rock pigeons (Columba livia) courting, taken in Santa Barbara, California " by Dori. Licensed under
CC BY-SA 3.0 US -http://commons.wikimedia.org/wiki/File:Pigeons_courting 4867.jpg

> Norwich Cropper 102 by Mike Krochter is licensed under CC BY-NC 4.0

Based on a work at http://www.vancouverfancypigeon.ca/wintershowreport2012.htm.
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A review of anatomy and observational behavior inevitably takes one into the
deep literature of early naturalists and their observations during collecting expeditions.
That is where we find mention of a number of other feathered esophageal vocal sacs
that have largely not been studied since. One example is found in the American Bittern
(Botaurus lentiginosus), whose vocal sac anatomy was described in 1922 (Figure 5;
Chapin, 1922). Chapin argued that they were a critical vocal apparatus for the

production of the dramatic pump-er-lunk display.
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wem

Figure 5. Photographs of a dead American Bittern inflated and deflated (Chapin, 1922).°

% Photographs from Chapin, 1922. Available at www.jstor.org/stable/4073951
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Many medium to large bustards (Otididae) have esophageal vocal sacs that are
often covered in elaborate feathering; and some but not all inflating bustard species
vocalize while inflated. The Kori Bustard (4rdeotis kori) combines its inflation, called
a “balloon display” with booming (Hellmich J, 1988, Lichtenberg & Hallager, 2007).
While they hold their balloon stance for as long as an hour and don’t vocalize the entire
time, the boom is only made with the vocal sac inflated. Many other bustard species
including the Great Bustard (Ofis tarda), Denham’s Bustard (Neotis denhami),
Australian Bustard (Ardeotis australis) and Great-Indian Bustard (4Ardeotis nigriceps)

combine inflation and booming (Collar, 1996).
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Figure 6. Bustard vocal sacs A) Kori Bustard (4drdeotis kori) balloon display.”. B) Great
Bustard (Otis tarda) vocal sac. P=Pouch (E=Esophagus T=Trachea H=Hyoid
V=Vascular tissue. (*.)

’ Photo by Jalil El Harrar, www.naturfotografie-costa-rica.de
¥ Illustration from Pycraft, 1910 Biodiversity Heritage Library:
www.biodiversitylibrary.org/item/31751
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Buttonquails (family: Turnicidae), which inflate as well, are unique insofar as
they are the only sexually-dimorphic group in which females, not males, have the vocal
sac. The display of the Painted Buttonquail (Turnix varia) “recalls that of the male of
the Common Pigeon, the crop being inflated with air, the while the proud suitor bows
and “coos” to the chosen mate (Pycraft, 1910).” While we can’t be certain without
specific anatomical study, Pycraft’s account implies that the air sac is esophageal. It
isn’t clear if all 16 species of Buttonquail have vocal sacs but it seems likely.

All three Umbrellabirds (Cephalopterus spp.) have pendulous esophageal vocal
sacs (Sick, 1954). The sac is bare in the aptly named Bare-necked Umbrellabird
(Cephalopterus glabricollis, Figure 7A) and covered with feathers in the other two
(Figure 7B). The Bare-necked Umbrellabird’s vocal sac is unique in having a wattle

hanging off of it.
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Figure 7. Vocal sacs of Umbrella birds. A) Displaying wild Bare-necked Umbrellabird
(Cephalopterus glabricollis)’. B) Dead Amazonian umbrellabird, Cephalopterus
ornatus, from (Sick, 1954).

? Photo by Frank Hummel www.birdquest-tours.com/
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A stunning group of chicken-like birds in the family Tetraonidae have
esophageal air sacs that have the distinction of being the only paired vocal sacs in birds.
A few frog species, such the Neotropical veined tree frog (Trachycephalus venulosus)
and the North American wood frog (Lithobates sylvaticus) have paired sacs but grouse
are the only bird examples. The sacs are paired on the surface, but internally, they are
parts of the same expansion of the esophagus. Black grouse (7etrao tetrix) show what
is likely the ancestral condition. They have a single broadly inflatable neck, much like
doves. In North America the three species in the Genus Tympanuchus have paired
apteral regions of bare skin (Figure 8 A). The vocal sacs are brightly colored in all three
species, and it is entirely possible that the acoustic mechanism is identical to the single

vocal sac of black grouse, with an added paired visual component superimposed.
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Figure 8. Grouse vocal sacs. A) Greater Prairie Chicken (Tympanuchus cupido)
booming'’. B) Gunnison Sage-Grouse (Centrocercus minimus) strut display'".

19 photo by Gerrit Vyn
" photo by the author
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The same is less likely for the two species of Sage Grouse (Centrocercus spp.,
Figure 7B), which have a sac that, when put under pressure as part of the display,
clearly becomes a paired structure, even if there is still communication between the two
parts internally. The air sac changes shape so rapidly in the strut display that it is
entirely possible that the vocal sac plays different roles at different moments of the 3
second strut. On the outside of the vocal sac there are stiff feathers that the bird
stridulates like a giiiro. During these wing swishes, the thin membranes may act like the
open end of the musical instrument. Then the air sacs are expelled rapidly and pushed
through the skin by bringing the head down onto them.

Tracheal vocal sacs

Not all avian vocal sacs are esophageal. Some species have an air sac that is
communicated to the vocal tract through an aperture in the trachea. One such vocal sac
is found in the Emu (Dromaius novaehollandiae). Adult emus have large ovoid vocal
sacs on their lower neck that extend up to 35 cm long down to the sternum and are 8-10
cm in diameter (Murie, 1867). Little is known beyond a few dissections over the last
150 years (McLelland, 1989), but it is believed that the sac is larger in females than
males (Murie, 1867). The sac is inflated during low-frequency booming. It appears
that all of the large members of the order Struthioniformes probably have this same
structure. Ostriches (Struthio sp.), and Rheas (Rhea sp.) have both been repeatedly
documented as booming with an inflated air sac (Folch, 1992). More recently
Cassowaries (Casuarius sp.) were observed booming with the neck nearly doubling in
size during inflation (Mack & Jones, 2003). A more recent video by James Reardon

vimeo.com/80171843 clearly demonstrates this inflation in a Dwarf Cassowary
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(Casuarius bennetti). While there are no anatomical studies of the air sacs of these other
Struthioniformes, it is reasonable to presume that they share the same basic anatomy
with a tracheal origin.

Male Ruddy Ducks (Oxyura jamaicensis) and their sister species the Andean
Duck (Oxyura ferruginea) have an air sac that originates from an aperture in the trachea
as well, but in their case just below the larynx (Wetmore, 1917, 1918). They use this in
an unusual display where they pound their bills against the air sac repeatedly (Figure 9,
Johnsgard, 1971; Johnsgard & Carbonell, 1996). Based on similar anatomy in the skins
of other ducks, Wetmore hypothesizes that a number of other duck species likely have
vocal sacs in the same location. Based on current phylogeny, the trait likely occurs in
two other genera, Thalassornis (White-backed Duck), and Nomonyx (Masked duck)
(Wetmore, 1917). If present in all of these species, then tracheal air sacs would have a
disjointed dispersion on the Anatid family tree. Oxyura and Nomonyx are in the same
subfamily with many species that lack air sacs, and Thalassornis is thought to be
distantly related but convergent on other fronts. If so, it would be interesting to know if
the they have the same tracheal origin, or if the anatomical similarity is only skin (sac)

deep.



Figure 9. Ruddy Duck (Oxyura jamaicensis) thumping its air sac.

"2 Photo by Gerrit Vyn.
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Two storks, the Jabiru Stork (Jabiru mycteria) and the somewhat closely related
Marabou Stork (Leptoptilos crumeniferus) both inflate a region in their necks as part of
their displays. The external anatomy is consistent with a tracheal air sac but I can find
no anatomical studies in the literature. These air sacs are often held fully inflated for
lengthy periods in a strictly visual display. However, they are inflated during both
voiced phonation and bill clattering, in which they likely play an acoustic role. The
Marabou has the broadest repertoire of all the storks making moos, whines, whistles and

hiccups during courtship.
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Figure 10. The air sacs of storks: A) Jabiru Stork (Jabiru mycteria)", B) Marabou Stork
(Leptoptilos crumeniferus)".

" photo by Paulo Albuquerque Filho
' creepyanimals.com/2013/04/marabou-stork/
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Gular vocal sacs

While an enlarged buccal cavity isn’t a vocal sac, a gular pouch adapted for
inflation might be. That may be what has happened in the Pelicaniformes, possibly
twice. The five species of Frigatebird (Fregatidae) have bright red medial air sacs
(Figure 10). The flame red is a strong indicator that the sac is used for visual
communication as well, and at least the Frigatebird often inflates its sack when not
vocalizing at all, as in flight (Figure 10b). In a recent review of the family, Orta (1992)
has said this is a gular sac, but it is not clear if this is based on anatomical study. A
hundred years earlier Pycraft (1910) identified this as a cervical air sac, which is almost
certainly not true. Given that the bird can maintain inflation with its mouth open
(Figure 10a), it must have a constriction which, unless it has a tracheal origin, actually

makes this an esophageal air sac that inflates under the skin of the gular region.
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Figure 11. The vocal sac of the Magnificent Frigatebird (Fregata magnificens). A) with
mouth agape B) in flight."”

' Photos by Gerrit Vyn.
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The African pink-backed pelican (Pelecanus rufescens, Figure 12) has been
reported to use its gular pouch to produce sounds. “The inflated pouch may be flapped
from side to side, this movement being likewise accompanied by a blowing sound and
the mandibles may be widely spread, revealing the red interior of the pouch. (Serle,
1943).” It isn’t clear if these are vocal sounds or if these are blowing created at the gular
pouch itself. Without more information this candidate vocal sac gets only an honorable

mention.



Figure 12. Gular pouch of the Pink-backed Pelican (Pelecanus rufescens) '°.

'® “pink backed Pelican (Pelecanus rufenscens)” photo by Anette Mossbacher
http://anettemossbacher.com, licensed under CC BY-NC-ND 3.0

32
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Unknown anatomy and suspect sacs

Air sacs can be quite hard to discern beneath neck and breast plumage so many
other taxa may still be hiding them from biologists. At minimum there have been
suggestions that both the Pectoral Sandpiper (Calidris melanotos) and the African Rail
(Rallus caerulescens) may have sacs (Chapin, 1922) and both have acoustic displays
that are consistent with this early observation.

One of the most exaggerated examples of feather-covered inflation is seen in
Kakapo (Strigops habroptilus), a critically endangered flightless parrot from New
Zealand. Already the largest parrot in the world, during their booming display (Figure
13) they seem to double their body size as part of their rarely-witnessed display
(Merton, 1999, Cockrem 2002). The anatomy of this vocal sac is unknown, or at least

unpublished.
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Figure 13. Illustration of the booming display of the Kakapo (Strigops habroptilus)."”

" by Don Merton. Used by permission from Department of Conservation, New Zealand
kakaporecovery.org.nz/breeding
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VOCAL SAC FUNCTIONS

The air sacs profiled in this review are all proposed to be used in sound
production, which is why I have lumped them in the functional category of vocal sac.
However, the actual role that each inflated structure plays in the production of acoustic
signals remains mostly unstudied for almost all of these examples.

In this section, I will lay out the roles that air sacs could play in an acoustic
system. For each function I will note where research has attributed this function to the
vocal sacs of individual species. I will also propose hypotheses where logical links can
be drawn. While we will continue to focus on birds, we will add mammals and frogs
back into our discussion since lessons from these other taxa can inform our
understanding of birds.

Breathing for Sound Production

In frogs, the vocal sac plays a critical non-acoustic role in the production of the
acoustic signal. Frogs lack a diaphragm so they inhale slowly by gulping air and
pumping it into their lungs using the musculature of their mouths (De Jongh & Gans,
1969). Without a vocal sac to retain the air and strain energy in an elastic structure
between exhalations, frogs would have a much slower maximum call rate at a much
higher energetic cost (Ryan, 1985; Dudley & Rand, 1991; Jaramillo et al., 1997).
Without vocal sacs, frogs would be as soft-spoken as salamanders.

Birds have a far more capable respiratory system. There is no evidence that any

avian vocal sac serves this air-storage return-reserve function as it does for frogs.
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Chamber resonance

Sets of natural resonant frequencies result from the size, shape, and constrictions
of the vocal tract. Introduced vibrations that match the resonant peaks of the vocal tract
will experience a relative gain while others will be selectively filtered out. The addition
of any air filled space can alter the resonant spectrum of the vocal tract and change the
character of the voice. This is the explanation of the effects of opening and closing the
beak (Westneat et al., 1993). Experimental manipulations of beak gape led to a
mismatch between this filter and syringeal output, and the result was less tonal sound
(Hoese et al., 2000). Later studies have questioned whether the beak actually changes
resonance, or if it just attenuates higher frequencies (Nelson et al., 2005). Attention
has recently turned to spaces in the upper vocal tract such as the oropharyngeal-
esophageal cavity (Riede et al. 2006), and restrictions at the larynx (Riede et al., 2004)
that seem to actually change tracheal resonance frequencies (Fletcher et al. 2005).

For larger birds with lower frequency calls, the vocal tract resonance can be
changed with chambers such as the bullae in ducks (King, 1989) or tracheal lengthening
of cranes as discussed earlier. For the lower frequency vocalizations of larger birds,
modifications to resonance by secondary structures like this affect formant dispersal and
shape the richness of the voice. This is still chamber resonance, but the effect of the
resonance on the signal probably arises for distinct reasons (Fitch, 1999).

Can the addition of a “balloon” change the resonant properties of the vocal
tract? Certainly the size and shape of the airway are changed with inflation of such a
sac, and this in turn should result in a change in the resonant peaks. However, there is

some doubt whether a flexibly walled sac can act as an efficient chamber resonator
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because so much sound energy is transferred across the membrane that there is
insufficient overlap of successive vibrations, which is required to amplify or attenuate
particular frequencies (Watkins et al., 1970; Bradbury & Vehrencamp, 2011). When a
frog, for example, is made to vocalize in a helium atmosphere as an assay for this kind
of resonance, there is no evidence that the vocal sac plays a significant role (Capranica
and Moffat, 1983; Rand and Dudley, 1993). In doves, the resonance of the vocal sac
doesn’t change as the volume of the chamber increases as it should if the resonance of
the chamber is serving as an amplifier or filter (Reide et al., 2004).

That the vocal sac of frogs and doves does function for selective chamber
resonance does not necessarily mean that air sacs in other taxa are incapable of such
sound modification. If chamber resonance is a factor, it is likely to be at higher
frequencies or with thicker air sac walls. Perhaps this is the case for Bitterns. It is also
possible that chamber resonance is more important for species that hold their vocal sacs
at a constant volume while they vocalize such as storks, ostriches, and emus.

Selective radiation and coupling

In most birds, internally produced sound is transmitted to the surrounding
medium through the nose or mouth. This seemingly simple process is complicated by
the impedance mismatch between the airway aperture and the open air environment.
Depending on the shape of the aperture, much of the sound may actually be reflected
back into the vocal tract. One way that animals can avoid such transference problems is
to pass the sound through a membrane which has an intermediate impedance value
(Bradbury and Vehrencamp, 2011). An inflated air sac can have a more favorable

impedance match with surrounding air, and therefore be able to transfer sound energy to



38

the environment more efficiently.

This type of trans-membrane sound transfer has another effect, since the
membranes themselves will act as Helmholtz resonators with their own resonant
frequencies. The precise nature of the frequency dependence is determined by the size,
shape, and micro-anatomical makeup of the membrane tissue. In so much as these air
sac walls can be tuned, it is likely that selection will bring the natural resonant
frequencies of membranes in line with important components of species-specific
vocalizations. That is exactly what seems to have occurred in the frogs and doves.

Purgue (1997) showed that various anurans have membrane transfer functions
with peaks that are aligned with key components of species-specific vocalizations. The
anuran vocal sac is an important selective resonator; but it is the transfer function of the
membrane that matters, not that of the chamber. This helps to explain how such small
animals can make such low frequency sounds so loudly. The same measurements that
ruled out chamber resonance for the dove vocal sac showed just how important this
membrane resonance could be. The dove’s vocal sac actually amplified the
fundamental frequency by transferring the energy from the higher frequencies into the
fundamental (Riede et al., 2004).

While no formal studies have been made on the Siamang vocal sac, it appears to
illustrate this phenomenon perfectly since, unlike frogs, these apes vocalize both with
their mouths shut and open. The boom call, made with the mouth shut is nearly tonal
near the resonant frequency of the vocal sac membrane (Riede et al., 2008). In contrast,
when the mouth is opened, even with the vocal sac inflated, vocalizations are rich in

harmonic content (personal obs.). The same differences between open mouthed and
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vocal sac inflating vocalizations holds for both the Lesser and Greater Prairie-Chickens
(Tympanuchus pallidicinctus and T. cupido) (personal obs.).

Selective radiation and coupling might be an important feature of air sacs in
many birds, specifically those that inflate their vocal sac while vocalizing such as the
Kakapo and some elements of the Greater Sage-Grouse strut display. It is not clear if
this could be a factor in species that limit inflation to calling, but rather exhibit inflated
balloons for long quiet periods as do the Frigatebirds and Storks.

Rapid modulation of resonance

Rapid changes in sac volume or shape might also cause fluctuations in
resonance effects and thus create qualitatively novel sounds. Such an effect is likely to
be found in animals that use their sacs in a dynamic fashion such as both species of
Sage Grouse (Centrocercus spp.) or the Bare-Necked Umbrellabird (Cephalopterus
glabricollis). Through rapid body movements and muscle contractions, these birds
modify the shape of their vocal sacs wildly during display, creating rapid changes in the
shape of the sac, which might alter chamber resonant profiles. At least in Sage Grouse,
this also modulates the size and thickness of tympanic portion of the membrane, which
could affect its resonance profile. The bare-necked umbrellabird has a fleshy projection
attached to the middle-bottom of its air sac (Crandall, 1945) that might serve as a

weight to help modulate the resonance.
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Directionality

Air sacs that are used to couple sound to the environment have the potential to
modify more than just the frequency composition of those sounds. This mode of
radiation also alters the shape of the sound field significantly. An animal that relies on
expired air to carry the pressure waves from its mouth or beak into the environment will
have an acoustic field generally biased forwards. The intensity of the waves will be
much greater in line with the opening, and have frequency-dependent lobes of lower
intensity to the sides and rear (Patricelli et al. 2007). In contrast, a single air sac
emitting sound will likely act as an acoustic monopole where pressure waves are of
nearly equal intensity in all directions. This is generally what has been found in anurans
with a single vocal sac (Gerhardt, 1975).

It is less clear what pattern would be radiated from paired sacs since two nearby
radiators could generate interference. This type of interference has been demonstrated
for horseshoe and leaf-nosed bats that emit sounds for both nares (Thomas et al. 2002).
It 1s possible that paired vocal sacs, such as those in grouse, may create interference
patterns that, depending on the distance between the sacs, frequencies, and phase
differential between the sacs. This could lead to directional sound fields that may be
advantageous for communication. Bradbury (personal communication) has suggested
that components of the vocalization of the Greater Sage-Grouse are less apparent head-
on. Ifthis is confirmed, it might be due to this type of interference.

Acoustic directionality may be a hidden factor in many species. Patricelli and
colleagues (including myself) have found adaptive differences in directionality between

vocalization types in songbirds (Partrcelli et al. 2007; Yorzinski & Patricelli 2010).
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Moreover, Frey (2007) suggested that the vocal system of the reindeer allows for
sideways projection for ‘broadside acoustic display.” Neither of these examples include
vocal sacs, but as argued above, species with multiple sacs may indeed prove to have
unusual sound fields as a result.

Percussion

In some cases, air sacs may serve not only in the modification of syringeally
produced sounds, but also in the production of novel vibrations. Vocal sacs are clearly
used as drums to be struck with the bill in male ruddy ducks and the hands in gorillas.
The bare-necked umbrellabird shakes its body from side to side, and the fleshy
projection on its vocal sac slaps rhythmically back and forth against the inflated sac to
produce a drumming sound (Crandall, 1945). In the sage grouse there are no projections
to bang against the inflated air sacs. Instead, the paired air sacs are slapped against each
other, possibly producing the loud “pop” components of the display. These may be
examples of percussion but it is important to bear in mind that the sound produced by
percussion may not be the primary reason for the behavior. Rather, the behavior might
serve more to start rapid movement of the air sac membrane to lead to the dynamic
modulation of resonant and/or consequent radiation patterns.

In other species percussion is adjacent to a constantly inflated air sac, such as
beak clattering in Storks and Frigatebirds. In these cases the air sac might ring in

response to the percussion.
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Conclusions

Evolutionary biologists see convergence as a signpost for adaptation. The vocal
sac appears to be an excellent example of such convergent evolution given that it has
evolved independently at least eight times in birds. However, the complexity and
diversity of the ways that vocal sacs are used, and the different physical processes that
seem to be invoked in different species, suggest that considerably more research on
different vocal sac systems will be needed to determine whether this, and other
secondary acoustic structures in birds, follow common rules.
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CHAPTER 2:

Environmental Acoustics of Near Ground Communication: Acoustic

adaptation and the Greater Sage-Grouse, Centrocercus urophasianus

ABSTRACT

Environmental effects on propagating sound can drive signal evolution but our
restricted understanding of the physics of acoustic degradation hampers our efforts to
understand the nature and degree of this acoustic adaptation. Here we present a model
of transmission loss in near-ground non-reverberative environments. This model allows
us to understand and predict the effects of changing habitat or of source-receiver
geometry on frequency-dependent transmission loss; however, one major question is
whether there is sufficient physical theory to predict propagation in a specific context,
or whether direct measurement is the only option. Here we extend the classical models
of sound propagation near the ground, estimate the relative parameters, and compare
model predictions of sound propagation across a Greater Sage-Grouse lek to direct
measurements. We find that our three-component model adequately predicts
propagation on the lek but within a limited frequency range and temperature regime.
While this model may have limited applicability, invoking it suggested solutions to
several puzzling behaviors of the grouse on the leks. We thus see the combined use of

appropriate  models and direct measurements as the best research strategy.
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INTRODUCTION

It’s not what’s said, but what’s heard that is communicated. Sound is degraded
by the environment through which it propagates, often making what is heard
significantly different from what is said. When the fidelity or range of the message is
important, the environment can exert selection on senders to account for degradation
patterns in their signaling behavior. Patterns of acoustic degradation can vary with
habitat, time of day, and the relative positions of the sender and receiver (Embleton,
1996). Signaling behavior can be shaped by these environmental effects whenever a
population experiences predictable, or predictably variable, patterns of acoustic
degradation. All aspects of acoustic signaling behavior can be affected, including the
temporal and frequency properties of the vocalizations, as well as where and when those
sounds are broadcast.

The degree to which acoustic communication is shaped by the propagation
environment has been of broad interest since Morton proposed that differences between
the frequencies used in songs of birds that live in different habits are due to habitat-
specific degradation (attenuation) (Morton, 1975). This seminal work was followed by
studies of Marten and Marler suggesting that singing perch height plays an even more
significant role on acoustic degradation than does overall habitat structure (Marten &
Marler, 1977; Marten et al., 1977). The methodologies of these early studies, as well as
the generality of their conclusions, have been justifiably criticized (Wiley & Richards,
1978; Roberts et al., 1979; Roberts et al., 1981; Wiley & Richards, 1982). However,

the basic findings of this collective work, that both habitat type and microhabitat
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selection can shape acoustic communication, are now supported by the results of many
studies (Bradbury and Vehrencamp, 2011).

This hypothesis, sometimes referred to as the Acoustic Adaptation Hypothesis
(Morton, 1975; Hansen, 1979; Rothstein & Fleischer, 1987; Wiley, 1991), has been
investigated with varied results across a broad suite of taxa and habitats (Boncoraglio &
Saino 2007, Bradbury and Vehrencamp, 2011). While the results of some of these
studies have generally agreed with this hypothesis (Hansen, 1979; Hunter & Krebs,
1979; Gish & Morton, 1981; Lemon et al., 1981; Shy 1983; Cosens & Falls, 1984;
Anderson & Conner, 1985; Ryan & Brenowitz, 1985; Sorjonen, 1986; Handford, &
Lougheed, 1991; Wiley, 1991; Dabelsteen et al., 1993; Tubaro & Segura, 1994;
Mathevon et al., 1996; Badyaev & Leaf, 1997; Crawford et al.,1997; Mitani & Stuht,
1998; Doutrelant &Lambrechts, 2001; Nemeth et al., 2001; Balsby et al., 2003; Lugli et
al., 2003; Nelson, 2003; Christie et al., 2004; Couldridge & van Staaden, 2004,
Kopuchian et al., 2004; Patton et al., 2004; Mathevon et al., 2004; Nicholls & Goldizen,
2006; Sugiura et al., 2006; Tubaro & Lijtmaer, 2006), others have failed to find
convincing evidence that species specific sounds have been shaped by environmental
effects (Lougheed & Handford, 1992; Williams & Slater, 1993; Daniel & Blumstein,
1998; Penna & Solis, 1998; Kime et al., 2000; Brown & Handford, 2000; Sueur &
Aubin, 2003; Blumstein & Turner, 2005; Saunders & Slotow, 2004; Boncoraglio &
Saino, 2007; Jain & Balakrishnan, 2012). Some of the variation in these results is due,
not to differences in the response of signaling behavior to environmental selection, but
to differences in either the scale or methodology of the investigations. Progress has

been hampered by a dearth of understanding of sound propagation physics and the lack
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of suitably complex yet usable models of sound propagation in the environment. In this
study, we examine the acoustic environment of a Greater Sage-Grouse lek using a
combination of in situ measurements and acoustical modeling.

During the mating season, the male Greater Sage-Grouse (Centrocercus
urophasianus) of Mono county California gather mostly on alkali flats to strut for
females. The alkali flats are indeed quite flat and, owing to their inhospitable soil, are
free of standing vegetation. The relative homogeneity of this habitat makes it
reasonable to develop an acoustic propagation model. Both the dancing males and the
searching females are standing on the ground so the dominant feature of the acoustic
environment is the ground itself. While this model is explicitly for flat, open habitats,
it can be generalized to approximate conditions faced by many other organisms,
especially other lekking grouse. In addition, the acoustics of this system are of broad
relevance insofar as the ground plays a dominant role in shaping degradation patterns in
even more complex and heterogeneous habitats whenever communication occurs near

this reflective boundary.
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MATERIALS AND METHODS

Field Recordings

All acoustic measurements were made at Lek 8 in Long Valley, Mono County,
California, USA (37°40°N, 118°50°W) from April 4 to 21 of 1997, during the period of
high display activity. Lek 8, like most of the leks in this region, is located on a mostly
flat alkali meadow surrounded by rolling hills of sagebrush. The vegetation on the
meadow (Carex sp. and saltgrass) was sparse and low.

Our method for the measurement of transmission loss is described in detail in
previous work (see Appendices A and B of Dantzker et al., 1999). Therefore, only a
brief summary is included here.

The acoustic system had the following components. For a sound source, a
Kudelski powered speaker was driven by a Stanford Research DS340 function
generator or a recording of the function generator. The receiver channels were
Audiotechnica MB1000OL microphones coupled to a custom-built amplifier through
impedance-matching transformers. We arranged a linear array of microphones along a
relatively flat stretch of the lek at 4,6, 8, 12, 16, 24, & 32 meters. The signals were
recorded on a TASCAM DASS digital recorder. The acoustic system was calibrated for
its free field response as described in detail previously (Appendix A, Dantzker et al.,
1999). Measurements were analyzed as in appendix B of the same publication
(Dantzker et al., 1999).

The Model

Figure 1 shows the assumed geometry for the problem of sound propagation

when the source and receiver are positioned near flat ground—as are Greater Sage-
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Grouse while communicating on an alkali flat. In this simple scenario, the source and
receiver are placed in homogeneous air above a uniform half space representing the
ground. The calculation of the acoustic field in this situation has been a topic of
empirical and mathematical investigation in the acoustics literature since the 1940’s
(Rudnick, 1947) and a source of confusion in the bioacoustics literature since the 1970’s
(Roberts et al., 1979; Roberts et al., 1981; Martin, 1981). The mathematical roots of the
solution are drawn from investigations of radio wave propagation that date back to the
turn of the twentieth century (Sommerfeld, 1909; 1926; Van Der Pol, 1935). The
formulation that we present here (and in more detail in the Appendix), is known as the
Van Der Pol equation, since it is essentially unchanged from his early formulation. The
Van Der Pol equation requires, but does not contain, an acoustical model of the ground.
Experimental and theoretical acoustics continue to wrestle with characterizations of the
ground. Here we employ a single parameter ground model that has been shown to
adequately describe transmission loss over many different types of soils (Embleton et
al., 1983).

To develop the complete model of transmission loss on the grouse lek, we first
present a didactic explanation of the field components that make up the Van Der Pol
equation. We then explain the single parameter model of the ground and its place in the
formulation of transmission loss estimation. Finally we present the complete
formulation of the Van Der Pol equation and review its utility. These explanations do
not constitute a derivation of the Van Der Pol equation and we do not provide one.
However a technical discussion of its derivation and theoretical backing are found in the

Appendix.
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Figure 1. Source-receiver geometry for an acoustic sender and receiver near the ground.

Sound source height is 4;. Receiver height is 4, The distance between the two is given
by D which is referred to elsewhere as range.
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Components of the Acoustic Field

For the source-receiver geometry of Figure 1, the total acoustic field at the
receiver, p , can be expressed as the sum of the wavefronts propagated along three
paths,

Pr=Py+DPnt Dy (1)
where p, is the direct path pressure, p, is the specularly reflected pressure, and p, is
the pressure due to ground waves. The last two terms, p, and p,, are direct effects of

the proximity of the ground and are therefore collectively known as the ground effect'.
Without other objects to reflect, scatter, or absorb sound, and without impedance
profiles in the air or ground, the acoustic degradation, or transmission loss, TL, between

the source and receiver can be described as,

TL=2 | )
Dy

where p, is the acoustic pressure generated by the source. If one wishes to calculate a
relative measure of transmission loss, as we do later, one can simplify this equation by
assuming unity source pressure.

The pressure of the direct wave, p,, is calculated simply as a spherically

spreading wave, inversely proportional to the path length,

ik,

a (3)

" An alternative visualization of this problem, common in the physics and acoustic literature,
shows sound propagation along the ground as if every source had a mirrored source image
equidistant below the surface of the ground. The source image is then considered the origin of
the ground effect. The difference between these representations is strictly pedagogic.
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where r, is the length of the direct path, and k, is the wave number in air. The wave
number k, =2af /c, where f is frequency and c, is the speed of sound in the air. The
length of the direct path, r,, can be calculated from the more easily measured

descriptors of source-receiver geometry, using the Pythagorean theorem. Thus
r, = (hr - h, )2 + D’ , where h,_and h, are the heights of the source and receiver, and

D is the distance between the two along the ground.

The equation for the pressure from the specularly reflected wave, p, , is very
similar to that of the direct wave except that path length is longer and there is an
additional term to account for the changes in amplitude and phase that occur on
reflection. The reflected wave is

ikr
_ Do 1pr
Pn= r
o, 4)

where the length of the reflected path is r. = {f(h, + h, )2 +D? , and R, is the plane-wave

reflection coefficient defined by

A LA

sing — Z, - ) cos ¢
R, = =

sin¢+%J1—( ) cos’¢

Here Z and Z, are the specific acoustic impedances of the air and ground respectively,

5 |

5 |

()

k, 1s the wave number in the ground, ¢ is the angle of incidence,

h, +h\
D /)

¢ = tan_l(
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and Z = p,¢, where p, is the density of the air. Further explanation of the ground
properties, Z,andk,, is best left to our presentation of our ground model below. The
plane-wave reflection coefficient is heavily dependent on the angle of incidence and the
acoustic properties of the ground. These factors therefore determine the effect of
reflection on the amplitude and phase of the reflected wave. The amplitude and phase
of this reflected wave combine with the loss due to spherical spreading over the length
of its propagation path to determine the contribution of the reflected wave to the
resulting sound field.

There is a third component of the sound field, the ground wave, which is often
neglected in the bioacoustics literature. Specifically, the sole formal model of sound
propagation over the ground previously available in the bioacoustics literature (Roberts
et al.,, 1979) includes only the direct and specularly reflected components, not the
ground wave. This omission was the subject of a spirited exchange (Roberts et al.,
1981; Martin, 1981). As we will show below, the ground wave can contribute
significantly to the field, providing an alternative channel for communication that many
animals like the grouse rely on.

The equation for the specularly reflected wave, equation 4 above, is for plane
waves. The ground wave can't be dealt with in the same way. Since most natural sound
sources, and all animals, produce waves that are mostly spherical not planar, we must
account for the non-planar component of the ground reflection. The planar component

is identified in equation 4 by the plane wave reflection coefficient, R,. It follows, then,

that the complementary component of the reflected wave, 1 - R, accounts for the non-
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planar component. Whereas the planar portion of the reflected wave bounces precisely
off of one spot on the ground, the non-planar ground wave comes from a smeared point
of reflection. This smearing causes predictable shifts in this field component, which
can be accounted for by a complex “ground wave” function (Norton, 1936). Hence, the

ground wave can be modeled as

D (1 -R )F(w)eik‘r’

14

P, =
& ; (6)

where F(w) is the complex ground wave function [Norton (1936) derived in his
Appendix as the variable A;]. An exact equation for the complex ground wave function
is found in the Appendix, but it is easy enough to approximate using the infinite series

expansion derived by Norton (1941, equation 47),

2w 2w

+...
1¢3 13¢5 , (7)

F(w)=1+idwme™ —2w +

where w is the “numerical distance” as formulated by Rudnick (1947)*°

i ) =)

Norton (Norton, 1941) used a different formulation of the numerical distance that he

(8)
termed “p,” but we shall use Rudnick’s w instead.

While the series expansion provided by Equation (7) is correct for all values of
w, it converges very slowly for large w. Norton therefore provided an asymptotic

expansion (1941, equation 48), to be used when w is large,

% Our formulation of numerical distance follows directly from Rudnick (1947). In one
influential paper, Embleton (1983), attempted to use this same formulation but made an
important numerical error that affected the remainder of his calculations.
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The ground wave is sometimes referred to by its various physical manifestations,
specifically the “ground” or “boundary” wave, or the “surface” wave (Embleton, 1996;
Bradbury & Vehrencamp, 2011). This formulation of the complex ground wave
function is robust in that it accounts for all of these manifestations. Other forms of the
complex “ground wave” function are less general and may exclude surface waves.

Model of the ground

Given the three descriptors of source-receiver geometry, h ,h, and D from
Figure 1, the speed of sound in air, ¢,, and the equations given above for the
transmission loss between a source and receiver placed near a homogeneous flat
boundary, the only data lacking are the parameters that describe the acoustic
interactions with the soil, Z,andk,. Both properties are frequency dependent and both
can be measured directly for a given soil sample. Many measurement techniques have
been developed but none work for all kinds of soils and all are difficult to implement in
the field (see review in Section IV.D. of Embleton, 1996).

The difficulty of measuring the acoustical properties of soil directly in the field

has motivated acousticians to develop models of Z, and k, from non-acoustic

properties of the soil. The most complete of such models to date is Attenborough’s
(1983) model that uses five parameters, each clearly related to a relevant property of the
ground; these are porosity, flow resistivity, tortuosity, steady-flow shape factor, and
dynamic shape factor. While highly precise, the use of a five-parameter model for the

ground is so complex that it is difficult to implement. A more practical option uses a
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single parameter, effective flow resistivity, o,, to describe the ground. This single term
combines the two most significant parameters of Attenborough’s model (1983),
porosity and flow resistivity, suitably describing much of the variation in ground types
(Embleton, 1996). Where empirical measurements of transmission loss are available or
can be made (see methods and materials below), this single parameter can be varied to
give a best-fit estimate of the effective flow resistivity of the soil. This best-fit
technique has been used by Embelton and colleagues to assess the effective flow
resistivity of a broad diversity of ground types (Table 1). Their measurements can be
used as a reasonable estimate for many natural ground types or as a starting point for a
best-fit approximation.

To be useful in our effort to generate a general model for the sound field above a
homogeneous boundary, a ground model must be translated into useful measures of Z,
and k,. Empirical measurements by Delany and Bazley (1971) with the important
correction of a change of sign by Embleton (Embleton et al., 1983) established the
relationship between the impedance and wave number in air and their corresponding
value in the ground as a function of effective flow resistivity of the ground and
frequency. The ratio of the impedances is

~0.75 -0.7377!

Z-fon{L) naf2) ]

and the ratio of the wave numbers is

: (10)

0.70 ~0.597 71

ﬁ=f1+10.8(i) +10.3l-(i
k, l o, o, } (1)
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While these relationships were determined by measurement of propagation over
synthetic substrates, Embleton’s work (Embleton et al., 1983) shows that they function
well for more natural ground types with effective flow resistivities that vary from snow
to asphalt.

The Van Der Pol Equation

The transmission loss is the ratio of the measured pressure, p,, to the initial
source strength, p,. Substituting equations 3, 4, and 6 into equation 1, and solving for

transmission loss, TL, from equation 2, we get the Van Der Pol equation

ik, ikyr, 1-R |F w eikll‘,
e (of ) Lo
Do Ta 5 5 ) (12)

r

Since we are now concerned only with the amplitude information, plots of transmission
loss only show the magnitude of this solution. Excess attenuation (£4) is a measure of
transmission loss relative to what would be expected due to spherical spreading of the

direct wave alone. Therefore, excess attenuation is related to transmission loss by,

EA=r,*|TL|. (13)
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RESULTS

Model Assessment

The complete model for propagation across the lek derived above consists of
Equation 12 for the transmission loss. The plane wave reflection coefficient, Rp, was
calculated using equation 5 and equations 10 and 11, which comprises the acoustic
model for the ground. The complex ground wave function was calculated using
whichever of equations 7 or 9 is appropriate depending of the value of the numerical
distance, w. This has been implemented numerically and is in complete agreement with
Embelton’s (Embleton et al., 1983, Embleton, 1996) published results (not shown here).

The model as implemented assumes that the ground can be considered a
homogeneous half-space. Embelton and colleagues (1983) conducted a number of
experiments using naturally occurring granular materials and soils to construct such
homogenous half-spaces, and their propagation measurements made over these surfaces
show good agreement with the model predictions. To first order, it is reasonable to
expect that the lek can be modeled as a homogeneous half-space. Although there are
small mounds present, it is largely flat, and because of the presence of alkali salts,
relatively free of vegetation. The soil consists of a mixture of fine particulate matter
and water (mud), which freezes each night during the breeding season. We will explore
the half-space assumption further later. Given these assumptions and equations we
now compare the model's computed predictions to the actual field measurements.

Contrasts between Model Predictions and Field Measurements

Figure 2 shows a comparison of the model predictions with the actual

transmission loss measured on Lek 8 as a function of frequency at four source-receiver
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separations (ranges). The experimental transmission loss curves (black curves) were
obtained using the measurement protocol described earlier. The grey curves show the
model predictions for the equivalent source receiver geometry. The effective flow
resistivity of the ground, o,, was set to 400. This was the value found to give the best
qualitative agreement between the modeled and observed transmission loss curves and
is consistent with the value expected for roadside dirt (see Table 1), although any value
in the range of 300-500 yields similar results. The model is able to reproduce the
general features of the field results quite well. The level of increasing transmission loss
with increasing range and the broad null in the curves between 1 and 2.5 kHz predicted
by the model are reproduced in the observed results. In addition, the observed tendency
of the null to deepen and decrease in frequency with increasing range is also predicted
by the model. However, the model over-predicts the transmission loss at ranges greater
than about 20 meters and frequencies above about 2 kHz. This can be seen in the 32

meter curves in Figure 2.
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Transmission Loss (dB)

Frequency (kHz)

Figure 2. Comparisons of model predictions with measured transmission loss over four
source-receiver distances. The experimental (measured) transmission loss is shown in
black. The model predictions for the equivalent source receiver geometry are in grey.

For the model, the flow resistivity of the ground, o,, was set to 400.
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Table 1. Ranges of effective flow resistivity, o,, for various types of ground surface

according to Embleton et al., 1983.

Surface Description

Flow resistivity

Dry snow, new fallen 0.1 m over about 0.4 m older snow 10-30
Sugar snow 25-50
In forest, pine or hemlock 20-80
Grass: rough pasture, airport, lawns 150-300
Roadside dirt, ill-defined small rocks up to 0.1 m mesh 300-800
Sandy silt, hard packed by vehicles 800-2500
“Clean” limestone chips, thick layer 1500-4000
2000-4000

Old dirt roadway, fine stones (0.05m mesh) interstices filled.
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The data shown in figure 2 were measured in the early morning hours when the
ground was frozen. Since it was known that the ground alternates between frozen and
thawed over a diurnal cycle, transmission loss curves were obtained over a 24 hour
period to study the impact of temperature on propagation. The results are shown in
Figure 3B as a grey-scale contour of transmission loss versus frequency and time.
Although there is considerable variability in the transmission loss data, there is a
general trend for the transmission loss null to broaden and increase in frequency during
the daylight hours. Figure 3a shows the air temperature measured during the 24 hour
experiment period. These significant changes in the transmission loss behavior coincide

with the warming of the lek during the day.
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Figure 3. Transmission Loss as a function of time and temperature. Figure 3a is a grey-
scale contour of transmission loss versus frequency and time. Figure 3b shows air
temperature measured during the same 24 hour period. There is a general trend for the
transmission loss null to broaden and increase in frequency during the daylight hours.
The changes in transmission loss coincide with the warming of the lek during the day.
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Figure 4 shows the results of an attempt to model the variations in transmission
loss throughout the day by varying the effective flow resistivity of the ground. The
three black curves show transmission loss measured during predawn, early morning,
and mid day (corresponding to air temperatures respectively of -2, 12, and 20 °C).
Although the transmission loss curves show a similar behavior below about 1.5 kHz,
propagation effects above this frequency varied by as much as 20 dB depending on
temperature. The homogeneous half-space model is unable to reproduce this
temperature dependence at higher frequencies, suggesting that a more complicated
representation of the lek is required to fully characterize the transmission properties. In
retrospect, it would have been helpful to measure the temperature profile in the top 20
cm or so of the soil, but this was not done. However, we can do some simple
calculations to estimate the impact of layering near the lek surface. Calculations of the
acoustic wavelength in the soil (assuming an effective flow resistivity of 400) show that
the wavelength varies from approximately 5 cm at 100 Hz to less than a cm at 5 kHz.
The thermal skin depth associated with diurnal radiation forcing cannot be calculated
accurately without more information about the soil properties than is currently
available, but we expect it to be on the order of a few cm. The close correspondence of
this scale with the range of acoustic wavelengths over the frequencies of interest lead us
to expect a strong interaction between sound reflected from the ground and any layers
associated with thermal effects. We suspect that such an interaction may be the source
of the deep null seen at 1.5 kHz during the night and the wide variations in transmission

loss observed at higher frequencies with changes in temperature.
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Notwithstanding the thermal effects discussed above, the propagation
measurements shown in Figure 2 demonstrate that the half-space model can adequately
reproduce transmission loss across the lek between 100 Hz and 5 kHz at ranges from 4
to approximately 20 meters during the early morning hours when the lek is frozen and

the birds are displaying.
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Figure 4. Varying the effective flow resistivity of the ground in an attempt to model the
variations in transmission loss observed throughout the day. The three black curves
show measured transmission loss measured during predawn (-2 °C, dotted line), early
morning (12 °C, dashed line), and mid day (20 °C, solid line). The transmission loss
curves show a similar behavior below about 1.5 kHz. Above this frequency,
transmission loss varies as much as 20 dB between curves.
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DISCUSSION

Modeling propagation

The main focus of this paper has been the application of a terrestrial propagation
model to explain the complicated interaction between acoustic transmissions and the
ground for sound propagating over an alkali-flat Greater Sage-Grouse lek. The field
observations presented show that sound propagation is sensitive to the details of the
source-receiver geometry, as suggested previously by Gerhardt (1983), and the
temperature of the ground over a broad band of frequencies. The sensitivity of acoustic
transmissions to the details of the local environment is not limited to alkali flats such as
Lek 8, and is more the rule than the exception in both terrestrial and marine acoustics.
It is not safe to assume that low frequencies are always attenuated near the ground (e.g.
Nemeth et al., 2001), nor is it safe to either assume a particular phase relationship
between direct and reflected waves or to ignore the ground wave (e.g. Nelson, 2003).
Generalizations and rules-of-thumb are instructive and illustrative (Bradbury &
Vehrencamp, 2011) but should not be taken as formal mathematical treatments on
which to base hypotheses, models, or analyses (e.g. Parris, 2002).

We have examined a very specific acoustic signaling environment using both
experimental measurement and an existing model for transmission loss. We have
confirmed that the model characterizes the experimentally measured frequency
dependence of acoustic propagation in this environment at least at some temperatures
and ranges. Thus, we have experimentally determined that this model has a range of
applicability in this environment. It characterizes well propagation between 4 and 20

meters, and between about 0.1 and 5 kHz when the surface of the lek is frozen. While



74

this 1s a limited range of applicability on the lek, the half-space model pioneered by
Embleton and others (Delany & Bazley, 1971; Embleton et al., 1976; Embleton et al.,
1983; Embleton, 1996) is likely to be wuseful in understanding near-ground
communication in other species and contexts. This model has been cited often in the
bioacoustics literature but not implemented and not well understood. Perhaps because
of its complexity, recent modeling efforts have avoided applying the model even where
it was clearly relevant (Brown & Handford, 1996, 2000; Parris, 2002; Nelson, 2003),
choosing instead to use their own less rigorous approximations or generalizing
measurements from other studies into "rules".

The limits of applicability of this model are due to the limited suitability of the
single parameter model of the ground to this, and likely any, complex environment.
While Delany & Bazley (1971) found that the single parameter model worked well over
synthetic surfaces, and Embelton (Embleton et al., 1983) found that it characterized
propagation well over more natural (yet constructed) surface types, our results show
that a single parameter model works for the lek environment only over a limited range
of frequencies, distances, and temperatures.

The model might be improved by incorporating range dependent scattering
effects (Bullen & Fricke, 1982), temperature dependent vertical stratification in the soil,
heterogeneity of the soil in the horizontal plane of the lek, wind and thermal effects in
the air (Daigle et al., 1983, 1986), and shadowing and refraction by small scale
topography (Rasmussen, 1985; Heimann & Gross, 1999). The model also might be
improved by using a more complicated description of the ground than as a

homogeneous half-space. However, there is a limit to the utility of developing an
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increasingly accurate model. The main utility of the model for behavioral studies is
being able to predict propagation. If the data needed to make those predictions are
sufficiently complicated, it may be better simply to measure propagation directly. This
point is discussed in greater detail in the concluding remarks.

Behavioral ramifications of diurnal cycles

The data show that transmission loss changes with temperature (Figure 3). In
the early morning, when the ground is frozen, the ground effects generate a
characteristic transmission loss. As solar radiation heats the surface of the lek, it melts
and the transmission loss changes dramatically. In the 2-5 kHz range, it can vary by as
much as 40 dB. Grouse acoustic signals therefore experience increasing attenuation in
the middle frequencies once the day warms up.

There is some evidence that suggests that Greater Sage-Grouse are affected by
this diurnal cycle of transmission loss changes. Grouse follow a diurnal and seasonal
display cycle. Early in the breeding season, males display until late in the morning,
whereas late in the season, males finish displaying earlier in the morning (Gibson et al.,
1991). This is consistent with our measurements, which predict that the increase in
mid-frequency attenuation should occur earlier and earlier in the season as temperatures
rise. The decision to cease display when the ground is soft may be driven by male
grouse choosing to limit display, or by female grouse who might avoid choosing mates
when attenuation is greater.

It may seem absurd to suggest that Greater Sage-Grouse are directly measuring
attenuation. There is, of course, no direct way that a grouse can assess the transmission

loss for his own vocalizations. However, they might detect the changes in the
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frequency characteristics of the vocalizations of other displaying males. A 40 dB drop
in the mid frequencies might be directly perceived as changes in the timbre of the
orchestra. Of course, there is another way grouse might avoid vocalizing during
heightened attenuation: they can probably feel it with their feet. When the ground
softens and warms, they may simply take that as a cue to stop. These are predictions
that can be directly tested with future work.

Ramifications of common Greater Sage-Grouse behaviors on signaling

Within the identified accuracy of the model it is possible to study the acoustical
implications of three common Greater Sage-Grouse mating behaviors: females
approaching males for active comparison, females raising and lowering their heads, and
males standing on small knolls.

Approach

While they are choosing a mate, Greater Sage-Grouse females walk back and
forth across the lek, visiting territories of multiple males (Dantzker et al., 1999). We
can use the homogeneous half-space model to examine the consequences of this
movement on the frequency dependent transmission loss that is filtering the surrounding
males’ vocalizations. Figure 5, shows model predictions of how transmission would
change as a female approaches a male under idealized frozen (Figure 5a) and thawed
conditions (Figure 5b). In both conditions, as she approaches the propagation null
disappears and she improves her ability to assess frequency and amplitude variables in a

male’s acoustic display.
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Figure 5. Model predictions of how acoustic transmission changes as a female
approaches a male under idealized frozen (Figure 5a) and thawed conditions
(Figure 5b).
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Gibson (1996) showed that female Greater Sage-Grouse exhibit two distinct
stages of pre-mating behavior, distant attraction and nearby active comparison. Our
results suggest that the relative amplitude of each male's acoustic display may play a
role in distant attraction just because louder males have a larger active space and thus
greater range of detectability. However, in this environment it is difficult, if not
impossible, for a female to judge the absolute amplitude of a male’s vocalization when
at a distance. However, as the female approaches, the transmission loss effects decrease
and, within 1-2 meters, she should be able to reliably assess amplitude in her
comparisons of potential mates.

Female head height

Female Greater Sage-Grouse raise and lower their heads as they walk around the
lek. They usually hold their heads high as they walk, and duck them when they sit,
bringing them very close to the ground at times. While these behaviors may have
primary functions ranging from avoiding predation to soliciting copulation, it is
interesting to examine the effects that this small movement will have on transmission
loss. Figure 6A, shows that once a female is close to a male even a 20 cm movement in
head height can have a greater than 10 dB effect on the transmission loss of some
frequencies. As she ducks her head to the ground, she improves her reception of energy
below 2 kHz and decreases her reception of higher frequency energy. It is interesting to
speculate that females use this in some way during assessments.

Standing on knolls

On Lek 8 we observed that male Greater Sage-Grouse seek out and often display

from small knolls. These knolls are not apparent from the surrounding hillsides, and are
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small enough to avoid notice to even careful, qualitative observers on the lek. Some
knolls can be 40-60 cm higher than the surrounding plane and tens of meters across.
Other males’ territories contain only a small mound, a meter or so wide and 10-20 cm
tall, and still other males may have no appreciable knoll at all. However, when males
do have a knoll on their territory, they were often observed displaying from the edge of
them. As we’ve shown, the frequency dependent transmission loss is very sensitive to
source-receiver geometry. Standing just inside the edge of a knoll has the effect of
changing the source height, whereas moving to the center of the knoll just puts him
closer to the ground somewhere else. Figure 6B shows the results of the model where
effective flow resistivity, range, and receiver (female) height are held constant, and the
source (male’s) height is varied from 0.2 meters (the approximate height of the male’s
chest in display posture on flat ground) to 0.8 meters (the approximate height of the
male’s chest when standing on a 60 cm knoll). The grey curves from the model are
plotted against the data from the propagation experiment (black, source height 0.2 m)
for comparison. We see that males achieve a systematic propagation advantage in the
range of 1.5-5 kHz from standing on progressively higher knolls. Above 2 kHz, a male
standing on a 60 cm knoll has a greater than 10 dB advantage over a male standing on
flat ground. This is a tremendous advantage across a broad range of relevant
frequencies. This advantage might help males attract females to their territory from
farther away, or even be heard by females at a greater distance against the din of other
males’ persistent strutting.

Gibson (1996) showed that an acoustic parameter of the Greater Sage-Grouse

strut display (inter-pop interval) is correlated with long-range attraction. Any advantage
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to broadcast that signal should therefore lead to greater mating success. We can make
three predictions from this model: 1) successful males will preferentially display from
positions in their territory that have a favorable geometry with females, at least when
those females are at a distance, 2) we expect that males who are able to defend
territories with features like knolls will be more likely to attract females into their
territories than males who do not, and 3) while it may not be true every year, the
territory of the most successful males should include some propagation advantage. Not
all grouse leks are on alkali flats however; even when they are in other micro-habitats,
we predict there will be similar knolls or other environmental heterogeneities that lead

certain specific places to be beneficial for acoustic transmission.
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Figure 6. Model predictions of how acoustic transmission changes with different
common female and male behaviors. (Figure 6a) As a female at close proximity sits and
lowers her head toward the ground, she becomes better able to assess the lower
frequencies of a male’s display. (Figure 6b) Males who find small rises to stand on
effectively raise their acoustic source, which the model shows us decreases transmission
loss significantly.
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If true, this may provide a link between the concept of a fixed “mating center”
and active female choice. Many observers of Greater Sage-Grouse mating behavior
have noted that successful males tend to occupy the same territories year after year
(Scott, 1942; Patterson, 1952; Wiley, 1973b). Gibson and others showed that
differences in male behavior mostly determine mating success (Gibson & Bradbury,
1985; Gibson et al., 1991). Both explanations can be right in a system where
conspicuous environmental factors bolster the efficacy of display. Males who seek the
advantageous topography on their lek will tend to have higher mating success. Over
time, males will be selected to compete over those display territories and soon the more
fit individuals will tend to be found on the better display territories. Such a process has
already been proposed to explain territoriality around light gaps in some tropical
lekking birds that use visual signals to attract mates (Endler & Théry, 1996). Wiley
found no differences in the microhabitat at the location of the mating center and
concluded that the position of the mating center was arbitrary (Wiley, 1973a, 1973b).
However, he did not make the type of acoustic measurements necessary to evaluate
territories for their propagation tendencies, and the variations in small-scale topography
are difficult to detect without measurement (for a description of how to measure small-
scale topography see Dantzker et al., 1999), so his conclusions are not necessarily
incompatible with our results. We now know that specific differences between the
acoustic signals of individual males attract females from a distance (Gibson &
Bradbury, 1985; Gibson et al., 1991; Gibson, 1996). From this we can predict that
while mating centers might move around from year to year, on average they ought to

occur on a knoll.
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More general issues

From the perspective of two animals using sound to communicate, interactions
between the traveling pressure waves and the environment result in sound being
distorted and degraded during its propagation between the two parties (Bradbury &
Veherencamp, 2011). Bioacousticians tend to categorize environmental interactions
into attenuation considered in the frequency domain and distortion or degradation
(corresponding to the effects of scattering and reverberation) considered in the time
domain (Catchpole & Slater, 1995; Bradbury & Veherencamp, 2011). Contemporary
studies of environmental interactions in the bioacoustics literature have tended to focus
on time domain effects, probably because of the difficulties in identifying consistent
trends and patterns through analysis in the frequency domain. Those that examine
amplitude have used coarse measures, such as SPL, that ignore the frequency
dependence that might be crucial for signaling (e.g. Balsby et al., 2003, Jain &
Balakrishnan 2012). Some of the early absorption studies did identify two patterns of
absorption associated with ground interactions: a propagation notch between 300 and
800 Hz within which sound does not propagation well for sources and receivers close to
the ground, and the strong attenuation of high frequency sounds for sources and
receivers on the ground. A propagation notch can be seen in our lek measurements,
although its center frequency, depth, and width are all highly dependent on the ground
properties and the source-receiver geometry. The propagation studies of Embleton and
our model predictions show that there are, in fact, multiple interference nulls and that

the depth and location of these nulls is a sensitive function of geometry and ground

type.
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These observations lead to two important questions: 1) Is it, in fact, possible to
derive general and useful rules of thumb for transmission loss over ground, and 2) what
level of environmental detail is required to predict transmission loss to a specified level
of accuracy? Our results suggest that the answer to the first question is no. There is
simply too much sensitivity to geometry and ground effective flow resistivity for useful
generalizations to be made even in the simplified case of a homogeneous half-space
model. With the exception of boundaries of a known type (for example, homogeneous
layers of snow or concrete) the minimum level of effort required is a transmission loss
experiment or some other methodology to identify the acoustical properties of the
substrate. Once identified, these properties permit the general features and trends of
absorption to be described but, as can be seen from the lek data, there will be range and
frequency limitations. This is, in part, an answer to question 2: a single parameter
description for the substrate used by displaying grouse is sufficient to enable calculation
of the transmission loss curves to within 3-6 dB over ranges between 4 and 20 meters,
and between about 0.1 and 5 kHz when the surface of the lek is frozen. This level of
detail is sufficient to study general trends in transmission loss, for example, with source
and receiver height. However, it is insufficient to study effects which require a more
precise knowledge of the propagation characteristics. For example, Dantzker et al.
(1999) were able to infer the directional radiation patterns of Greater Sage-Grouse
vocalizations on the same study lek, but only by a direct calibration of the transmission
loss over each transmission path. In general this is probably going to be true for other
environments as well. The level of environmental characterization required to model

the transmission loss to better than several dB is impractical or impossible to obtain,
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and the most expedient way to calibrate the acoustic environment is by direct
measurement.

More specifically, we conclude that to make detailed measurements of the
sounds emitted in this environment you must have a measured transmission loss curve
for the path over which the measurement is made. Measurements of any acoustic
parameter that would be affected by frequency dependent transmission loss will vary in
both systematic and non-systematic ways depending on propagation path and source
receiver geometry. This calls into question many of the measured acoustic traits that
have been investigated in their relationship to mating success (Hartzler, 1972; Wiley,
1973a; Gibson & Bradbury, 1985; Gibson et al., 1991; Spurrier et al., 1994; Gibson,
1996; Young, 1994; Young et al., 1994). For example, the measurement protocols of
Gibson and colleagues were not sufficient to measure at least 4 of 9 traits they
examined in 1985 (Gibson & Bradbury, 1985) and 11 of the 16 acoustic traits they
examined in 1991 (Gibson et al., 1991). These traits include peak amplitudes of
individual call notes and peak frequencies. Gibson and colleagues (Gibson & Bradbury,
1985; Gibson et al., 1991; Gibson, 1996) acknowledged that propagation effects may
have affected their measurements but they accounted for them only insomuch as they
examine their data for spurious correlations that might have resulted from frequency
dependent transmission loss. This statistical method allowed them to exclude the
possibility that frequency dependent transmission loss was biasing their results, but it
did not correct for the influence of the environment which, our results show, would
cause significant measurement errors. Our results strongly suggest that a reexamination

of the Greater Sage-Grouse acoustic display, using either explicit calibration for
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propagation effects or recordings made very close to the male (perhaps 1-2 meters) may
yet discover acoustic correlates with mating success. The use of robotic females
outfitted with calibrated recording systems, as being used by Patricelli & Krakauer
(2010), 1s promising in this regard.

Greater Sage-Grouse have evolved a highly ritualized and spectacular acoustic
display which is obviously important to the birds’ mate selection. It has been a
longstanding puzzle for bioacousticians that no robust acoustic metric has been found as
a correlate of mating success despite years of searching. This work may provide an
answer to this puzzle: the acoustic environment of the lek, heretofore uncharacterized,
plays a central role in the communications dynamic of the birds.
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APPENDIX

General Theory

The goal of this appendix is to elucidate the underpinnings of the Van Der Pol
equation, which forms the basis of our propagation model. The general acoustic theory
describing the effect of the nearby ground on a source-receiver pair is well established.
Its origins trace back to studies of radio wave propagation by Sommerfeld, Van Der Pol,
and Norton, which were subsequently applied to the problem of acoustic propagation
along a boundary by Rudnick (Sommerfeld, 1909, 1926; Van Der Pol, 1935; Norton,
1936, 1937, 1941; Rudnick, 1947).

Figure 1 shows the assumed geometry for the problem. A source-receiver pair
are placed in air with uniform sound speed ¢, and density p, above a stratified half
space representing the ground. The ground, with sound speed ¢, and density p,is
assumed to be uniform in the horizontal, but in its most general form can have layers or
be continuously variable in the vertical. For this geometry, the total acoustic field at the
receiver can be expressed as the sum of two terms, one of which represents the direct
path energy and the other the energy reflected by the ground. For a harmonic source of

unity strength and frequency, £, the field can be expressed as

ik, o0
e’ . i C+h &
D= + lprJO(ng)e nin h')_ldg (Al)
d 0 1

where k, = 27f[c, is the total wave number of the acoustic field in the air, R, is the

plane wave reflection coefficient (discussed below), y, =‘/k12 - & is the vertical wave

number and the variable of integration &, is the horizontal wave number, J; is the zero-
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order Bessel function of the first kind, and the distances D,k ,h, and r, are defined in
Fig. 1. Equation (A1) has a simple physical interpretation. The leading term on the
right hand side, equivalent to Equation 3 for unity source strength, accounts for the
spherically spreading wave fronts radiated by the source that do not interact with the
ground. The integral accounts for the wave fronts reflected from the ground. The form
of this integral results from expressing the spherically spreading wave field incident on
the ground as a superposition of plane waves. In a cylindrical coordinate system, this
amounts to Bessel transform, integral representation for the field. Reflection by the
ground modifies the amplitude and phase of each plane wave component by the factor

R, which appears inside the integral. Equation Al is equivalent to Rudnick’s Equation

12 (Rudnick, 1947; also see Brekhovskikh & Lysanov, 1991, p. 79, Eq. 4.3.2).
Equation Al is exact provided that the ground is horizontally stratified and obeys the
boundary conditions that pressure and the first derivative of pressure are continuous
across the air-ground interface.

Although Equation Al is exact, it is not in a convenient form for numerical

evaluation because the presence of Vi in the denominator of the integral introduces a
pole close to the path of integration and the integral kernel is highly oscillatory. This
integral has received a great deal of attention in the underwater acoustics community
and asymptotic forms for it have been developed (e.g., see chapter 4 of Brekhovskikh
& Lysanov, 1991). The standard approach in the literature on outdoor propagation over
ground (e.g. Albert, 2003) is to use the Weyl-Van Der Pole equation, which is derived

from Equation Al by assuming that the ground is sufficiently absorbing [see the
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discussion by Rudnick (1947) and the original treatment by Norton (1936, 1937, 1941)].

The approximate form for the pressure field is,

exp(ik1 rr)

r

r

p, = M+ [Rp +(1-R, )F(w)]

Tq

(A2)

where F(w) is the complex “ground wave” function (Norton, 1936, derived this function

as A in equation (45) of his appendix )
F(w)=1+ iane'Werfc(—iﬁ) (A3)

where w is the “numerical distance” defined in Equation (8) , and the complex error

function is
erfc( 2 oy (A4)
X)=—pF=]¢€ u.
=]

If one chooses to calculate the complex ground wave function directly from
these equations, care must be taken to insure that the solution to the error function
allows for complex values. An alternate and equivalent tack is to employ the series

expansions for F(w) that are presented in Equations 7 and 9.
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LIST OF SYMBOLS

speed of sound in the air (m/s)

speed of sound in the ground (m/s)

distance along flat ground between the source and receiver (m)
Excess attenuation (dB)

complex error function of variable x

frequency of vibration (Hz)

complex ground wave function of variable w

receiver height (m)

source height (m)

wavenumber in air (rad/m)

wavenumber in the ground (rad/m)

the zero-order Bessel function of the first kind

direct path pressure measured at the receiver (Pa)

pressure due to the ground wave measured at the receiver (Pa)
acoustic pressure generated by the source (Pa)

specularly reflected pressure measured at the receiver (Pa)

total acoustic field measured at the receiver (Pa)



rq

ry

TL

Vi

&

P1

P2

length of the shortest path between the source and receiver (m)
length of the reflected path between the source and receiver (m)
plane wave reflection coefficient

transmission loss (dB)

dummy variable of integration

numerical distance

specific acoustic impedance of the air

specific acoustic impedance of the ground

vertical wavenumber in air

horizontal wavenumber in air

density of air (kg/m’)

density of the ground (kg/m®)

effective flow resistivity

angle of incidence (degrees)
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Summary

We present evidence that the acoustic component of
the strut display of male sage grouse Centrocercus
urophasianus is highly directional and that the nature of
this directionality is unique among measured vertebrates.
Where vertebrate acoustic signals have been found to be
directional, they are most intense anteriorly and are
bilaterally symmetrical. Our results show that sage grouse
acoustic radiation (beam) patterns are often asymmetric
about the birds’ anterior—posterior axis. The beam pattern
of the ‘whistle’ note is actually strikingly bilobate with a
deep null directly in front of the displaying bird. While the
sage grouse display serves to attract potential mates, male
sage grouse rarely face females head on when they call. The
results of this study suggest that males may reach females

with a high-intensity signal despite their preference for an
oblique display posture relative to those females. We
characterized these patterns using a novel technique that
allowed us to map acoustic radiation patterns of
unrestrained animals calling in the wild. Using an eight-
microphone array, our technique integrates acoustic
localization with synchronous pressure-field measurements
while controlling for small-scale environmental variation in
sound propagation.

Key words: sage grouse, Centrocercus urophasianus, strut display,
acoustic communication, mate attraction, directionality, beam
pattern, lek, airsac, acoustic radiation pattern, environmental
acoustics, sound propagation, sound production, directivity index.

Introduction

Studies of acoustic mate-attraction displays have
concentrated on the role of spectral and temporal characteristics
in signal evolution. Despite the likely importance of signal
directionality (Bradbury and Vehrencamp, 1998; Witkin, 1977),
the fitness consequences of directional patterns of acoustic
display have been largely overlooked because these patterns
have been considered too difficult to map in the field. In this
paper, we present measures of the acoustic radiation (beam)
patterns of the male sage grouse strut display. The spectral and
temporal aspects of this display have been extensively
examined (Gibson, 1996; Gibson and Bradbury, 1985; Gibson
et al., 1991; Hartzler, 1972; Spurrier et al., 1994; Wiley, 1973a;
Young, 1994). However, despite anecdotal observations of
strong directionality (Wiley, 1973a; J. W. Bradbury and M. S.
Dantzker, personal observation), these directional patterns have
not been quantified and their consequences have not been
explored.

The strut display of the male sage grouse is highly
stereotyped and elaborate (Hjorth, 1970; Honess and Allred,
1942; Wiley, 1973a; Young et al., 1994). Prior to display, a
male sage grouse inflates a region of his esophagus that sits in
a muscular bag at the base of his neck. The strut display is a
series of three heaves of this esophageal expansion through
outreached wings held stiffly at either side (Fig.1). Sage

grouse keep their beak closed for most of the display; sound
production coincides instead with tandem anterior expansions
of the esophageal air sac through ventral apteria (featherless
regions) on the neck (Hjorth, 1970; Young et al., 1994). These
dark, inflated skin patches bulge repeatedly through a dense
region of white feathers to create a dramatic and unusual
acoustic (Fig. 2) and visual (Fig. 1) display. While many other
groups of vertebrates use external air sacs in sound production
and radiation, this explosive use of dual anterior air sacs is
unique to the Centrocercus grouse strut display. This mate-
attraction display has evolved under the intense sexual
selection of a lek mating system (Hoglund and Alatalo, 1995).
However, male sage grouse do not appear to direct their display
efforts towards females by facing them during display (Simon,
1940; Wiley, 1973a). In this study, we examine the
directionality of the acoustic signal produced by this unusual
display mechanism of sage grouse.

Directional patterns of acoustic radiation, beam patterns,
have usually been measured under laboratory conditions where
the animal’s position and orientation are held constant and
repeated measurements are made on induced or coaxed
phonation. Similar methods can be used in the field when the
animals of interest remain stationary during display and will
tolerate movements around them (Gerhardt, 1998). Sage
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Fig. 1. Strut display of male sage grouse.
(A) Profile with white esophageal sac held
behind the two outstretched wings. (B) Profile
with sac fully expanded and visible through the
anterior apterium on the sac. Note that the head
is no longer visible. (C) Pre-expansion thrust of
the air sac from the front. The apteria are visible
but not distended. (D) Full expansion of the
apteria, accompanied by an opening of the
wings. Note that the expanded apteria touch
along the midline. The exposed air sacs and the
beak face forwards for the duration of the strut.
The vegetation at the male’s feet is typical of
the lek. All exposures are either 1/4000s or
1/80005s.

grouse afford neither such opportunity as they are rarely
available for captive study and wild birds travel rapidly around
their territories between consecutive displays. We developed a
novel method for the measurement and calculation of these
beam patterns which allows for the use of unrestrained and
actively mobile wild individuals while correcting for
heterogeneity in the acoustic environment.

Here, we present evidence that acoustic radiation patterns of
the sage grouse strut display are unlike any previously
measured in a vertebrate. Where vertebrate acoustic signals
have been found to be directional, they are most intense
anteriorly and are bilaterally symmetrical (see Discussion).
Our results show that sage grouse beam patterns are variably
asymmetric about the animal’s anterior—posterior axis. The
beam pattern of one of the call elements, the ‘whistle’, has a
deep minimum (null) directly in front of the displaying bird
and is instead most intense to the sides and behind.

Materials and methods

Sage grouse Centrocercus urophasianus (Bonaparte) travel
across the mostly flat display arena (lek) on foot; therefore, we
focused our efforts on characterizing acoustic directionality in
the horizontal plane. The sound field surrounding an acoustic
source, in this case a strutting sage grouse, is considered to be
directional when the amplitudes of the induced pressure waves
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Fig. 2. Spectrogram of the acoustic component of a male sage grouse
strut display showing the time limits of each note as well as the
notes’ names as used by Gibson and Bradbury (1985) and Wiley
(1973a). Spectrogram parameters: frame size, 512 point; sampling
rate, 22.5 kHz; windowing function, Hanning; frame overlap, 94 %.

vary as a function of angle. This angular variation is described
by a normalized function called the beam pattern (Kinsler et
al., 1982, p.175). Here, we describe a method for measuring
beam patterns of unrestrained animals in complicated acoustic
environments.

Measurement summary
We recorded male sage grouse using an eight-microphone
array that we deployed around their display territories



(described in greater detail below). The essential problem we
faced in determining the beam pattern from these recordings
was to separate the superimposed effects of source
directionality, which were inherent to the calling bird, and
directionality introduced by the environment. In our case, this
environmental effect arose primarily from interfering acoustic
reflections from the lek surface. To discriminate between the
directional effects of the source and those that were
environmentally induced, we measured the directionality of the
signal received from a known, calibrated source positioned
inside our array. This calibration procedure allowed us to
identify and quantify the effects of the environment across the
range of frequencies used by the sage grouse. We could then
calculate beam patterns generated only by the directional
properties of the source. The mathematical basis underlying our
calibration procedure, as well as the concept of beam pattern
relevant to this study, are developed in some detail below.

Beam pattern and the directional factor
In the far field, the pressure field in a horizontal plane,
ps(r,0), can be expressed as a function of distance, r, and
horizontal angle, 6, from the sound source such that:

Ps(r0) =ps.axis(NH(O) . (1)

H(0) is the directional factor that has been normalized so that
the maximum value is unity (Kinsler et al., 1982). The value
of 8 for which H(0)=1 defines the acoustic axis of the radiation
pattern. The term psaxis(r) is the far-field pressure on the
acoustic axis. Therefore, ps.axis(r) is dependent on both range
and source level, while H(0) is dependent only on angle. The
directional factor is usually represented as its decibel (dB)
equivalent, the beam pattern, b(0) (Kinsler et al., 1982) using:

b(0)=10 log HX(0) , 2

where the maximum value of the beam pattern, MAX[b(0)], is
0dB.

In general, both source strength and directionality vary with
frequency of vibration, f. Accordingly, the directional factor,
H(f,0), is most generally expressed as function of both angle
and frequency, a convention we will adopt. Additionally, since
the directional factor is independent of distance, equation 1 can
be rewritten for a fixed distance such that:

Ps(f:1,0) = ps axis(, DH (£.9) 3)

where r is 1 m and is the directional factor now normalized so
that each frequency component has a corresponding value of
0, where H(f,Omax)=1. We further define 6 as the horizontal
clockwise angle with respect to the bird’s anterior—posterior
axis, where 0=1 directly in front of the displaying bird. Here,
ps(f,1,0) is the free-field pressure field 1 m from the sound
source (bird) measured as a function of frequency and angle.
The pressure 1 m from the source on the acoustic axis is
Psaxis(f,1), which reflects the frequency-dependence of the
source level. It follows that for any one frequency:

Ps,axis(f,l) =MAX[Ps(f,1,9)] . (4)

102

Acoustics of the display of the sage grouse

In a controlled setting, where interfering acoustic returns
from the environment can be eliminated, the free-field values
of ps(f,1,0) can be measured directly. From this, one can
calculate the directional factor and a beam pattern for each
frequency component. In contrast, our experimental design
measures the acoustic field around a grouse calling just above
the ground. Sound propagation near the ground is complicated
by interference from multiple acoustic reflections. It is
therefore necessary to correct for the transmission loss in order
to determine the free-field values of ps(f,1,0).

The free-field source sound pressure field 1 m from the bird,
ps(f,1.,8), can be determined from measures of the acoustic field
using:

Pr(f,r ’e)

s(fi1.0)=——,
ps(f. ) TL(f.r9)

(5)
where pi(f,;r,0) is the measured sound pressure, including all
transmission effects, and TL(f,r,0) is the transmission loss across
the same propagation path. Previous field studies of source
directionality have used a homogeneous geometric spreading
model for transmission loss which is independent of frequency,
TL(r)=1/r, and identical across all paths of equal distance
(Archibald, 1974; Bennet-Clark, 1987; Forrest, 1991; Gerhardt,
1975; Narins and Hurley, 1982; Witkin, 1977). Our preliminary
examination of sound propagation over the lek revealed that
models such as this were insufficient for this environment.
Therefore, we empirically measured the transmission loss curves
for each propagation path (see Appendices A and B).

It is now possible, from equations 3, 4 and 5, to derive an
equation for the directional factor H(f,0) from the measures of
the pressure field gathered by our receiver array and the
independently measured transmission loss curves for each
propagation path. This is:

pi(for,0)
TL(f,r,0)

H(f,0) = .
70 Pr(f’r,e)}

©)

MAX T 0)

The two-dimensional directional factor H(f,0) is cumbersome
to visualize. It is helpful to extract the frequency-dependence
by calculating a narrow-band average. As long as the band of
frequencies is narrow, this simplification is appropriate. To do
this, we calculate a band-averaged power ITpand using:

fi
1 Ipe(for 0)I2

Tbana(8) =—, T 7
and(6) AF 2. TI2(r 0) @)

fo
where Ip(f,r,9)2 is the squared modulus of the pressure
measurements, the power spectral density. This allows us to
calculate a measure of the band-averaged squared directional

factor, Hyand%(0), using:

Hband(e)

2y ibandlU)
Hpand*(8) = MAX([TIband(0)]

®



103

M. S. DANTZKER, G. B. DEANE AND J. W. BRADBURY

From this, we can define the band-averaged beam pattern as:
bband(0) = 1010g Hbandz(e) . (C)]

The samples of the acoustic field, p«(fr,0), were gathered
synchronously using an eight-microphone array encircling a
displaying individual’s territory (Fig.3). The bird was
unrestricted in its choice of display sites and moved constantly
around its territory. For each call location, there were eight
different propagation paths, each with a unique TL(f,r,0). There
was a practical limit to the number of transmission loss curves
that could be measured. In this first application of our method,
we restricted our measures of the directional factor to calls that
had been generated near the four sites where we had measured
the transmission loss along all eight paths. We used acoustic
localization to identify these vocalizations. This method
enabled us to measure the beam pattern of individual call
elements from individual calls without averaging across calls
and without unrealistic assumptions about sound propagation.

Study site

We constructed acoustic radiation maps from recordings of
three males displaying at a lek (lek 8) in Long Valley, Mono
County, California, USA (37°40'N, 118°50'W) from 4 to 21
April 1997. This spanned the main period of display activity
in this year. Lek 8, like most of the leks in this region, is located
on a mostly flat alkali meadow surrounded by rolling hills of
sagebrush. The vegetation on the meadow (Carex sp. and
saltgrass) was sparse and low (as seen in Fig. 1).

Array recordings

We deployed recording arrays (Fig. 3) at two focal sites
chosen to overlap 1-2 male display territories where female
visits were common. In both these areas, we arranged the
circular eight-point arrays using a Sokkia measuring system
(DIO343) to measure angle and a tape measure for distance.
We positioned the microphones at each point on this array at
approximately female head height (approximately 20cm) so
that their diaphragms faced the center of the array. On one side
of the array, 20 m from the center, we positioned a hide that
served as an observation and recording station (see Appendix
A for details of the acoustic recording system). We stretched
alkali-resistant microphone cables from the microphones to the
hide. Sage grouse avoid exposed cables so we buried the cables
in shallow (4cm) ditches. This array design minimized
disturbance to the birds’ movements and activities.

Using the Sokkia measuring system, we also assessed the
relief of the encircled area (Fig. 3). This was accomplished by
marking the distance from a fixed plane above the lek,
determined by the height of the leveled survey scope, to the
ground below. We measured this distance at 1m intervals
along the eight radial paths from the array center to each
microphone location. From these data, we constructed
topographic maps using MATLAB’s ‘contour’ function, with
the heights converted so that they were relative to the array’s
lowest point.

We made synchronous video recordings for all focal studies
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Fig. 3. Schematic drawing of the acoustic array deployment in
relation to a male’s display territory. An acoustic source was
deployed for sound propagation measurement at two acoustic
measurement sites, one of which was at the center of the array. The
topography of the encircled area was measured when the array was
deployed. A map of the relief is shown here with a contour interval
of 10cm.

using a Canon Hi-8mm ES2000 camera positioned in the hide
approximately 0.75m from the ground on a tripod. We
synchronized the audio and video recordings by video-taping
the running tape counter on the face of the audio recorder for
a few seconds at the beginning of each recording session. Each
day, we started recording as soon as there was sufficient light
and continued until the males ceased their activity on the lek.

We designated two sites within each array as measurement
positions: the center of the array and a position off center where
the birds were seen calling. We measured transmission loss
along each radial propagation path from these points as
described in Appendices A and B. To minimize disturbance to
the birds, we made these measurements in the birds’ absence.
Preliminary study showed that propagation properties are
stable through the night and the display period
(05:00-07:30h), but change rapidly later in the morning (see
Results and Fig. 4). These measurements were therefore made
between 23:00h and 03:30 h when the propagation effects are
highly concurrent with those of the display period but the birds
are absent.

Data acquisition

We digitally transferred all recordings to a Power Macintosh
for analysis using an eight-track synchronous acquisition
system (Digidesign ProTools v.4.1 with 888 I/O coupled to a
TASCAM IF-88AE digital audio-interface unit). Using this
software, we identified short sections of audio for detailed
analysis, then created synchronized monaural files (22.05kHz,
wave format) for each track, which we transferred to
MATLAB (MathWorks, 1998) for subsequent analyses.



Ttransmission loss (dB)
9
(=)

Frequency (kHz)

Fig. 4. Transmission loss functions for 12 measurements over the
same 12m stretch of the lek. Black lines show propagation during
the period of display (05:00-07:30h) and the period of calibration
(23:30-03:30h), while gray lines show the propagation at other times
of day (08:00-23:00h).

Acoustic localization

Our method for the mapping of acoustic radiation patterns
required that vocalizations be produced near the designated
measurement sites. We used acoustic localization to identify
vocalizations produced in very close proximity to these
calibrated sites (<1.5 m). Before localization, we preprocessed
all signals with a highpass filter (second-order Butterworth
with 200 Hz cut-off; MathWorks, 1998).

We employed a localization algorithm based on a least-
squares best fit (Spiesberger and Fristrup, 1990) to equations
that relate the sources’ positions to the known locations of
the microphones and the measured time delays in signal
arrival between the microphones (Watkins and Schevill,
1971, 1972). We modified these equations in a number of
ways. First, neglecting the small height variations of the lek
surface, we reduced these equations to a two-dimensional
case. Second, we employed the MATLAB function
‘backslash’ for the least-squares calculation of the over-
determined set of linear equations (MathWorks, 1998). Third,
the time delay estimates were taken from the peak location
of the time-domain cross-correlation functions generated
with the MATLAB function ‘XCORR’ (MathWorks, 1998;
Shure and McClellan, 1997). Fourth, and most significantly,
we calculated the final location estimate as the average
location of eight semi-independent calculations made using
each of the eight microphones as the designated reference.
The algorithm requires the designation of a reference
microphone, and previous users have designated a single
receiver as this reference (Freitag and Tyack, 1993;
Spiesberger and Fristrup, 1990; Watkins and Schevill, 1971,
1972). Our multi-reference algorithm increases the number of
time delay estimates used in the calculation by a factor
of four. In addition, only calls that showed a high
correspondence between all eight location estimates were
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used in these analyses. We found that imperfections in the
data (e.g. overlapping vocalizations, low signal/noise ratio)
led to disparate estimates of location. This additional step
allowed us to identify and purge these vocalizations from the
data set.

Our system was well suited for acoustic localization using
this algorithm. The method assumes that the speed of sound is
known, that there is little wind and that receiver positions are
accurately known (Spiesberger and Fristrup, 1990). Sound
speed was calculated from air temperature measurements.
Concurrent wind measurement allowed us to exclude data
recorded during periods of wind in excess of 3kmh!.
Receiver positions were definitely fixed and precisely known.
Localization accuracy is high when the sound source is located
near the microphone array (McGregor et al., 1997) and is best
when the animal is completely encircled by receivers (Watkins
and Schevill, 1971, 1972). Both were true of our experimental
design. Also, the number of receivers, eight, far outnumbered
the minimum (four) necessary to estimate the location
unambiguously in two dimensions using this algorithm. In
addition, the abrupt frequency and amplitude modulations
of the sage grouse vocalization (Fig.2) yielded sharp
unambiguous peaks in the time-domain cross-correlation
functions.

For each vocalization, the bird’s location was combined with
the orientation of the male relative to the receiver array to
determine each receivers’ value of O for that call. The
orientation could not be determined acoustically and was
therefore estimated from the synchronous video recordings.

Beam pattern reconstruction

Band-averaged beam patterns, bpand(0), were then
calculated for those calls that were generated at the
measurement locations. The propagation delays, identified as
part of the localization algorithm, were removed from the
time series data in order to synchronize the signals. We then
Fourier-transformed the data using a 128-point fast Fourier
transform (with a zero-overlap Hanning window) and
calculated the power spectral density, Ip«(f,r,0)I2. This, along
with the measures of transmission loss, TL(f,r,0), calculated
as in Appendix B, were then substituted into equations 7 and
8 to yield the band-averaged beam pattern over a 5.8 ms
time slice. The transmission loss corrections were truncated
at the measurement-system noise floor, corresponding to
TL=-45dB.

The 5.8 ms duration of these time slices is arbitrary with
respect to the vocalization. When we are interested in
examining fluctuations in the beam pattern over short time
scales, this time slice duration is useful. However, when the
beam pattern is found to be fairly constant across an individual
call component, it is more meaningful to map the beam
patterns for the entire note of the acoustic display. Rather than
just averaging the beam patterns of the individual time slices,
we weight the time-averaged beam pattern so that the time
slices that contain more acoustic energy contribute
proportionally more to the measure of directionality. The
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squared directional factor which is both band-averaged and
time-averaged is:

1 n
~ > Tbana i(0)
=
Hband,nole2(e) = ! 5 (10)

n
1
MAX | Z Mband j(0)
=

where n is the number of time slices over which the call
component stretches; j is the time slice index and Ilpand is
the power in the frequency band defined in equation 7.
Subsequently, the band-averaged beam pattern for that note is:

bband,nole(e) =1 010g Hband,nolez(e) . (1)

Beam pattern comparison

Maps of the beam patterns allow for qualitative comparisons
of directionality. In addition, we can calculate numerical
measures of these patterns which encapsulate the variation and
allow quantitative comparisons. In this paper, we employ four
such quantitative measures. These are: (1) angle of maximum
lobe, Omax, defined such that b(Bmax)=0dB; (2) angle of the
radiation pattern minimum, Omin, defined such that
b(Bmin)=MIN[b(0)]; (3) beam pattern range in dB,
16(Omax)—b(Bmin)l; and (4) the directivity index, DI, also in dB.
These values are presented as means + standard deviations.

The directivity index (DI) measures the degree to which a
radiation pattern is concentrated. This index compares the
intensity of the maximum lobe of a beam pattern with the
intensity of a uniform source radiating the same total power
output. In this way, the DI incorporates aspects of the radiation
field off the maximum lobe whereas beam width measures do
not. Derivations of DI are available elsewhere for three-
dimensional radiation patterns (e.g. Kinsler et al., 1982). In
Appendix C, we derive an analogous measure for radiation
patterns resolved only in a single plane.

Results
Environmental acoustics

Transmission loss fluctuated with time of day but was stable
from 22:30 to 07:30h (Fig.4). Therefore, late-night
measurements made within a bird’s territory while the animal
was away were highly concurrent with propagation during the
period of display. Below 1.2kHz, these transmission loss
measurements were extremely consistent, differing in value
by a mean of 1.1+0.5dB (N=5). The higher frequencies,
1.2-5.0kHz, show more variation, 3.7+1.8dB (N=5), across
the time window of calibration and bird display. Because of
this variation in the transmission loss curves over time, we
estimate our error of measurement for beam pattern mapping
to be +2dB below 1200 Hz and +4 dB above 1200 Hz.

The transmission loss curves for sound propagation over the
different paths of the lek (Fig. 5) show many similarities but

also important differences. Measurements made from the
center of each array are easiest to compare since the path
lengths are equal (Fig. 5C,D). In both arrays, transmission loss
curves for each path are highly concordant below 500 Hz. At
these low frequencies, sound propagation was reliable across
paths and less acoustic pressure was lost in transmission than
in free-field spherical spreading. The low-frequency
components of the sage grouse display (coos and pop 2) have
most of their energy in this well-propagated frequency range
(Fig. 2). Therefore, these components of the strut display must
propagate reliably across fairly long distances.

In contrast, the higher-frequency whistle spans a less reliable
frequency band from 0.6 to 3.2kHz (Fig. 2). Sound in this
range propagated far less effectively than free-field spherical
spreading. Also in this frequency range we find a deep
propagation minimum (notch) in the transmission loss curves
of all paths. The exact position of this notch is variable between
paths but is always between 1 and 2kHz. Even outside the
path-specific propagation notch, there are 10—15 dB differences
in transmission loss between the paths. Long-distance
communication in this frequency range is very unreliable,
suggesting that the whistle component of the call might be
an exclusively close-range component of sage grouse
communication. Shorter paths show shallower notches and a
concomitant decrease in the frequency-dependence of
propagation (Fig. 5D E).

The major features of our transmission loss curves (Figs 4,
5) are consistent with the measured curves and models of
previous acoustic studies of sound propagation close to the
ground (Embleton, 1996; Embleton et al., 1976, 1983). These
major features include (1) low levels of loss for the low
frequencies, (2) a stop-band notch in the intermediate
frequencies due to interference between the direct and reflected
paths and (3) lower levels of loss again for the higher
frequencies where the reflected paths are less coherent. These
features are expected for propagation near most surfaces.

There is, however, much heterogeneity between the
transmission loss curves, even those with identical path
lengths (Fig. 5C,D). Differences between these curves reveal
propagation effects that arose from differences in topography
(Fig. 5A,B) and soil composition. No extant acoustic model
sufficiently explains the heterogeneity in the propagation
curves that we have presented here. However, using our
method, we were still able to reconstruct beam patterns for
calls produced at sites where we had made empirical measures
of the transmission loss. All these sites and their associated
transmission loss curves are shown in Fig. 5.

Acoustic localization

We identified 39 vocalizations produced within 1.5 m of our
calibration sites: 30 vocalizations from male A, seven from
male B and two from male C. Although this sample is skewed
towards a single individual, the range of directionality
exhibited by male A subsumes the range of values exhibited
by the other two males. Therefore, we consider each
vocalization to be independent for statistical analysis. Where
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Fig. 5. Transmission loss curves for all propagation paths used for the reconstruction of acoustic radiation patterns and topographic maps of
each recording array. (A,B) The maps of each array show topographic features (with elevation in cm) in relation to the location of the acoustic
measurement sites and the microphones. The microphones are color-coded, corresponding to the line color of the transmission loss curve from
the measurement site to that microphone. (C,D) Transmission loss for propagation paths from the center of the array to each of the
microphones. The solid black horizontal line shows the level of transmission loss expected from spherical spreading alone. (E,F) Transmission
loss for propagation paths from the off-center measurement site to each of the microphones. Since the propagation path lengths are unequal, the
transmission loss expected due to spherical spreading alone is different for each path. For simplicity, these values are not shown.
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appropriate, we also present directionality measures for each
individual. In our subsequent studies, we will use an
omnidirectional speaker that allows us to calibrate more sites
within each array and thereby achieve sample sizes sufficient
for comparisons between males.

Beam patterns

We found that the acoustic component of the sage grouse
strut display is directional. This directionality showed high
between-note variability in all measured vocalizations.
However, we found that the coos and pops showed high within-
note stability in their beam patterns. These notes, therefore,
were best examined by calculating time-averaged beam
patterns, bbandnote(0). In contrast, the beam patterns of the
frequency-modulated whistles varied significantly in time and
consequently were examined as a series of discrete time slices,
bband(8).

The coo notes had directional beam patterns (Table 1) which
were consistent between the two coos of a single call but
variable between vocalizations (Fig. 6). The beam patterns of
the coos tended to be loudest to the front and quietest at the
sides, with a variable amount of energy radiated behind the
displaying bird. The orientations of the major lobes of the
coo beam patterns were variable with respect to the
anterior—posterior axis of the birds. In many vocalizations, the
maximum lobe was rotated by up to 45° to either side of the
bird, and in some examples the posterior lobe was actually
slightly louder than the anterior lobe. Fig. 7 illustrates these
trends as histograms of the maximum and minimum points on
each beam pattern, Omax and Omin. These maxima and minima
had significantly non-random angular distributions (Table 2).

The two pops showed markedly different beam patterns
from the coos and from each other. Pop 1 was strongly
directional (Table 1) but the angular distribution of the beam
pattern maxima and minima was not distinguishable from
random (Rayleigh test: combined data set, N=39, P>0.1). Pop
2 was much less directional (Table 1). The beam pattern range
for many vocalizations fell below the noise floor of our
technique, 4dB in this frequency band. However, when we
restricted our examination of the directionality to those pop 2
notes with a beam pattern range greater than the potential
measurement error, we found that, when the beam pattern was
significantly directional, this pop tended to be louder in front
of the bird and quieter behind (Table 2).

During the duration of the whistle, both the dominant
frequency and the air-sac geometry change extensively. This
variation should be accompanied by fluctuations in the
directionality of acoustic radiation. Such variability was seen
in all whistles (Fig. 8). Despite this variability, all whistles
showed a deep anterior null in the beam pattern. This null was
not present for the entire whistle but was always present for at
least part of it. In contrast to the beam patterns of the coo and
pop notes described above, the modal positions of the whistles’
beam pattern minima, mode[Omin], were typically in front of
the strutting bird (Fig.9; Table 2). In addition, the modal
maxima, mode[Bmax], of the whistles were never in front of the

Table 1. Directionality of the coo and pop notes of the sage
grouse strut display

Male N bband,note(0) Coo 1 Coo 2 Pop 1 Pop 2
A 30 Range (dB) 8.5+23 9.7+23 9.6+3.8 5014
DI (dB) 33+10 3.7x09 38+14 2.5+0.7
B 7 Range (dB) 8.6£2.6 7.6x1.6 114433 6.2+1.5
DI (dB) 34x15 32+13 43+10 2.5+08
C 2 Range (dB) 9.7+2.7 98+14 5300 4.2+0.1
DI (dB) 2.8+02 28+0.2 3.1+0.0 1.8+0.1
All 39 Range(dB) 8.6+24 94423 9.74#38 52+14
DI (dB) 33+1.1 3610 3.8+13 2.5+0.7

The mean and standard deviation of two measures of directionality
are shown for each individual and for the entire sample of
vocalizations.

The top value is the range of the measured values of the beam
patterns. The bottom value is the directivity index (DI) of those
patterns. A uniform sound field has a DI of 0dB and a dipole has a
DI of 3.01 dB (see Appendix C).

bband, note(0), time- and band-averaged beam pattern.

Table 2. Results of Rayleigh tests on the angular distribution
of the beam patterns’ maxima and minima, Onax and Opin

Beam pattern

Call note measure All males  Male A Male B
Coo 1 Omax, forward z=7.81 z=5.34 z=2.86
N=39 N=30 N=7
P<0.001 P<0.005 P<0.1(NS)
Omin, sideways z=7.38 z=6.01 z=2.03
N=39 N=30 N=7
P<0.001 P<0.002 P<0.2(NS)
Co02  Omax, forward z=19.02 z=13.75 z=3.56
N=39 N=30 N=7
P<0.001 P<0.001 P<0.05
Omin, sideways z=12.17 z=9.44 7=4.56
N=39 N=30 N=7
P<0.001 P<0.001 P<0.01
Pop 2 Omax, forward z=9.19 z=5.38 7=2.94
N=29 N=21 N=6
P<0.001 P<0.005 P<0.1(NS)
Omin, behind 7z=9.25 z=8.82  z=3.84
N=29 N=21 N=6
P<0.001 P<0.001 P<0.02
Whistle mode[Omax], sideways z=4.70 7=4.33 7=4.43
N=39 N=30 N=7
P<001 P<002 P<0.01
mode[Omin], forward z=11.06 z=6.73 7=3.36
N=39 N=30 N=7
P<0.001 P<0.001 P<0.05

No tests were conducted for male C because the sample size was
insufficient.
NS, not significant.

bird but were oriented to either side or behind. Thus, the
angular distribution of the whistles’ modal maxima and
minima are the inverse of the coos’ distributions. On average,
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Fig. 6. Acoustic beam patterns, bband note(0),
for the coos and pops. (A) Polar diagram
showing the format of all acoustic radiation
plots used here. Viewed from above, the
birds are standing at the center facing oB
upwards. Divisions are 6dB. Here, the
dynamic range represented is 18dB.
(B) Beam patterns of five representative
strut displays. The first three rows show the
range of patterns observed from male A.
The last two rows show one strut from each
of the other two focal males (males B and J'C
C). The frequency bands used in the average
were 300—600 Hz for coo 1, coo 2 and pop 2
and 600-1200 Hz for pop 1.

the whistle was highly directional and extremely variable
(Table 3). At its most directional time slice, the average whistle
was 22.9+3 .4 dB less intense in front of the calling bird than it
was at the sides (Table 3).

Discussion

The results described above show that sage grouse strut
displays have strikingly directional patterns of acoustic
radiation. Here, we compare these directional patterns with the
patterns observed in other vertebrates and show that the sage
grouse radiates sound in a fashion that is fundamentally
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different from that for any previously measured vertebrate (see
Gerhardt, 1998, and below for review). To measure these
patterns and map them accurately, we had to develop a new
method for the measurement of acoustic directionality in the
field. We start our discussion by explaining the major novelties
and advantages of our method that allowed us to make these
discoveries.

Methodological conclusions
There are two features of our method for measuring
acoustic emission patterns that are advantageous relative to
previous methods used in both laboratory and field studies:
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Fig. 7. Polar histograms showing the orientation of the beam
patterns’ major features relative to the anterior—posterior axis of the
birds for coo 1 (top) and coo 2 (bottom). These frequency
distributions show beam pattern maxima (left), Omax, and minima
(right), Omin, for all 39 measured vocalizations. The contribution of
each focal male is indicated by the density of the cell in each
histogram bar; black is male A, gray is male B and white is male C.

Table 3. Directionality of the frequency-modulated whistle of
the sage grouse strut display

Male N bband(0) Mean Maximum  Minimum
A 30 Range (dB)  13.6+2.1 22.8+£3.6 6.3£1.7
DI (dB) 44+0.6 6.7+£0.8 22405
B 7 Range (dB)  16.1+2.1 23.6+3.2 8.5+1.2
DI (dB) 4.6+0.3 6.8+0.5 2.7£04
C 2 Range (dB)  12.0+0.2 22.7+09 3.6+0.2
DI (dB) 3.8+0.1 6.7£0.3 1.6+£0.2
All 39 Range (dB)  14.0+2.3 229+34 6.5+1.9
DI (dB) 44+0.5 6.7+£0.7 2.3+0.6

The mean and standard deviation of two measures of directionality
are shown for each individual and for the entire sample of
vocalizations.

The top value is the range of the measured values of the beam
patterns. The bottom value is the directivity index (DI) of those
patterns.

bpand(0), band-averaged beam pattern.

(1) synchronous recordings from multiple angles around the
focal individual, (2) explicit measurement of environmental
effects on propagation. Here, we examine the specific
advantages associated with each of these features.

Advantages of synchronous recordings
Previous studies have made detailed beam pattern maps

using two microphones by repeatedly repositioning a single
receiver at various angles while another remains in a fixed
position to correct for fluctuations in overall amplitude. This
asynchronous, two-microphone method allows for fine spatial
resolution in the mapping of acoustic fields and has been used
to reconstruct some very complicated radiation patterns (Au
et al., 1995; Bennet-Clark, 1987; Forrest, 1991; Hartley and
Suthers, 1987, 1989, 1990; Hunter et al., 1986; Larsen and
Dabelsteen, 1990). The only limit to the spatial resolution is
the number of measurement sites chosen by the researcher.
However, this method can only be used when the focal
animal’s position is fixed by behavior or design and the same
vocalization can be coaxed or induced for repeated measures.
In addition, using asynchronous measures to reconstruct
radiation patterns assumes that beam patterns remain constant
between vocalizations of the same type. Our synchronous
recording technique allowed us to test this assumption in sage
grouse. Our results show that the beam patterns for each call
note vary between vocalizations. Therefore, this assumption
may be inappropriate for some organisms, and synchronous
recording is therefore preferred (Gerhardt, 1998). The trade-
off associated with synchronous recording is that the spatial
resolution of radiation maps is limited by the number of
receivers deployed. This number has practical limitations,
especially in the field. However, our eight-microphone design
was sufficient to describe the major features of the radiation
patterns produced by sage grouse.

Advantages of explicit environmental measures

Laboratory study of acoustic emission fields has one
principal advantage over our method: a controlled
environment. Anechoic recording chambers obviate detailed
environmental calibration since the measures of the acoustic
field are direct measures of the emission field. For many
organisms, laboratory study is impossible or impractical and
measures must be made in the field. Field study also allows
for the measurement of acoustic directionality in the context
of natural display behavior. Field studies must account for the
complexities of propagation in natural environments.
Previous field studies of acoustic directionality have dealt
with the environment by either assuming or demonstrating (a)
that sound propagation is not frequency-dependent over the
measurement distance and (b) that environmental effects
are homogeneous across the measurement paths. These
simplifications allow the treatment of field measurements as
if they were conducted in an anechoic chamber and thus
require no explicit corrections for propagation effects. These
simplifications may be appropriate (a) when the measurement
propagation paths are very short, (b) when there are no nearby
surface boundaries, and (c) when all paths are free
from heterogeneous features. To make measurements on
unrestrained and mobile sage grouse in the wild, our
method used longer measurement distances over a
heterogeneous surface boundary. Therefore, neither
simplification was appropriate. Instead, we measured the
precise transmission loss curve for each measurement path
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Fig. 8. Time-varying beam patterns, bband(6), for the whistle component of the strut display. The format is the same as in Fig. 6 except that the
dynamic range of these plots is 30 dB. Each plot represents a time slice of 5.8 ms with no overlap. Time reads from left to right and from top to
bottom, signified by the letters a—u. The value at the bottom right of each polar plot is the dominant frequency (kHz) for that time slice. One
whistle from each focal bird is shown.

and explicitly corrected for propagation heterogeneity in directionality research possible in a wider variety of
frequency and space. In this way, our method makes acoustic-  organisms and environments.
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Modal maxima Modal minima

Whistle

Fig. 9. Polar histograms showing the orientation of the beam
patterns’ major features relative to the anterior—posterior axis of the
birds for the whistle. These frequency distributions show beam
pattern modal maxima (left), mode[Omax], and modal minima (right),
mode[Omin], for all 39 measured vocalizations. The contribution to
the data set of each focal male is indicated by the density of the cell
in each histogram bar; black is male A, gray is male B and white is
male C.

Bioacoustic conclusions

Our measurements showed that sage grouse strut displays
have markedly directional acoustic beam patterns. Although
the directionality of these patterns varied both within a
vocalization and between calls, clear patterns emerged. First,
the coos were always intense in front of the animal and
sometimes intense behind as well. The coos were least intense
to either side. This maximal lobe rotated up to 45° to either
side between vocalizations. The whistles showed a distinctly
different beam pattern. While variable across the length of the
note, the principal beam pattern that dominated the radiation
of the whistle was laterally bilobate with a strong anterior null
in the beam pattern. Pop 1 was strongly directional but highly
variable in its orientation, whereas pop 2 had a much lower
magnitude of directionality but was fairly stable in its
directional pattern.

Comparisons with the directionality of other vertebrate
vocalizations

The acoustic radiation patterns of a number of other
vertebrate vocalizations have been measured and they conform
to a general theme. Directional vertebrate vocalizations are
bilaterally symmetrical with their maximal radiation point
anterior to their site of acoustic radiation (mouth, nares or vocal
sac). This is consistent with models of single-site acoustic
radiation. The degree to which these fields are directional
varies from a narrow beam to nearly or completely
omnidirectional. The most directional vocalizations, with
approximately 20-36dB in beam pattern range, are the
echolocation pulses of bats and of toothed whales (Au et al.,
1995; Fuzessery et al., 1992; Hartley and Suthers, 1987, 1989,
1990; Pilleri et al., 1976; Purves and Pilleri, 1983; Schnitzler
and Henson, 1980; Wotton et al., 1997). Few of the above
studies resolved these patterns beyond the forward-facing
180°, so these range values are estimates and it would be

inappropriate to estimate DIs. Intermediate directionality, with
beam pattern ranges of 6-15dB and DI between 2.0 and 3.5
depending on frequency, has been found in human speech and
blackbird vocalizations (Flanagan, 1972; Larsen and
Dabelsteen, 1990). Anuran calls are at the low end; the most
directional of the measured frog calls has a beam pattern which
ranges 6dB from front to back (DI=1.5) (Gerhardt, 1975).
Most frogs vocalizations are much less directional and some
have been found to exhibit a nearly omnidirectional pattern,
DI=0 (Gerhardt, 1975; Passmore, 1981; Prestwich et al., 1989).

To our knowledge, there are only two previously reported
minor exceptions to the vertebrate theme that vocalizations are
loudest in front and quieter behind. One species of toad, Bufo
americanus, radiates sound in two equally intense lobes 180 °
apart, one in front and one behind, separated by a notch of
approximately 3—4 dB (Gerhardt, 1975). The fairly shallow
lateral null in this pattern is an interesting deviation from the
standard vertebrate pattern and remains unexplained. Also, the
call of the African frog Cacosternum boettgeri was reported to
be 1-1.5dB louder directly posterior (Passmore, 1981). This
effect was extremely small, within the range of likely
measurement error for working in the field. In addition, since
this study did not account for propagation effects, it is possible
that the skew was environmentally induced.

Portions of the sage grouse whistle show the greatest
directionality of any strictly communicative vertebrate signal
so far measured. Only vocalizations used for echolocation are
known to be more directional. The sage grouse coos and pop
1 show the level of directionality commonly found in the
communication signals of larger vertebrates, while pop 2 is
more similar to the omnidirectional sounds of frogs. We
expected that lower-frequency sounds, those with large
wavelength-to-body size ratios, would be less directional than
higher-frequency sounds (Bradbury and Vehrencamp, 1998;
Prestwich, 1994). This held generally true in sage grouse since
the whistle contains energy principally in wavelengths shorter
than those of the less-directional coo and pop notes. However,
despite having a similar spectral make-up, pop 2 is markedly
less directional than the two coos. Also, the lower frequencies
of the whistle, 500-1400Hz, often exhibited the deepest
anterior nulls and the strongest directionality. Therefore, we
propose that the rapid movement of the esophageal air sac or
associated structures is responsible for much of this between-
note variation in magnitude of directionality.

While the magnitude of the directionality is not completely
unprecedented, the shape of the beam patterns of the sage
grouse strut is unlike any previously seen in vertebrates. The
two most surprising results are the deep anterior null in the
radiation pattern of the whistle and the bilateral asymmetry and
variable direction of the peak in the radiation pattern of the
coos and pop 1. Previous attempts to understand the patterns
generated by vertebrate vocalization have used simple acoustic
models of single-source radiation to arrive at a realistic
estimate of radiation mechanisms. A model of the vocal
apparatus as a vibrating piston suspended in a baffle has
adequately explained the basic patterns observed in birds, bats,



cetaceans and humans (Flanagan, 1972; Hartley and Suthers,
1989, 1990; Hunter et al., 1986; Larsen and Dabelsteen, 1990;
Mogensen and Mghl, 1979; Pilleri, 1990; Stevens, 1997;
Strother and Mogus, 1970). Alternative models of single-site
radiation have come closer to explaining the smaller side lobes
in the acoustic field of bats (Hartley and Suthers, 1989, 1990).
One dual-site radiation model argued that emission through a
paired structure could lead to an increase in directionality for
bats that call through their noses (Méhres, 1967; Sokolov and
Makarov, 1971).

The beam patterns seen in the sage grouse do not fit those
predicted by any of these models. The shape of the beam
patterns for the coos and pops superficially resemble some of
these patterns. However, since all the potential radiation sites
(mouth and air sacs) face forwards for the duration of the
vocalization, none of these models can explain the variability
in the location of the peak or the intensity of the rearward-
facing lobe. Furthermore, none of the models can explain the
anterior null and lateral projection of the whistle component.
Because of this lack of congruence with existing models, we
suggest that the sound emission mechanism of the sage grouse
is unlike that of any other vertebrate so far examined.

Directionality, display posture and the study of mate choice

Even directionality as low as 3-6dB is likely to be
behaviorally relevant because, given spherical spreading, this
translates to a 40-100 % greater distance of propagation in the
direction of the maximum lobe before the signal is lost.
Directionality is a defining component of an acoustic signal’s
active space, although it is often overlooked (e.g. Brenowitz,
1982). When a sender knows (or can estimate) the location of
its intended receiver, the signaler can reduce the cost of
eavesdropping by predators and competitors by turning so that
the peak of its beam pattern corresponds to the position of the
receiver. The signaler can then produce just enough acoustic
power to signal effectively to that individual (Klump and
Shalter, 1984; Larsen and Dabelsteen, 1990). In addition, when
competitors have overlapping signals, the sender can combine
display orientation with a more powerful vocalization to
decrease acoustic interference from its competitors and
maximize the probability of response by the receiver. If the
receiver can perceive the vocalization’s directionality, then
appropriate posture might also help to specify the intended
recipient of the signal (McGregor and Krebs, 1984; Richards,
1981). In these ways, directional patterns of acoustic radiation
can strongly influence the choice of display posture, allowing
for more effective or efficient communication to receivers of
known location. When the intended receiver’s position is
unknown, however, directional display can be a liability
necessitating continual modification of display posture to
maximize the probability of reception (Forrest, 1991). In
situations like this, an omnidirectional vocalization may be
favored. The directionality of vertebrate vocalizations is likely
to be tuned to the social and environmental context of the
display, and display posture is likely to reflect the degree and
nature of that directionality.
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Sage grouse males do not face females head on. Early
observers of the mating display of the male sage grouse noticed
that, although the display was dramatic, the efforts seemed to
be unrelated to the locations of potential female mates. Simon
(1940, p. 470) wrote that the males, ‘seemed disinterested in
the hens...[and] in strutting paid very little attention to [them]’.
Indeed, while males rotate to different directions for successive
calls, they rarely face a female head on (J. W. Bradbury and
M. S. Dantzker, personal observation). Females turn with the
male to help maintain an oblique angle between them (Wiley,
1973a). It is this indirect approach that fooled Simon (1940)
into his incorrect inference that the sage cock was not in ‘actual
pursuit’ of hens. We now know that lekking sage grouse are
under intense sexual selection driven by female choice (Gibson
and Bradbury, 1985; Hartzler, 1972; Hjorth, 1970; Lumsden,
1968; Patterson, 1952; Scott, 1942; Wiley, 1973b). The results
of this study suggest that, despite maintaining an oblique
orientation, male sage grouse might still reach females with the
loudest portion of his acoustic signal. Beyond this, however,
these data do not reveal the adaptive significance of the unusual
radiation patterns we have described. While it is possible that
these beam patterns evolved under direct selection, it is also
possible that the patterns are an epiphenomenon of selection
for loud or impulsive sounds. Alternatively, the patterns of
acoustic radiation might have evolved to improve the efficacy
of an already lateralized display that evolved first for other
reasons.

Investigations of female sage grouse mate-choice have
identified a number of spectral and temporal aspects of the strut
display that are correlated with mating success (Gibson, 1996;
Gibson and Bradbury, 1985; Gibson et al., 1991). While
amplitude is likely to be an important determinant of mate
attraction (Forrest and Raspet, 1994), these studies could not
examine signal intensity since field measurements were not
repeatable (J. W. Bradbury, personal observation). The results
of the present study suggest that the unusual and variable beam
patterns of the sage grouse display combined with the leks’
heterogeneous transmission loss blocked these previous efforts
from accurately measuring signal amplitude. These same
factors, directionality and heterogeneous transmission loss,
also stymie efforts to measure the amplitude of other species’
acoustic displays (Gerhardt, 1998). Techniques such as the one
we have described here facilitate the study of acoustic
amplitude in the field and thereby allow more thorough
investigation into the importance of amplitude and
directionality in signal evolution.

Appendices
Appendix A: calibration of the acoustic system
The acoustic system, described below, had its own
characteristic acoustic properties. These properties had to be
identified and quantified before the system could be used to
measure the transmission properties of the lek and the radiation
pattern of the sage grouse. This Appendix outlines how this
was accomplished. In what follows, we will assume that all
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time variables have been Fourier-transformed so that we are
dealing with the steady-state response of the system.

The acoustic system consisted of source and receiver
components. The sound source was a Kudelski powered
speaker driven by a Stanford Research DS340 signal generator.
A single receiver channel consisted of an Audiotechnica
MB1000L microphone coupled to a custom-built amplifier
through an impedance-matching transformer. The output from
the amplifier was recorded on a TASCAM DASS8 digital
recorder, which provides 96 dB of dynamic range from 10 Hz
to 22.5kHz.

The source sound pressure field measured 1 m from the front
of the source can be related to the signal generator voltage by:

ps(h=as(HVe(h) , (AD

where Vy(f) is the voltage supplied by the generator and as(f)
is a frequency-dependent constant, which depends on the
source and has units of PaV-1. Similarly, the voltage at the
output of the amplifier can be expressed as:

()

or

Vi(h= (A2)
where pi(f)is the sound pressure at the microphone and oy is a
frequency-independent constant for the microphone/amplifier
pair, which also has units of Pa V-!. The frequency-independent
response of the Audiotechnica microphone and custom-built
amplifier was verified by comparison of the response with a
calibrated APO microphone.

The third expression we require relates the acoustic field
radiated by the source to the field that arrives at the
microphone. For the acoustic system calibration, the source
was positioned close to the microphone and away from the
ground to prevent interference from multi-path arrivals. In this
case, the relationship between ps and p; follows a spherical
spreading law:

pr=", (A3)

’
where r is the separation between the speaker and microphone.
This relationship was tested and found to hold true
by measuring the source spreading loss at three ranges,
verifying that the calibration measurements were not made in
the near field of the source and were free from multi-path
effects.

To characterize the acoustic system, it was necessary to
measure os and or. In our later calculations, these two
constants will always appear as a dimensionless ratio, and so
it is sufficient to measure a/as. Combining equations Al, A2
and A3, we have:

ar Vg

as Vi’ (AD)
where the explicit dependence on frequency has been dropped.
The ratio defined in equation A4 was determined by measuring
r and the variables V; and V; across a frequency band of 200 Hz
to SkHz.

Appendix B: measurement of transmission loss across the lek

Acoustic transmissions close to the ground are characterized
by frequency-dependent structure in the transmission loss
caused by interference between airborne and ground-reflected
arrivals. Absorption and refraction due to sound speed profiles
in the air are not expected to be important over the short ranges
and low frequencies of interest here (Piercy and Embelton,
1977). The ground-induced interference structure depends
sensitively on the composition of the ground (Embleton et al.,
1983) and ground relief. As the ground relief varied
considerably along the transmission paths studied, the
transmission loss along each path needed to be measured.

The subject of acoustic transmissions over ground is a
subject area in its own right, and a full discussion of the
phenomenon lies beyond the scope of the present paper. The
interested reader is referred to the work of Embleton et al.
(1976, 1983) and recent reviews by Embleton (1996) and
Forrest (1994).

The transmission loss across a given stretch of the lek is
defined by:

pr(fsr)
ps(f) '
where pr(f,r) is the sound field pressure at the observation point
as a function of range from the source, r, and frequency, f, and
ps(f) is the free-space source sound pressure field measured 1 m

in front of the source. Substituting equations Al and A2 into
equation B1, we obtain:

TL(f,r) =

(B

ar  Vi(fir)
as(f) V() ’

TL(f,r) = (B2)

where the constants o, and os depend on the acoustic
measurement system (see Appendix A), Vi is the voltage
measured at the microphone and Vy is the voltage used to drive
the source. Since the ratio o/as(f) is known, the transmission
loss can be measured by measuring Vi(r f) and Vg(f).

The actual measurement methodology for a given stretch of
the lek was as follows. The measurement system was composed
of the instruments described in Appendix A with the exception
of the Stanford Research signal generator, which was replaced
by a recording of the signal generator output. The Kudelski
speaker was placed within the microphone array with its center
25cm above the ground using a leveled stand and driven with
a sinusoidal chirp linearly modulated with a triangle-wave from
200Hz to 5kHz. A complete chirp took 10s to complete,
providing sufficient time at any given frequency to allow for all
multi-path arrivals. For each measurement path, we recorded
four complete chirps of both the source excitation voltage and
the microphone response voltage. At each acoustic
measurement site, we repeated this measurement procedure
eight times, rotating the speaker each time so that the speaker
faced directly towards each microphone in the recording array.
Like most loudspeakers, the Kudelski speaker is directional;
however, the rotation of the speaker allowed us to calibrate our
system with an effectively omni-directional source.



The most straightforward way to determine the ratio of
voltages that appears in equation B2 would be to compute the
ratio of the Fourier-transformed time series. However, in
practice, it was found that this methodology was too sensitive
to contamination from sources of ambient noise, which
included wind and biological sources. Therefore, we employed
a noise-reduction algorithm to improve the ratio estimates. The
algorithm consisted of the following. For each transmission
path, 30s or three complete chirps of source excitation and
microphone response voltages were digitally transferred from
the tape to a computer. The digital data streams were pre-
processed by cross-correlating the source and microphone
voltages to determine the time delay in the transit of the
airborne signal between the source and microphone. This time
delay was then backed out of the microphone recording to
synchronize the source and microphone time series so that the
dominant frequency, fj, within a given segment of source and
microphone data was the same. The voltage ratio at f; was then
determined by taking the ratio of the spectral levels at fj while
ignoring all other spectral components. Thus, the ratio
estimates were formed from data segments corresponding to
the largest available signal-to-noise ratios.

Appendix C: the directivity index

The directivity index (DI) compares the intensity of the
maximum lobe of a beam pattern with the intensity of a
uniform source radiating the same total power output. The total
power II radiated by a directional sound source through a
cylindrical surface of small height Az enclosing the source is
obtained by integrating the free-space sound pressure ps(r,0),
so that:

21
J ps2(r0)Azrdo (C1)

1=
2poC 0

where po is the density of sound in air and c is the speed of
sound in air. (Note: angles in Appendix C are in radians.)
We can split the function for the free-space sound pressure
field into the directional factor, H(0), and the on-axis pressure,
Ds.axis(r), as in equation 1, then rewrite the above relationship
for power as:
2
H%(6)d .

1
n= 27 ps,axisz(r)AZr J (C2)

PoC 0

A uniform source that generates the same acoustic power, Iy,
can be represented relative to the pressure amplitude Pyu(r) at
r meters from the uniform source by:

2n 2%
=11 J pld(r)Azrdd= — pA(rAzr. (C3)
2poC

v 2poc 0

It follows that the directional source will have a greater
intensity along its acoustic axis than will the uniform source.
The ratio of these intensities therefore gives us a measure of
the directional concentration of the acoustic power. This ratio,
called the directivity, D, can be represented as:
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_ ps,axisz(r)

C4
pu(r) ©

Setting equation C2 equal to equation C3, we can now solve
for this above ratio and rewrite this equation as:
2
D=——— (C5)

2w ’
J H%(6)do
0

The directivity index, DI, is the decibel equivalent of this
quantity:

DI=10 logD. (C6)

Solving this equation for some simple radiation patterns shows
us both the utility and limitations of this index. For a pulsating
sphere where H(8)=0, we find that DI=0dB. A hemispherical
source mounted on a rigid baffle where H(0)=0 for 0<6=<z and
H(0)=0 for m<0=<2mn then has DI=3.01 dB. For a simple dipole
radiation pattern where H(8)=cos20, we find an equivalent
DI=3.01dB. This illustrates that the directivity index does not
inform us as to the shape of the radiation pattern, only the
degree to which the acoustic power is concentrated.

To calculate the directivity index of the measured radiation
patterns from our eight-point array, we solved for a measure
of the squared directional factor, H2(8), and approximated the
integration in equation C5 using Simpson’s rule. Substituting
into equation C6, we arrived at the final solution:

2
DI=10log )

T

— 14 E Hi?+2 § Hy?

12 i K
j=1357 k=0,2.4.6

€7

where H(2m)=H(0) and Ho was defined as the point where
H(0)=1. In practice, our measure of the squared directional factor
was Hpana2(0) from equation 8 or Hpand note(8) from equation 10.

For simple beam patterns, this approximation should not
overestimate the value of DI. The degree to which the
calculation approximates the true value of DI is dependent on
where the eight samples of the beam pattern are taken. To
illustrate this, we used this equation to calculate the DI of the
dipole radiation pattern, H2(8)=cos20, 10000 times choosing
the position of the first of eight equally spaced samples
randomly from O0<6<m/4. This yielded a range of values
(median 2.84dB; range 2.32dB<DI<3.01dB). No values
exceed the value calculated analytically above. We therefore
suggest that our approximation of the directivity index is a
conservative measure of the directionality of the true beam
pattern.

List of symbols
b(0) the beam pattern, the decibel equivalent of the
directional factor H (dB)
band-averaged beam pattern (dB)
time- and band-averaged beam pattern (dB)

bband(0)
bband,notc(e)
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speed of sound (ms!)

[9Y

D directivity, a measure of the directionality of the
sound field (dimensionless)

DI directivity index, the decibel equivalent of D
(dB)

f frequency of vibration (Hz)

H(B) the directional factor, a normalized function
(dimensionless)

Hpand(0) frequency-band average of the squared

directional factor (dimensionless)

Hband note2(0) time- and frequency-band average of the squared
directional factor (dimensionless)

Hoy point where H(0)=1

mode[Omax] beam pattern modal maximum (degrees)

mode[Omin] beam pattern modal minimum (degrees)

n number of time slices

Pr spectral density of the acoustic pressure
measured at the receivers (PaH=1/2)

Ds spectral density of the acoustic pressure
generated by a source (PaH~12)

Ds axis spectral density of the acoustic pressure on the
acoustic axis (PaH~1/2)

Pu spectral density of the acoustic field generated
by a uniform source (PaH-12)

r distance from source (m)

TL transmission loss (dB)

Vg signal generator voltage (V)

Vi output voltage from the microphone amplifiers
™)

z vertical distance (m)

s source frequency response, a frequency-
dependent constant (PaV-1)

O receiver response, a frequency-independent
constant (PaV-1)

11 acoustic power (W)

Tband frequency-band average of the acoustic power
W)

IIy acoustic power generated by a uniform source
W)

0 horizontal angle relative to the front of the
source (degrees; radians in Appendix C)

Omax value of 0 at which b(0) is a maximum (degrees)

Omin value of 0 at which b(0) is a minimum (degrees)

Po density (kgm3)
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