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Abstract To evaluate the effects of calling site on call degra-
dation, we broadcast synthetic advertisement calls of male
gray treefrogs through forest, over open terrain, and across
pond water. Calls were recorded at distances of 1, 2, 4, 8,
16, and 32 m. We varied speaker and microphone heights
for a total of five elevation combinations ranging from surface
level to a height of 1.5 m. We quantified structural degradation
in recorded calls using “AV,” a measure of relative sound
energy in call pulses and interpulse intervals. A subset of
recorded calls was used in two-speaker discrimination tests
with females. Finally, we examined male selection of perch
height by recording locations of calling males on ladder-like
trellises positioned around the periphery of a breeding pond.
We found the greatest degradation for calls broadcast through
forest followed by calls transmitted across open terrain and
then pond water. At relatively small source-receiver separa-
tions, elevation had only small effects on degradation.
However, for separations greater than 4 m (especially through
forest), elevation had a significant impact on AV—with calls
broadcast and recorded near the substrate particularly vulner-
able to degradation. Choice tests demonstrated that such levels
of degradation could significantly reduce a male’s attractive-
ness. This may, in part, explain why males only seldom called
from low rungs of trellises.
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Introduction

Across numerous taxa, including frogs, considerable effort
has been expended to learn how specific attributes of signals
(such as duration and complexity) and signaling behaviors
(such as rate and timing patterns) influence female discrimi-
nation and, by inference or measurement, mate choice and
mating success (Ryan and Keddy-Hector 1992; Andersson
1994). In contrast, although research on insects, anurans, pri-
mates, and especially birds has sought to determine how the
habitat in which a male signals impacts signal structure at
potential receiver locations (e.g., Waser and Waser 1977;
Wiley and Richards 1982; Dabelsteen et al. 1993; Kime
etal. 2000; Lang 2000), fewer data are available on how these
habitat-induced effects, in turn, influence the behavior of po-
tential mates and thus possibly mating success (Gerhardt
1976; Lang 2000; Murphy 2008; Kuczynski et al. 2010). We
also know relatively little about whether and how animals
adjust their signaling behavior to features of the environment
(Ey and Fischer 2009; Ziegler et al. 2011; Erdtmann and Lima
2013). Of particular and growing interest, although a topic
neglected in most studies of communication, is choice of sig-
naling location (for examples of exceptions, see Fellers 1979a;
Wells and Schwartz 1982; Wilczynski et al. 1989; Arak and
Eiriksson 1992; Lang 2000; Barker et al. 2009). In chorusing
animals, the precise location of individuals, relative to struc-
tural elements of the environment as well as other signalers,
should be especially important in determining the extent to
which receivers can assess important features of communica-
tion sounds (Schwartz and Gerhardt 1995; Bee and Micheyl
2008).

Many species of anuran amphibians form aggregations
(i.e., choruses) at wetlands in which males vocally advertise
to attract mates. These choruses generate high levels of back-
ground noise that pose serious challenges to acoustic
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communication (Gerhardt and Klump 1988; Narins and
Zelick 1988; Wollerman 1999; Schwartz and Bee 2013;
Vélez et al. 2013). Moreover, call characteristics are modified
as signals travel through the environment, posing further chal-
lenges to communication (Ryan and Sullivan 1989; Kime
et al. 2000; Castellano et al. 2003; Penna et al. 2006, 2013;
Kuczynski et al. 2010; Rohr and Junca 2013). In addition to
attenuation due to spherical spread, higher frequencies typi-
cally undergo greater excess attenuation relative to lower fre-
quencies. Sound scattering and reverberation also affect call
structure and can have significant effects on the fine temporal
structure of calls. The resulting degradation has been found to
increase with source-receiver distance and may vary dramati-
cally among habitat types and, as with other effects, can
change with elevation of signalers and receivers (Wiley and
Richards 1982; Ryan and Kime 2003; Slabbekoorn 2004).

Previous studies (Zimmerman 1983; Ryan and Sullivan
1989; Ryan et al. 1990; Kime et al. 2000; Castellano et al.
2003; Bosch and de la Riva 2004; Penna et al. 2006) have
addressed whether the calls of different anuran taxa (species,
subspecies, or diploids and tetraploids) are best suited to their
habitats, as predicted by the acoustic adaptation hypothesis
(Morton 1975; Wiley and Richards 1982). Although the evi-
dence for such structural acoustic adaptation is at best mixed
(Gerhardt and Huber 2002; Wells 2007; Ey and Fischer 2009;
Erdtmann and Lima 2013), there can nevertheless be signifi-
cant impacts of habitat type, elevation, and transmission dis-
tance on the post-emission features of anuran vocalizations.
For example, the calls of subspecies of Acris crepitans exhib-
ited greater degradation when broadcast through forested hab-
itats than grassland areas (Ryan et al. 1990). Ryan and
Sullivan (1989) assessed call degradation in the toads Bufo
valliceps and Bufo woodhousii. The advertisement calls of
the former species, which have a slower rate of amplitude
modulation than calls of the latter species, exhibited greater
declines in the structural integrity of pulses with broadcast
distance. Based on the neurophysiological data of Rose and
Capranica (1984) on two other toad species, the authors spec-
ulate that species discrimination abilities of females could be
compromised at distances of 80 m or greater from calling
males. Indeed, Ratnam et al. (2004), also see Feng and
Schul 2006), showed that structural alterations to the fine tem-
poral components of the calls of Rana pipiens pipiens as a
result of echoes and reverberation can affect the response of
neurons in the auditory midbrain in a way likely to impair call
discrimination. In a study of neotropical species, Kime et al.
(2000) observed that calls suffered less degradation when
broadcast from greater elevation and when broadcast through
more open habitats.

Attenuation of signals can contribute to major limitations
on communication distance in frogs (e.g., Penna et al. 2006,
2013), and as has been repeatedly demonstrated for insects
(Roémer 2012), birds (Slabbekoorn 2004; Brumm and

@ Springer

Naguib 2009), and mammals (Waser and Waser 1977,
Sabatini and Ruiz-Miranda 2008), its magnitude is influenced
by the calling venue. For example, Wells and Schwartz
(1982), working with glassfrogs (Hyalinobatrachium
fleischmanni), found that call transmission through dense veg-
etation caused greater excess attenuation than did call trans-
mission at greater height through less obstructed habitat. A
mathematical modeling study of call propagation in the spring
peeper (Pseudacris crucifer) found that calling away from the
chorus from elevated perches and over water increased signal
active space relative to calling near the ground or near other
males (Parris 2002). Interestingly, Sun et al. (2000) found that
excess attenuation of higher frequencies in the call of tingara
frogs resulted in increased concordance between the tuning of
the basilar papillae in the auditory periphery of females and
the distribution of call spectral energy. However, the opposite
result was obtained using similar data on cricket frogs.

The research we describe below builds on knowledge ac-
cumulated over more than three decades on communication
and sexual selection in the gray treefrog, Hyla versicolor
(Gerhardt and Huber 2002; Wells 2007). Gray treefrogs, like
other acoustically signaling animals, are often found in envi-
ronments that are complex as a result of patterns of individual
distribution, natural vegetation, and additional habitat attri-
butes. Because these factors contribute to sonic complexity
and signal integrity, they will necessarily influence the effec-
tiveness of communication; yet, we know relatively little
about these influences (Feng and Ratnam 2000; Gerhardt
and Huber 2002; Slabbekoorn 2004). Indeed, in spite of recent
efforts to increase the realism of experimental conditions (e.g.,
Schwartz et al. 2001, 2013; Christie et al. 2010), critical gaps
remain in our understanding of how H. versicolor and other
species of frogs communicate in the real world (Feng and
Ratnam 2000).

Choruses of male gray treefrogs form in and near wetlands
in much of the eastern half of the USA during late spring and
early summer, and females approach these aggregations from
the surrounding habitat and then listen to males calling from
different locations before selecting a mate (Fellers 1979a;
Schwartz et al. 2004; Johnson et al. 2007). In our study sites
in southeastern New York (and in other treefrog breeding
areas), males call in a variety of locations (e.g., on the ground,
water surface, floating logs/trees, branches, tree trunks, within
bushes and dense stands of cattails, and on sparse emergent or
floating vegetation) and broadcast their calls across a variety
of habitat types (pond, forest, grassy).

Males of H. versicolor produce spectrally bimodal adver-
tisement calls consisting of a chain of pulses (NY ~18 pulses
at ~20 pulses/s at 20 °C). Each pulse has spectral peaks (and
relative amplitudes) at, on average, about 1.1 kHz (=6 dB) and
2.2 kHz (0 dB), and frequency varies among males of different
size (Gerhardt 1991, 2005a). However, call preferences of
females based on frequency differences are fairly weak
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(Gerhardt 2005a), and our New York animals exhibit no dis-
crimination among calls lacking energy in different spectral
bands (Gerhardt et al. 2007). Call recognition (and species
discrimination) by females of H. versicolor is primarily medi-
ated by the durations of pulses and interpulse intervals and to a
lesser degree by pulse shape (Schul and Bush 2002). Thus, the
recognition mechanisms themselves may exhibit sensitivity to
corruption of signal elements (Schwartz et al. 2010). The
number of pulses in calls can vary both among and within
males (Wells and Taigen 1986; Gerhardt 1991). In phonotaxis
tests, all else being equal, females typically discriminate in
favor of longer relative to shorter calls (Gerhardt et al. 1996,
2000; Schwartz et al. 2001). Males append pulses to their calls
in response to acoustic stimulation while simultaneously re-
ducing call rate. Females often, but not always, prefer longer
calls produced at lower rates over shorter calls at higher rates
(Klump and Gerhardt 1987; Gerhardt et al. 1996; Schwartz
et al. 2001, 2008).

The goals of our study were threefold. First, given the
range of possible calling sites and signal transmission routes
from males to listening females as well as the importance of
the pulse structure within advertisement calls to females, we
wanted to ascertain the effects of perch elevation, habitat type,
and distance from the signaler on the fine temporal structure of
the advertisement calls. Studies of signal transmission have
identified significant impacts on signal structure and attenua-
tion of transmission close to the ground and through dense
vegetation (Wiener and Keast 1959; Aylor 1972; Marten and
Marler 1977; Dabelsteen et al. 1993; Forrest 1994; Wiley
2009). Therefore we were particularly, but not exclusively,
interested in how calling at low elevation and through forest
would affect the structural integrity and amplitude of the
pulsed calls of gray treefrogs relative to other elevations or
habitat types. Second, we wanted to learn how changes in call
structure during transmission influence the behavior of female
receivers. To accomplish this objective, we offered females a
choice between paired subsets of the calls recorded under
different transmission conditions as well as an opportunity to
approach individual, rather than paired, stimulus calls.
Kuczynski et al. (2010) found that females of Cope’s gray
treefrog, H. chrysoscelis, were relatively tolerant of declines
in modulation depth of synthetic calls consisting of sinusoi-
dally amplitude-modulated tones. We predicted, therefore,
that females would not discriminate among pulsed calls trans-
mitted over short distances or through habitats lacking woody
vegetation, especially at higher elevations above the habitat’s
surface. However, as articulated in Kuczynski et al. (2010), we
predicted that females would discriminate when there were
large differences in the salience of pulse structure within call
alternatives.

Signal efficacy (Guilford and Dawkins 1991; Hebets and
Papaj 2005; Ryan and Cummings 2005) can be improved via
signal design as well as by behaviors influencing when and

where the signal is used. For example in anurans, mating
success may be correlated with characteristics of the calling
site likely to influence signal efficacy such as obstructing veg-
etation (in gray treefrogs, Fellers 1979a) and perch elevation
(in a dart-poison frog, Prohl and Hodl 1999). Accordingly, a
third goal was to learn whether males do or can adopt behav-
iors that compensate for negative impacts of call degradation
occurring during transmission. We investigated whether
adding pulses to their calls could help males compensate for
deleterious impacts of call degradation on their relative attrac-
tiveness. We tested also whether the elevation of calling
perches selected by males is concordant with expectations
based on relative vulnerabilities of calls to degradation at
those locations and the responses of receivers. Only a few
previous studies have described calling sites of gray treefrogs
(Johnson 1966; Ralin 1968; Fellers 1979a; Ptacek 1992;
Hobel and Barta 2014).

Materials and methods
Call broadcasts in the field

We assessed the impact of signaler and receiver elevation on
the structural degradation of advertisement calls at different
transmission distances in three habitat types. These were
through deciduous forest, over grassy open terrain, and across
pond water at areas where gray treefrogs breed. In each of the
three habitat types, we ran three transects. The three transects
in deciduous forest were located adjacent to a pond at the Blue
Mountain Reservation in Peekskill, NY (latitude 41.268848,
longitude —73.898678). Two of the grassy open terrain tran-
sects were also at the Blue Mountain Reservation site. The
third open terrain transect was a lawn at the edge of a large
marsh on private property (latitude 41.437708, longitude
—73.703778) within 1 km of the Putnam County Veterans’
Park. The aspect of vegetation on the private property site
was similar, but not identical, to grassy open areas at our other
sites; however, its size allowed us to easily run a sufficiently
long transect. The three different transects across pond water
were located along the edge of a large pond (~0.60 ha) at the
Putnam County Veterans’ Park (latitude 41.442726, longitude
—73.709335). Although a large pond (~0.25 ha) is present, the
extremely muddy substrate and sloping bottom along sections
near the shore made it too difficult to perform our broadcasts
across pond water at the breeding venue in the Blue Mountain
Reservation site. We conducted broadcasts on three different
nights, for each habitat type, during the late summer of 2009
and 2010 (N=9 nights total). Choruses of H. versicolor often
exhibit noise levels of between 70 and 80 dB (Schwartz et al.
2001), and overlap of calls is common (Schwartz et al. 2002).
Therefore, we waited until after the breeding season of
H. versicolor had ended (typically by the third week in July)
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so that vocalizations of males would not obscure recordings of
our broadcast calls. We conducted our tests from approximate-
ly 9:00 PM until midnight which coincides with the hours of
peak chorus activity. Accordingly, the environmental condi-
tions were similar to those present when males naturally ad-
vertise for mates except that background noise levels were
relatively low (<58 dB, sound pressure level (SPL) re to
20 pPa; C-weighting, slow root mean square (RMS) response,
Radio Shack model #33-2050 meter).

For each test condition, we broadcast from a battery-
powered PA system (Behringer model Europort EPA40), ei-
ther resting on a pad on the substrate or mounted on a tripod
(Zhumell model ZHULO024), 10 repetitions of a synthetic 18-
pulse advertisement call that was stored on a memory card in a
digital recorder (Zoom model H2 Handy Recorder). We syn-
thesized calls (16 bits per sample, 20 kHz sampling rate),
modeled after the natural advertisement calls of
H. versicolor calling at 20 °C, using a custom program written
by the first author. Calls were digitally synthesized by first
creating and combining 2200 and 1100 Hz sinusoids (0° phase
offset) with the 25-ms duration of a single pulse within a call.
The relative amplitude of the two main frequency components
of'the call was adjusted during synthesis to compensate for the
frequency response of the playback system so that during
broadcast the relative amplitude of the lower frequency peak
was approximately —6 dB SPL. The pulse was shaped to give
it a nearly linear 20 ms rise and a 5 ms concave down fall and
then, together with a 25-ms interpulse interval, copied to pro-
duce a full call of 18 pulses. The call was subsequently shaped
to impart a 50 ms linear rise. The software has also been used
to synthesize calls of other species of anurans including bull-
frogs, Lithobates catesbeianus, (Schwartz and Simmons
1990), tangara frogs, Physalameus pustulosus, (Wilczynski
et al. 1995), and Cope’s gray treefrog, H. chrysoscelis,
(Gerhardt 2005a, b).

Using the volume control of the Zoom H2, prior to exper-
imental broadcasts, the amplitude of an unmodulated sound
with the frequency structure of the call was adjusted to 100 dB
(SPL re to 20 pPa; C-weighting, slow RMS response) with a
sound level meter (Radio Shack model #33-2050) held 1 m
from the speaker (speaker and meter height=0.75 m). This
level was not changed during broadcasts. We used an unmod-
ulated sound because this provided for more precise level
adjustment than the pulsatile advertisement call. Broadcast
calls were recorded with an omnidirectional condenser micro-
phone (Audio Technica model AT8010; frequency response
flat £1 dB between 200 and 3000 Hz) in the manufacturer
supplied windscreen and a digital recorder (Marantz model
PMD 670; WAV files; 16 bits per sample; 22,050 Hz sampling
rate). Once adjusted at a distance of 1 m from the speaker,
recording level was not changed. We used an omnidirectional
rather than a directional microphone to more effectively cap-
ture broadcast sounds that traversed an indirect path from
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speaker to microphone. The directionality of the former mi-
crophone type also more closely resembles that of the
treefrog’s ear than does a more directional unit (Gerhardt
and Huber 2002).

We chose areas for transects that were judged representa-
tive of the desired habitat type and then selected a speaker
location and orientation pseudo-randomly (using the second
hand of a watch) but making minor adjustments if large trees
or other obstructions would prevent placement of equipment
at desired positions. For broadcasts over pond water, our tran-
sects traversed shallow water near the shore. To facilitate mak-
ing recordings at the appropriate distances from the speaker,
we placed red flags (on thin metal stakes) at positions 1, 2, 4,
8, 16, and 32 m from the speaker face (these were placed in
mud/sand on or near the shoreline for broadcasts over pond
water).

At each of the aforementioned distances from the speaker,
we recorded the broadcast audio file using five elevation com-
binations for the microphone and speaker (0.00/0.00, 0.75/
0.00, 0.75/0.75, 0.75/1.50, and 1.50/1.50 m). Among nights,
we varied the distance (either 1 or 32 m) and elevation (either
0.00 or 1.50 m) at which we started our broadcasts and record-
ing. Except for very quiet evenings, the speaker-microphone
separations probably more than span distances at which fe-
males evaluate the calling performance of male conspecifics
(Gerhardt and Klump 1988; Murphy and Gerhardt 2002;
Christie et al. 2010). The range of elevations encompasses
those at which males are most frequently found calling (JJS
personal observations and data herein).

Analysis of recordings

Using Cool Edit Pro (Syntrillium Software Corp., version
1.2), we deleted from WAV files for each experimental condi-
tion material (e.g., voice, relative silence) recorded prior to the
start of the first recorded synthetic advertisement call. The
presence of an initial unmodulated sound burst in the record-
ings that was broadcast loudly just prior to the first advertise-
ment call helped us to locate the initiation of this call in the
recordings at the largest transmission distance. We used a
custom program, written in C, that utilized the known time
positions of the calls’ pulses relative to the initial sound, to
calculate the root mean square amplitude of individual pulses
(RMS P) and the following interpulse intervals (RMS IPI)
within each advertisement call (N=16 of each calculated per
call). We quantified degradation using “AV” (Ryan and
Sullivan 1989; Kuczynski et al. 2010). AV, calculated as 1
—(RMS IPI/RMS P), provides a measure of the spread of
sound energy from the pulses to the interpulse intervals
(Fig. 1). This spread typically becomes more pronounced with
increased source—receiver separations. A AV of 0.0 would
mean that the sound energy within a pulse is equal to that in
the subsequent interpulse interval, and a AVof 1.0 would mean
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Fig. 1 Waveforms of three

H. versicolor pulses within an 18-
pulse call recorded in natural
habitat at a distance of 4 m from
the face of the broadcast speaker.
Sections of the pulse string used
to calculate AV are shown (P
pulse, /P! interpulse interval)

that sound energy within the interpulse interval is absent. A}V’
values for the pulses and intervals were subsequently averaged
to provide a mean value for each of these elements per call.

We also quantified attenuation of calls, using RMS ampli-
tudes, relative to that obtained for each habitat and elevation at
a distance of 1 m from the broadcast speaker. These calcula-
tions, those of AV, and statistical analyses were performed
using SAS (SAS Institute, Cary, NC).

Tests with females
Subjects

We acquired females of H. versicolor along the periphery of a
woodland pond in the Blue Mountain Reservation in
Peekskill, NY on evenings between approximately 10:00
PM and midnight of May, June, and July of 2009 to 2013.
Subjects were captured in amplexus to increase the probability
that they would exhibit positive phonotaxis in our tests. The
females were placed in plastic containers and transported to
our laboratory at the Pleasantville, NY campus of Pace
University. There they were maintained overnight in an ice-
filled cooler or refrigerator to prevent them from releasing
their eggs and thus becoming non-responsive to advertisement
calls. All individuals were returned to the reservation pond
following testing (usually within 24 h; handling and use of
frogs was approved by the Pace University [ACUC).

We used 200 females in 828 two-stimulus phonotaxis trials
(43 different tests). Each subject was used in only one com-
pleted trial per choice test although females could be used in
one to 10 different tests (mean=4.14). There is no indication
of carryover effects in females employed in multiple tests
(Gerhardt et al. 2000). As described below, we used 17 addi-
tional females in single speaker tests (one trial per female in
each of five tests).

General testing procedures

The morning following capture, females were placed individ-
ually in a small plastic container with a small amount of water

IPI

and allowed to warm to room temperature (19-21 °C) in a
darkened stall away from the choice chamber where testing
began following approximately 30 min. We conducted the
phonotaxis tests within a constant temperature (~20 °C) cham-
ber (inner dimensions 255 cm longx225 cm widex 195 cm
high, Ultimate Walk-Ins, Inc.) walled with echo-attenuating
acoustic foam (Silent Source HFX-4) and floored with water-
proof low-pile carpet marked with 10x10 cm squares. The
testing “arena” within the chamber was surrounded by an
acoustically transparent circular barrier (2 m diameter,
25.4 cm high) of thin black cloth draped over wire mesh
(1.27x1.27 cm).

For each test, we transferred a female treefrog to the
interior of an inverted acoustically transparent centrally
located screen cup on the floor of the arena. We used an
externally controlled pulley to raise the cup and grant the
female access to the remainder of the floor of the arena.
We subsequently observed her actions under infrared illu-
mination (Marlin P. Jones & Assoc. Inc. part # 116650P)
from outside the chamber on the monitor of a closed cir-
cuit video security system. Digitized stimuli were ampli-
fied (M-audio model Firewire 410 interface and a
Sonance model Sonamp 1230), and unless otherwise in-
dicated (see below), alternative stimulus calls were broad-
cast in alternating fashion every 2 s (15 calls per min per
speaker) from two speakers (RCA model PRO-X33AV)
on the floor of the arena separated by 180°. The face of
each speaker was flush with the outer surface of the arena
barrier and so located ~1 m from the release point. We
exposed each female to the broadcast calls for approxi-
mately 30 s before raising the cup and freeing the female.
We scored a positive response if a female moved to within
10 cm of a speaker within 10 min. If a female failed to
respond, she was provided a second opportunity following
at least 15 min that day. For each tested female (see
Figs. 4, 5, 6, and 7 for numbers used per test), we
changed the starting point within our digital playback file
using our audio software (Adobe Audition, version 1.3).
We also varied the broadcast location (right or left speak-
er) for alternative stimuli and shuffled the relative
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positions of the calls (within playback files) among
groups of females tested at different times of the day
and on different days.

Test stimuli

For each choice stimulus, we created a 24 s digital loop of six
calls from our recordings from multiple transects (two calls
from each of three of our field recordings for the desired treat-
ment; call period=4 s). Using CoolEdit Pro, these were fil-
tered (Bessel, Low Pass, cutoff=4000 Hz, order=6) and ad-
justed to the maximum amplitude possible without digital
clipping. This ensured that the different calls of a looped file
were, to the extent possible, of equivalent peak amplitude.

Because of the potentially huge number of pairwise choice
tests (90 field treatment conditions, 4005 possible two-
stimulus tests), we used calls obtained from just a subset of
the field digital recordings in tests of female discrimination
(N=18 different pairs of call types). Given the aforementioned
findings of Kuczynski et al. (2010), we deemed it unlikely that
females would exhibit significant discrimination when offered
call alternatives that showed either relatively low levels of
structural degradation or small differences in degradation be-
tween stimuli. In addition, we believed that masking by back-
ground chorus noise would often make it unlikely that females
could either detect calls or assess differences among them
(Gerhardt and Klump 1988; Wollerman 1999; Murphy and
Gerhardt 2002; Christie et al. 2010) when females were
separated from males by more than about 8 m (call SPL=
84.5-95 dB at 1 m, fast RMS, Gerhardt 1975). Accordingly,
all but two of our 43 tests of female discrimination were con-
ducted using recordings made when the speaker and
microphone were separated by 8 m. This was also a separation
sufficient to result in at least moderate degradation in calls
broadcast through some habitat types at some elevations
(e.g., speaker and microphone near the ground at a distance
of 8 m).

Effect of habitat

We addressed the consequences of transmission across differ-
ent habitat types by comparing the three possible combina-
tions of habitat type and utilizing calls recorded at 8 m from
the speaker (14 different pairs of call types, including those
with different numbers of pulses, Table 1). For all three
pairings of habitat type, we used call alternatives from our
recordings made along (1) the highest elevation transmission
path, (2) the lowest elevation transmission path, and (3) a
sloped transmission path mimicking a male at the highest
(1.5 m) elevation and a female at an intermediate elevation
(0.75 m). These choice tests, therefore, approximated a situa-
tion in the field in which a female, located near the boundary
of two habitat types, was exposed to the calls of two males
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Table1 Details of two-stimulus choice tests conducted in which alter-
natives were calls transmitted through different habitat types (habitat 1—
habitat 2) at various elevations

Elevation Habitat alternatives (1-2)

Alternatives Forest-pond Forest-open Pond-open
Habitat 1 vs habitat 2

SpkMk SpkMk

LL vs LL 8 m, 3, 50* 8m, 1,20 8m, 1,20
LM vs HM - 8m, 1,20 -

HM vs HM 8m, 1,20 8m, 1,23 8m, 1,20
HH vs HH 8m, 1,20 8m, 1,20 8m, 1,20

Low (L): speaker (Spk) or microphone (Mk) at 0.0 m elevation, medium
(M) 0.75 m elevation, high (/) 1.5 m elevation. Table entries: transmis-
sion distance, number of stimulus amplitudes used in different tests, num-
ber of trials for all tests, and additional tests run varying pulse numbers
(asterisk means yes)

each calling in a different habitat but at the same height. We
ran one test using call alternatives transmitted through forest
and open terrain that also had an angled transmission path.
However, in this test, the speaker broadcasting the forest calls
in the field had been located on the ground and the speaker
broadcasting the open terrain calls had been located 1.5 m
above the ground. For both stimuli, the microphone had been
located 0.75 m above the ground. Therefore, this test mim-
icked a situation in which a female at intermediate height was
exposed to calls from two males located in different habitats
and at different elevation extremes. Based on the lack of sig-
nificant discrimination in this test and others using sloped and
partially intermediate transmission paths, we did not conduct
additional tests of this type for other pairs of habitat types.

Effect of elevation within habitat

For each habitat type, we assessed the impact of elevation
by testing for discrimination among calls both broadcast
and recorded at a height of 1.5 m versus those both re-
corded and broadcast at ground or water level. In some
cases, we used signals recorded at distances of 4 or 16 m
(forest habitat: two tests) as well as those at other eleva-
tions (three tests on effect of elevation, Table 2). We con-
ducted the former tests with the 4 and 16 m signals to
assess the impact on female discrimination ability of less-
er or greater amounts of call degradation than present in
8 m signals. The ability of females to discriminate rela-
tively subtle differences in degradation might also be re-
vealed by employing, in the latter tests, call alternatives
recorded following transmission across paths differing on-
ly moderately in elevation. We chose recordings made in
forest habitat for such tests and compared female re-
sponses to calls from (1) a low elevation and an
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Table 2 Details of two-stimulus choice tests conducted in which
alternatives were calls transmitted at different elevations through the same
habitat type

Elevation Habitats

Alternatives Forest-forest Open-open Pond-pond

Elev 1 vselev 2

SpkMk SpkMk

LL vs HH 4m,1,20 8 m, 4, 80* 8m, 1,20
8 m, 4, 93*
16 m, 1, 10

LL vs MM 8m, 1,20 - -

LM vs HM 8m, 1,40 8m, 1,20 -

Low (L): speaker (Spk) or microphone (Mk) at 0.0 m elevation, medium
(M) 0.75 m elevation, high (H) 1.5 m elevation. Table entries: transmis-
sion distance, number of stimulus amplitudes used in different tests, num-
ber of trials for all tests, and additional tests run varying pulse numbers
(asterisk means yes)

intermediate level transmission path and (2) a low-
elevation sloped path and a high-elevation sloped path.
We also ran a choice test using the stimulus alternatives
with sloped paths obtained during broadcasts through
open terrain. This test situation mimics a natural situation
in which a female perched at intermediate elevation com-
pares the calls of a male perched at high elevation and a
male near the ground. Because of the absence of female
discrimination in this experimental case using open terrain
calls and the relatively small differences in degradation
among low and intermediate elevation calls through open
terrain at 8 m, we did not conduct a choice test offering
low and intermediate elevation calls recorded in this hab-
itat. Our data also obviated the need to conduct additional
choice tests using pond calls.

When investigating the effects of habitat and elevation,
we performed the majority of discrimination tests (N=26
including tests with different numbers of pulses described
below) with the amplitudes of call alternatives equalized
at 84 dB (SPL re 20 pPa; C-weighting, fast RMS re-
sponse; Gen Rad model 1982 Precision Sound Level me-
ter calibrated with a Gen Rad model 1562-A sound level
calibrator) at the female release point in our testing cham-
ber. This is a realistic call amplitude for the initial source
(i.e., speaker)—female separation of 1 m and is identical
or close to that typically used by us and others in tests of
phonotaxis of female gray treefrogs (e.g., Schwartz et al.
2004; Gerhardt 2005a, b; Bee and Schwartz 2009).
However, signal amplitude is another variable that obvi-
ously is influenced by habitat, elevation, and separation of
the signal source and receiver. Moreover, in this species,
signal amplitude can influence female selectivity for fine
temporal call features (Gerhardt and Schul 1999; Beckers

and Schul 2004). For this reason, we believed that it was
important to conduct some tests with both call alternatives
at equivalent lower amplitudes (i.e., four tests at 72 dB
SPL) as well as amplitudes similar to those expected at
signaler-receiver separations corresponding to the
speaker-microphone separations and elevations we
employed when making our recordings in the field. For
example, in one choice test using forest calls, the ampli-
tude of the call broadcast and recorded at a higher eleva-
tion (1.5 at 8 m) was presented at 72 dB and the lower
elevation call (ground level at 8 m) was presented at
64 dB (see attenuation data for forest broadcasts in
Fig. 3). In another test, we broadcast these forest calls at
84 dB and 76 dB. We expected that such tests with call
alternatives of different amplitude would exacerbate any
female preferences because the calls more attenuated dur-
ing transmission were typically those that experienced
greater structural degradation (and female frogs usually
orient toward louder conspecific calls; Ryan and Keddy-
Hector 1992; Gerhardt et al. 2000; Bee et al. 2012).
Accordingly, tests at equal SPLs of 84 dB were conserva-
tive in that they were less likely to reveal discrimination
against more degraded calls.

Following an initial set of tests in which we found signif-
icant discrimination among call alternatives with 18 pulses,
we estimated the strength of some preferences by lowering
the number of pulses in the preferred call (tested at both equal
and unequal amplitudes: forest highest elevation versus forest
lowest elevation and forest lowest elevation versus pond low-
est elevation; tested at equal amplitudes: open lowest eleva-
tion versus open highest elevation, N=292 additional trials).
This enabled us to evaluate possible tradeofts between calling
site of a signaler and call duration as well as determine how
males might compensate for degradation of their calls by
appending pulses to their calls. Longer calls, with more pulses,
are not only more expensive to produce (Taigen and Wells
1985) but, at equivalent call rates, are typically more attractive
to females than are shorter calls (Klump and Gerhardt 1987;
Gerhardt et al. 1996; Schwartz et al. 2001). We also evaluated
the strength of preferences by reducing the amplitude of the
previously preferred high-elevation calls relative to ground-
level calls broadcast through forest (72 vs 84 dB) or open
areas (72 vs 84 dB; 78 vs 84 dB).

Single speaker tests and phonotaxis scores

In addition to the tests of discrimination described above, we
performed one single speaker experiment. Our main purpose
was to assess whether highly degraded calls were inherently
attractive to females at a realistic and highly attenuated sound
level. The stimulus was created from the calls broadcast and
recorded through the forest at ground level with a speaker-
microphone separation of 8§ m. This “experimental” stimulus
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was presented to females at 64 dB SPL, and subjects’ ap-
proach times to the speaker were compared to those for calls
obtained from those broadcast and recorded in the forest at
1.5-m elevation. The latter experimental stimulus was present-
ed at 72 dB SPL. Our metric of attractiveness was the
“phonotaxis score” (e.g., Bush et al. 2002; Schwartz and
Marshall 2006; Bee and Schwartz 2009), the calculation of
which utilized response times to a standard stimulus (18-pulse
synthetic call broadcast at 84 dB SPL). We gave each of 17
females two tests with this standard stimulus. This was follow-
ed by one test with each of the experimental stimuli before a
final (fifth) test with this standard stimulus. Within this se-
quence, successive trials of the same female were separated
by a minimum of 5 min and the order of testing with the
experimental stimuli switched among days. The approach
time to initial presentation of the standard calls was used as
an acclimation trial, and the data were not incorporated in our
calculations (see Bush et al. 2002). For each experimental
stimulus, we computed a phonotaxis score for each female
by forming the ratio of the average approach time to the stan-
dard stimulus (obtained from the second and final trial) and
the approach time to an experimental stimulus (Tavstand/
Texp). Therefore, a phonotaxis score of one indicates an
equivalent response to the experimental stimulus and the stan-
dard call: A score less than one indicates that the experimental
stimulus was less attractive than the standard, and a score of
more than one indicates that the experimental stimulus was
more attractive than the standard. Subjects that did not reach
the broadcast speaker within 10 min received a score of “0.”
All but one female made contact with the speaker within the
allotted time period.

Trellis experiment

To evaluate calling perch elevation selected by males, at Blue
Mountain Reservation, we positioned pairs of custom-made
wooden ladder-like trellises (see Fig. 8) at 15 stations around
the periphery of the pond at locations where males most fre-
quently call. Perch choice is likely influenced by the charac-
teristics (plant species, form, orientation, availability, density,
etc.) of natural perches, and using trellises provided a conve-
nient way to generate data on perch selection while reducing
the influence of the natural factors just listed on perch choice.
Each trellis had eight rungs and measured 17861 cm
(70"x24"; inter-rung separation=25.4 cm) exclusive of
10 cm (4") legs below the bottom rung. Trellises were located
so that we sampled from areas that provided a good represen-
tation of the variation in the forest and pond edge at our field
site. On nights (N=129) when we searched for females (late
May—early July, 2009-2012; approximately 10:00-11:30
PM), we recorded the height (i.e., rung number) of males that
we found calling on each trellis. Typically, we checked
trellises once per night. Because of the presence of an
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enormous number of natural potential calling perches for
males, it was necessary to run this experiment for 4 years to
obtain a reasonable sample size. So that we could test for the
influence of weather conditions on perch height, temperature
and humidity were recorded at the field site using a data logger
(HOBO Model H21-002) equipped with a relative humidity
and temperature sensor (HOBO Model S-THB-MO002).

We intentionally did not toe clip males observed on trellises
for later identification if recaptured. Given that the estimated
size of our breeding season population is large (150+) and the
high number of natural perches, we believed that the chance of
observing the same male more than once on our trellises was
relatively low. Nevertheless, we repeated our analysis of perch
heights in a way that we believe reduces the possibility of non-
independence. In this second analysis, only the first male cap-
tured per year was counted per trellis station (i.e., trellis pair)
because males who return on subsequent nights call in the
same general area (Runkle 1992; for data on male movement
during breeding season, see Johnson et al. 2007).

Statistical analyses

For our analyses of data on structural degradation and decline
in call amplitude during call transmission, we used a mixed
linear model with the three habitats, five elevations, six trans-
mission distances as fixed effects, and transect (N=9) as a
random effect nested within habitat (SAS v. 9.2, Proc
Mixed; arcsine square root transformed AVs). We present the
results of our two-stimulus tests of discrimination as the per-
cent of females choosing each alternative. The null hypothesis
of no preference was evaluated with two-tailed binomial tests.
For each test result, we also provide the Bayesian central con-
fidence interval (i.e., credible interval; see Gerhardt et al.
2007). For the single speaker tests, we used the two signifi-
cance criteria of Schul and Bush (2002). First, we judged the
responses of females as significant (¢ test; significance level
P<0.05) if our sample of phonotaxis scores was greater than a
sample of zeros (i.e., as would be obtained in a sample of
identical size from a hypothetical population in which females
fail to approach the speaker in the allotted time). Second,
significance required that the mean response to the experimen-
tal stimulus was at least 50 % of that to the control stimulus
(i.e., mean phonotaxis score >0.50). The null hypothesis of no
difference in time of approach to the standard and experimen-
tal stimulus in single speaker tests of phonotaxis at 64 and
72 dB SPL was tested with a Wilcoxon signed-rank sum test
(SAS v. 9.2, Proc Univariate). The null hypothesis of no dif-
ference in phonotaxis scores of the two experimental stimuli
was also tested with a Wilcoxon signed-rank sum test. In the
trellis experiment, the possibility of a preference for perch
height was evaluated using two-tailed binomial tests, and we
tested for a relationship between weather variables and perch
height using multiple linear regression (SAS v. 9.2, Proc Reg).
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averaged only 0.34 for the forest and open habitat types at
speaker and microphone elevations of 1.5 m. However, at
the lowest elevation, broadcast through forest resulted in a
dramatic drop in AV and increase in excess attenuation at
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separations greater than 4 m. Call transmission over pond
water had the least impact on these signal attributes and broad-
cast over open terrestrial terrain intermediate effects. At lowest
elevation, the decline in AV was sharpest for broadcast



Behav Ecol Sociobiol (2016) 70:1-19

11

through forest and open terrain for the first 16 m. Although
differences in structural degradation were generally small be-
tween pond and open terrain conditions in which the speaker,
microphone, or both were elevated, there was a relatively
sharp decline in AV in the forest with the microphone at
0.75 m (speaker at 0.0 m).

Except for the forest habitat, attenuation effects were gen-
erally relatively close to those expected due to spherical
spread (means within +£6 dB of expectation). In the forest at
ground level, we observed a sharp decline in call amplitude
within the first 8 m followed by an approximate leveling off
between 16 and 32 m. Curiously, at a microphone elevation of
0.75 m and a speaker elevation of 1.5 m, plots of mean atten-
uation versus distance revealed reduced attenuation as com-
pared to that based on spherical spread in all three habitats. For
terrestrial habitats, relative to those with the two lowest trans-
mission paths, attenuation was also usually significantly lower
when both the microphone and speaker were at a height of
1.5 m (t604>4.84, P<0.001; Tukey-Kramer adjustment for
multiple comparisons with all distances pooled; exception:
forest highest path versus forest with microphone at 0.75 m
and speaker at 0.0 m). In fact, elevation of microphone and
speaker from near the substrate most often increased signal
strength.

Tests with females

Considering our choice results collectively, we generally ob-
served significant discrimination (two-tailed binomial tests,
P<0.05; see Figs. 4, 5, 6, and 7 for sample sizes other than
N=20) by females when call alternatives exhibited large dif-
ferences in AV, In fact, such differences in degradation among

<« Fig. 4 Results of female choice tests with call alternatives obtained from
broadcast through different habitats: a forest versus pond, b forest versus
open, and ¢ pond versus open. Transmission distance is indicated at the
upper right in each section. For each section, an oscillogram of a
representative for each of the alternative stimulus types is shown on the
left. The percent of tested females choosing each alternative, located at the
approximate vertical position of'its oscillogram, is indicated by a dot with
the horizontal line providing the Bayesian central confidence interval
(i.e., credible interval). Asterisks indicate P<0.05 using a two-tailed
binomial test and the number of females tested, if other than 20, is
given in parentheses. The average AV value for each call stimulus type
is indicated above dots. Within each figure section, results for different
choice tests are indicated using different kinds of horizontal lines and/or
presence or absence of dot fill. Solid lines with filled dots are for 18-pulse
alternatives presented at 84 dB SPL. In other cases, stimulus levels are
indicated. For example, in the uppermost section of Fig. 4a, the dashed
line shows that 0 % of 10 tested females chose the ground-level forest call
(F8s0.0m0.0) at 64 dB relative to the 100 % choosing the low-elevation
pond call (P8s0.0m0.0) at 72 dB (see dashed line at the bottom of this
section of the figure). In this figure section, the dotted lines show the
result when the forest and pond calls were offered to females at 72 dB.
The solid lines show the result at 84 dB. See text (Results: Tests with
females) for explanation of the descriptive names of the stimulus calls
shown with each oscillogram

alternative calls were significantly greater when females
showed significant discrimination (N=7) than when females
failed to do so (N=11; two-sided ¢ test, #,,=—2.88, P=0.0278,
Cochran approximation), and the % difference in number of
females choosing call alternatives was a function of the differ-
ence in AV between alternatives (+2=0.499; Fi16=15.94,
P<0.001, arcsine-transformed percentages; choice tests using
calls with identical numbers of pulses and equal amplitudes).
We first consider the responses of females to call alterna-
tives broadcast through different habitats and then responses
to call alternatives broadcast through the same habitat at dif-
ferent elevations. In the text below, the names of the stimulus
calls indicate the habitat type (F, P, O for forest, pond, or open,
respectively), followed by the separation in meters between
speaker and microphone, followed by the speaker (s) height in
meters, followed by the microphone (m) height in meters.

Effect of habitat

Habitat and elevation-related effects on call degradation could
influence female discrimination, although females were toler-
ant of small to moderate differences in levels of degradation.
For example, first considering the effect of habitat at a distance
of 8 m, females failed to discriminate between calls broadcast
at the lowest elevation across pond (P8s0.0m0.0, AV=
0.88514) and across open terrain (08s0.0m0.00, AV=
0.78620) (Fig. 4c, bottom panel; calls at 84 dB SPL). This
was also the case at the highest and intermediate elevations
(Fig. 4c, top and middle panels). However, when the alterna-
tive to the pond calls were those broadcast and recorded
through the forest at ground level (F8s0.0m0.0, AV=
0.41162), females showed significant discrimination in favor
of the pond calls (Fig. 4a, top panel; 84 dB). At higher broad-
cast and recording elevations, degradation of calls through
forest was reduced (also see below) and females failed to
discriminate between calls transmitted through the forest and
over a pond (Fig. 4a, bottom 2 panels; 84 dB). Females also
discriminated against forest calls in favor of those transmitted
across open terrain at ground level (Fig. 4b, bottom panel;
84 dB). At higher elevations, results were mixed (Fig. 4b,
top and middle panels). In fact, at a broadcast and recording
height of 1.5 m, females preferred the calls transmitted across
open terrain in spite of their nearly equivalent level of degra-
dation with the elevated forest calls as reflected by the values
of AV (Fig. 4b, top panel; 84 dB).

Reduction in the amplitude of alternative stimuli to 72 dB
SPL eliminated discrimination in favor of lowest elevation
calls from the pond habitat relative to the forest habitat
(Fig. 4a, top panel). In contrast, presenting the more degraded
forest calls at 64 dB SPL and the pond calls alternative stim-
ulus at 72 dB SPL yielded an even more pronounced prefer-
ence of females for the latter (Fig. 4a, top panel). At a distance
of 8 m near the substrate, a male calling in the forest must give
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Fig. 5 Results of female choice tests with call alternatives obtained from
broadcasts through forest or across pond at an elevation of ~0 m. Within
each figure section, the number of pulses in pond calls is indicated to the
right of each horizontal line. Calls obtained from broadcasts through
forest were offered with 18 pulses. An oscillogram of an 18-pulse
representative for each of the alternative stimulus types is shown on the
lefi. The percent of tested females choosing the pond call alternative is
indicated by a dot with the horizontal line providing the Bayesian central
confidence interval (i.e., credible interval). Dots to the right of the vertical
dashed line indicate that more than 50 % of females chose the pond call.
Asterisks indicate P<0.05 using a two-tailed binomial test and the number
of females tested, if other than 20, is given in parentheses. Call intensities
of alternatives are given at the top of each figure section

18-pulse calls to match the attractiveness of 12 pulse calls
broadcast over pond water when calls are received at an equiv-
alent amplitude of 84 dB SPL (Fig. 5, top). This pulse number
differential was doubled when the effect of excess attenuation
through forest was incorporated into the choice tests (Fig. 5,
bottom).

Effect of elevation within habitat

Within habitats, differences in elevation of the signal trans-
mission path resulted in female discrimination of recorded
calls—again generally provided that there were more than
minor to moderate differences in levels of degradation
among choice alternatives. For example, transmission across
pond water at different elevations typically yielded high
values of AV that in most cases differed only slightly
(Fig. 3), and females failed to discriminate between the calls
transmitted across the lowest (0.0 m) and the highest eleva-
tion (1.5 m) paths when offered stimuli recorded at a dis-
tance of 8 m (Fig. 6¢c; difference in mean AV=0.0346).
Therefore, we did not test further for elevation-based dis-
crimination preferences among our pond recordings. In spite

@ Springer

of similar AV values, over open terrain, females preferred
calls transmitted across the more elevated 8 m path
(1.5 m) as compared to those transmitted across a ground-
level path (0.0 m; Fig. 6b, top panel, 84 dB calls) that could
exhibit greater corruption of pulse shape. When using call
alternatives of 18 pulses, the only other test using open
terrain calls in which females discriminated significantly oc-
curred when we reduced the relative amplitude of the for-
merly preferred 1.5 m elevation stimulus by 12 dB (Fig. 6b,
top, 84 vs 72 dB). The full duration open terrain ground-
level call stimulus was also preferred when we removed six
pulses from the 1.5 m elevation stimulus (Fig. 7, bottom).
Females did not discriminate between call alternatives when
open terrain calls had been transmitted at different but inter-
mediate elevation paths (Fig. 6b, bottom panel).

For broadcasts through forest habitat at a transmission
distance not at (Fig. 6a, top panel) but greater than 4 m,
an elevation differential of 1.5 m yielded signals that elic-
ited statistically significant discrimination when 18-pulse
call alternatives were presented to females at 84 dB
(Fig. 6a, second and third panels down). At a transmission
distance of 8 m, mean AV was nearly halved in our 0.0 m
stimulus relative to our 1.5 m stimulus and a preference
for the latter was maintained for all stimulus amplitudes
we employed (Fig. 6a, second panel down). This includes
the result showing a preference for the high-elevation
stimulus in the test providing a 12 dB relative amplitude
advantage for the more degraded ground-level stimulus
calls transmitted across 8 m (84 dB ground vs 72 dB
elevated). At equal stimulus amplitudes of 84 dB SPL,
we found that a twofold pulse number advantage was
sufficient to reverse the aforementioned preference for
the elevated call (Fig. 7, top). Thus, all else being equal,
a male calling through the forest at ground level (to a
ground-level female) needs to give 18-pulse calls to ex-
ceed the attractiveness of a male with 9-pulse calls trans-
mitted well above the ground. When the effect of exacer-
bated excess attenuation of a ground-level transmission
path was incorporated into a test, even a threefold pulse
difference (18 pulses at 76 dB vs 6 pulses at 84 dB) could
be insufficient to reverse the female preference for calls
transmitted across the most elevated relative to the
ground-level path (Fig. 7, second panel down; also see
results for 18 pulses at 64 dB vs 9 pulses at 72 dB; 9-
pulse elevated call preferred). Not surprisingly consider-
ing the difference in average AV, females also showed
significant discrimination for calls transmitted across a
forest path 0.75 m high as compared to at substrate level
(Fig. 6a, fourth panel down). However, when the stimulus
alternatives came from recordings of calls with angled
sound transmission paths and less extreme elevation dif-
ferences (Fig. 6a, bottom), females failed to discriminate
at SPLs of either 84 or 72 dB.
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Fig. 6 Results of female choice tests with 18-pulse call alternatives obtained from broadcasts at different elevations: a forest, b open, and ¢ pond. For

additional details, see legend of Fig. 4.

Single speaker tests and phonotaxis scores

Discrimination appeared strong, and thus, positive phonotaxis
in two-choice tests was low to the highly degraded calls ob-
tained from broadcasts and recordings at ground level through
the forest (8 m transmission path). Nevertheless, based on our
two aforementioned criteria (P<0.001, 64 dB r=8.45, N=17,
72 dB t=8.38, N=17, t test; mean phonotaxis scores>0.5),
responses were significant, and so this stimulus at 64 dB as
well as the high-elevation forest call at 72 dB were still inher-
ently attractive to females. When the calls were presented
without an alternative, at both 72 and 64 dB SPL, females
displayed robust phonotaxis although their approach to the
speaker was, on average, only significantly slower to the
ground-level calls presented at 64 dB SPL than it was to the
standard call at 84 dB SPL (§=73.5, N=17, P<0.0001,
Wilcoxon signed-rank sum test, phonotaxis scores (mean+
std) 0.576+0.281 for ground-level call at 64 dB; S=30.5,
N=17, P=0.1558, 0.906+0.446 for elevated call at 72 dB).

Phonotaxis scores were also significantly lower for the
ground-level call than for the high-elevation call (S=57, N=
17, P=0.0017, Wilcoxon signed-rank sum test).

Trellis experiment

We recorded 75 instances of males perched and vocalizing on
trellises over four breeding seasons. These observations re-
vealed a non-random distribution with respect to elevation.
Individuals seldom called at the lowest two levels (Fig. 8,
two-tailed binomial test, P=0.00031, N=75). We obtained a
qualitatively similar result when we confined our data set to
the subset of males less likely to include repeated observations
of the same individuals (two-tailed binomial test, P=0.0039,
N=30). Multiple linear regression indicated that there was no
relationship between the weather variables of temperature and
humidity and perch height (*=0.0015, F57,=0.06, P=
0.9462).
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Fig. 7 Results of female choice tests with call alternatives obtained from
broadcasts at different elevations in particular habitats (upper three
sections: forest, lower section: open). For each habitat type, the number
of pulses in the higher elevation calls (1.5 m) is indicated to the right of
each horizontal line. Calls obtained from broadcasts at ground level
(0.0 m) were offered with 18 pulses. For each section, an oscillogram
of an 18-pulse representative for each of the alternative stimulus types is
shown on the left. The percent of tested females choosing the elevated call
alternative is indicated by a dot with the horizontal line providing the
Bayesian central confidence interval (i.e., credible interval). Dots to the
right of the vertical dashed line indicate that more than 50 % of females
chose the elevated call. Asterisks indicate P<0.05 using a two-tailed
binomial test and the number of females tested, if other than 20, is
given in parentheses. Call intensities of alternatives are given at the top
of each section unless these were both 84 dB SPL

Discussion

We emphasize that our results and interpretation of our find-
ings apply to calls we recorded at the nine transects used in our
study. Although we believe that our field sites provided good
representations of the pond, forest, and open habitat types at
areas where choruses of gray treefrogs form, there obviously
exist other venues at which the environmental impacts during
call transmission would deviate quantitatively and perhaps
qualitatively from those described here. Thus, readers should
not overgeneralize from our data.
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With that caveat, our results indicate that, with respect to
communication, the location at which a male gray treefrog
advertises and receivers listen is biologically significant.
Impacts are most likely when signals are transmitted close to
the ground through thickly vegetated habitat, such as forest.
At sufficient distances between source and receiver, the syn-
thetic advertisement calls we broadcast exhibited significant
declines in the salience of their pulse structure. Under circum-
stances where females can compare such highly degraded sig-
nals with those broadcast at higher elevation or through more
acoustically benign habitat, all else being equal, our data in-
dicate that calling venue may have a significant influence on a
male’s probability of mating. Our data further indicate that
male preference for elevated calling perches can reduce levels
of call degradation and, by appending pulses to calls, males
could sometimes compensate for transmission-related reduc-
tions in the relative attractiveness of their signals.

Call broadcasts in the field

Over many years of work with H. versicolor, we have ob-
served unpaired females in locations at which received calls
of likely potential mates have been transmitted through forest,
across water, or over open terrain. However, given that a male
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cannot control the position of distant females, he is better off
calling from an elevated perch than one near the substrate. If
the sound transmission path to a female is through forest, the
impact of elevation can be significant at sufficient source-
receiver separations. For example, although the magnitude
of pulse energy spread was relatively small for a high-
elevation forest path, at ground level for separations of greater
than 4 m, we observed a rapid decline in AV up to separations
of 16 m—at which point the contrast in sound energy within
pulses and interpulse intervals was essentially nil. However,
based on our data, if the sound transmission path to the female
is over water, the effect on the energy spread as quantified in
AV is expected to be comparatively minor. Accordingly, ele-
vation of the calling male and listening female is largely irrel-
evant, even over relatively long distances. The density of
emergent vegetation should exacerbate degradation, and this
may be one explanation for the more rapid decline of AV with
distance for signals broadcast and recorded near the surface of
some ponds in the study of Kuczynski et al. (2010) using
synthetic calls of Cope’s gray treefrog H. chrysoscelis. At
low elevation, transmission across open terrain had interme-
diate effects on the structure of our broadcast calls.
Transmission close to the ground and through vegetation
has long been known to significantly impact sound signals
transmitted over long distances (Wiener and Keast 1959;
Aylor 1972; Marten and Marler 1977; Attenborough 2002).
Accordingly, sound absorption, reflection, diffraction, and re-
fraction, whose effects typically increase with separation of
source and receiver, density of objects in direct and indirect
sound paths and proximity to the ground are likely important
factors contributing to the declines of AV that we observed
(Wiley and Richards 1982; Dabelsteen et al. 1993; Forrest
1994; Wiley 2009). Pulses within calls will also become more
obscured by background noise as signal amplitude declines
with distance (Christie et al. 2010). However, while a factor in
natural choruses, the role of noise in reducing AV was minimal
in our recordings because of the conditions at the times and
dates we intentionally chose to perform our broadcasts.
Unamplexed females are difficult to locate although most
females likely approach the chorus from the surrounding for-
est (Johnson et al. 2007). Based on decades of work with gray
treefrogs at Blue Mountain Reservation and other field sites
(Schwartz 1987; Schwartz et al. 2004), when discovered, the
first author has usually found such attracted females within 2—
3 m of calling males and the ground. Males, as mentioned
earlier, call from different heights, and thus, there will fre-
quently be differences in elevation between calling males
and approaching females. Results of our transmission tests
indicate that when receiver and source heights differ, the im-
pact on call attributes reflected in AV 'is often, but not always,
intermediate to that observed when these entities are both at
the two elevation extremes. For example, in the case of trans-
mission over a distance of 16 or 32 m through forest, elevating

our microphone by 0.75 m but keeping the speaker at ground
level, moderately reduced pulse energy spread. A similar ef-
fect was observed at 16 m during broadcasts across open ter-
rain. However, for all three habitat types, for transmission
distances of less than about 8 m, as long as at least the sound
source or sound receiver is elevated, differences in energy
spread based on caller location are likely to be small. Given
the results of our choice tests, such differences, per se, would
rarely if ever influence female decisions.

As with pulse energy spread, sound transmission through
forest at ground level produced the greatest excess attenuation
(over 10 dB at a distance of 8§ m). Our data are therefore
qualitatively consistent with expectations based on the physics
of sound transmission near porous surfaces (Forrest 1994;
Embleton 1996). However, for the forest at smaller
microphone-speaker separations and the other habitats at all
separations, reductions in signal amplitude beyond those pre-
dicted based on spherical spread were at most trivial.
Numerous studies on insects and a variety of vertebrates have
demonstrated that elevation can reduce excess attenuation of
signals (e.g., Waser and Waser 1977; Brenowitz et al. 1984;
Wilczynski et al. 1989; Romer and Lewald 1992; Lang 2000;
Parris 2002) in part because of sound scattering by low level
vegetation (and non-living material) and the positive impact of
soft ground on excess attenuation (Forrest 1994; Embleton
1996). The lower attenuation often observed when the speaker
was elevated 1.50 m in forest or open terrain was therefore not
surprising. In some situations (e.g., forest and open terrain
with the microphone at 0.75 m and the speaker at 1.5 m), we
consistently observed an increase of signal level relative to
that predicted. Transmission over water, because of water’s
large impedance difference with air and accompanying reflec-
tion of sound, can more than counteract signal attenuation due
to spherical spread (Forrest 1994). This or a temperature gra-
dient (Embleton 1996) may, in part, account for the reduced
attenuation often observed when we broadcast calls across the
pond. However, we have no definitive explanation(s) for the
higher than expected amplitudes observed in different
habitats.

Tests with females

Our female choice tests demonstrate an ability to discriminate
among calls that have arrived via different transmission paths.
The structural degradation experienced by calls is present in
many of our choice stimuli and is not only evident in pulse
energy spread but also distortion of pulse shape. We know
from previous studies that females of the gray treefrog are
sensitive to both kinds of changes. For example, Schul and
Bush (2002) have documented how call recognition (and spe-
cies discrimination) by females of H. versicolor is primarily
mediated by the static temporal features of pulse and
interpulse interval duration and pulse shape (also see
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Gerhardt 2005b). In fact, alteration of just a single interpulse
interval can negatively impact the relative attractiveness of an
advertisement call (Schwartz et al. 2010). Kuczynski et al.
(2010), working with H. chrysoscelis, found that response
rates of subjects during single speaker tests of phonotaxis
declined with large reductions of modulation depth of synthet-
ic stimuli. Such reductions in modulation depth were similar
to structural changes that would yield declines in AV. These
alterations could potentially attenuate the responses of
interval-counting neurons in the auditory mid-brain of gray
treefrogs (Rose et al. 2015). Nevertheless, Kuczynski et al.
(2010) judged females fairly tolerant of drops in modulation
depth, especially at lower signal amplitudes. Results from our
single speaker tests using calls transmitted at ground level
through forest, in which all but one female approached the
speaker, are consistent with this assessment as are the bulk
of our results from females that involved tests of discrim-
ination. The finding that such degraded calls elicit
phonotaxis is also consistent with findings that female
treefrogs can exhibit phonotaxis toward a source of natural
or synthetic chorus sounds (Swanson et al. 2007; JJS
unpublished data; but see Christie et al. 2010 and
Murphy 2003).

Based on our data, significant discrimination is only likely
when the difference in AV of equal and sufficiently high-
amplitude stimulus alternatives is greater than about 0.25.
Differences in the corruption of pulse shape, perhaps due to
reflection of sound from one or more trees, may, however,
contribute to discrimination between calls with smaller differ-
ences in the energy spread of pulses. For example, we suspect
that the greater and more consistent corruption of pulse shape
in the forest calls—relative to open calls at the highest trans-
mission elevation (see Fig. 4b, top panel)—accounts for the
observed female preference for the latter (also see low- and
high-elevation open calls in Fig. 6b, top panel). This means
that unless there is significant alteration of pulse shape during
signal transmission, calling site may not exert a meaningful
effect on female choice unless females are comparing at suf-
ficient distance, calls transmitted through (1) forest at low
versus high or perhaps intermediate elevation, (2) forest (at
or partially at low elevation) versus over pond water, or (3)
forest at low elevation versus across open terrain. However,
even for calls transmitted at low elevation through forest, at
male-female separations of less than ~6—8 m, structural deg-
radation may be insufficient, unless augmented by amplitude
differences, to impact female discrimination against such calls
versus those transmitted through other habitats or at other
elevations. Discrimination of alternating calls based on sound
level has been estimated in the related gray treefrog,
H. chrysoscelis, to occur at a difference of 2—4 dB, with or
without a simulated background chorus at a realistic level
(Bee et al. 2012). Moreover, Fellers (1979b) observed dis-
crimination for overlapped calls of 92 dB over those of
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90 dB for females of H. versicolor. Therefore, the influence
of elevation-related impacts on amplitude, such as we ob-
served, should not be dismissed.

Although not as problematic for some calls that occur dur-
ing dips in the chorus din (see Vélez and Bee 2011), at greater
separations than 6-8 m, during evenings of very active
chorusing, masking by background noise may render
habitat-induced structural degradation largely irrelevant
(Kuczynski et al. 2010). It should be remembered, however,
that as a female moves through the habitat, acoustic attributes
of the calls, as she hears them, will change. Thus, at times
when or locations where calls are not masked, perceived dif-
ferences among males in the amplitude and fine pulse struc-
ture of their calls will shift in a way that could alter a female’s
travel route and perhaps strengthen her decision to approach a
particular male. Additionally, under circumstances when only
a lone male is audible, even highly degraded calls are likely to
elicit phonotaxis (also see Kuczynski et al. 2010).

Call duration and perch height

Our tests using calls with different numbers of pulses demon-
strate that males whose calls suffer influential levels of degra-
dation can, to some extent, counteract potential negative im-
pacts on female attraction by giving longer calls than males
whose calls are less degraded. The necessary differential in
number of call pulses will increase with the difference in deg-
radation level and, when the effects of attenuation are includ-
ed, can be considerable. Of course, as mentioned above, a
male is ignorant of the location of distant females and thus
could not actively compensate in this knowledge-based way
for the level of degradation of his calls at females’ locations.
However, a male calling at low elevation in forest as opposed
to one calling where, on average, his calls would suffer less
degradation and excess attenuation, such as near the surface of
apond or at a higher elevation in forest, could possibly benefit
from appending more pulses to his calls. All else being equal,
this would necessitate additional energy expenditure (Taigen
and Wells 1985; Wells and Taigen 1986; Reichert and
Gerhardt 2012) and a similar benefit might be more easily
achieved through prudent choice of calling venue.

At our main study pond (Blue Mountain Reservation), as
expected, only a relatively small percentage of males were
found calling on our trellises (just 75 captures over four field
seasons). Nevertheless, because their simple and identical
structure helped control for potentially influential natural
perch attributes, we believe that our observations provide
valuable information on males’ preferred elevation of calling
perches. A range of factors potentially contribute to calling
site choice in anurans (e.g., availability of perch types,
premating isolation, competitors for mates, noise, predation
risk, UV exposure, microclimate: Etges 1987; Arak and
Eiriksson 1992; Ptacek 1992; Amézquita and Hodl 2004;
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Kats etal. 2012; Hobel and Barta 2014). For example, early in
the breeding season when air temperatures are relatively cool,
Hobel and Barta (2014) found that male gray treefrogs are
more likely to call on the surface of the water than later in
the season. Our trellises were located along the shore through-
out the breeding season and provided a range of options for
perch elevation to males. It seems reasonable that, as has been
posited for male songbirds (e.g., Barker and Mennill 2009),
the potential for degradation and excess attenuation explains
in part why the male treefrogs we observed on trellises
avoided calling close to the ground. Although Ptacek (1992)
found that males of H. versicolor in Missouri often vocalize
on or close to the substrate (albeit near the shoreline where
elevated perch sites were scarce), Fellers (1979a) data from
Maryland suggest that males of H. versicolor may be selective
with respect to perch features likely to influence transmission
of their calls. In fact, in locations bordering our main study
pond where a large range of perch site elevations are naturally
available to males, in agreement with our data from trellises,
we only rarely find treefrogs calling within 30 cm of the
ground. Because males were often found on trellis rungs 2—
4, our perch selection data also are consistent with our general
result that, even through forest, calls transmitted at intermedi-
ate elevations do not suffer levels of degradation likely to
seriously compromise a male’s relative attractiveness.

The flexibility of male anuran vocal behavior in response to
acoustic conditions and cues is well established (Gerhardt and
Huber 2002; Wells and Schwartz 2006; Schwartz and Bee
2013). However, there is only a very small body of informa-
tion (e.g., Lardner and Bin Lakim 2002; Ziegler et al. 2011)
indicating that male anurans can dynamically adjust their call
structure/features to physical aspects of their environment in
ways that enhance effective transmission and thus communi-
cation. Accordingly, it could be especially interesting to test
whether males of the gray treefrog use longer calls in certain
locations by performing an experiment in which males are
moved between perches. The height of females will also in-
fluence the characteristics of the calls that females hear and
there is an indication from some studies (e.g., Padgham 2004;
Mathevon et al. 2008) that elevation of receivers and signalers
can have different effects. An examination of female approach
paths might therefore be valuable in the context of gaining a
further understanding of the behavioral consequences of (and
adaptations to) signal degradation.
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