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  Frogs are well known model systems in the study of communication for investigating the influences of noise on both signaling behavior and
auditory processing. The best-studied frogs in this regard are two sister-species in the Hyla versicolor species complex (H. versicolor and H.
chrysoscelis). Males of both species produce loud, pulsatile advertisement calls that function to attract females. In the competitive social
environment of a breeding chorus, males commonly shift to producing longer calls (with more pulses) at slower rates when the level of
competition increases. These behavioral modifications can be evoked in controlled laboratory experiments using playbacks of calls and chorus-
shaped noise. In contrast to birds and mammals, however, there is no evidence that males increase the amplitude of their vocalizations (the
Lombard Effect) in response to increasing noise levels. In addition, current evidence suggests that males do not necessarily profit significantly
from producing longer calls at slower rates in terms of increasing their overall attractiveness to females, overcoming interference by overlapping
calls, or increasing the detectability of their calls in noise. Despite the robust and directional nature of call modifications in noise, the
evolutionary function of these modifications remains obscure.
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INTRODUCTION 

Animals often communicate acoustically under challenging conditions of high background noise levels (Brumm 
and Slabbekoorn, 2005; Brumm, in press). This noise may stem from features of the abiotic environment (e.g., 
running water: Narins et al., 2004), the signals of other nonhuman animals (e.g., insects: Römer, in press; frogs: 
Vélez et al., in press), and increasingly, from sounds generated by human activities (e.g., Slabbekoorn and Peet, 
2003; reviewed in McGregor et al., in press). Noise can act as a potent source of selection on communication 
systems, affecting both the behavior of signalers and the perceptual and cognitive machinery of signal reception. Not 
surprisingly, both signalers and receivers exhibit adaptations to cope with noise. One class of such adaptations is the 
ability of signalers to modify their signals in noisy conditions so as to improve the probability of signal detection, 
recognition, or localization by receivers. 

Anuran amphibians (frogs and toads) are well know for communicating in dense social aggregations 
(“choruses”) in which background noise levels can be remarkably high (Narins and Zelick, 1988; Gerhardt and 
Huber, 2002; Bee, 2012; Schwartz and Bee, in press; Vélez et al., in press). Males commonly aggregate near 
suitable breeding habitat (e.g., ponds, lakes, streams) and produce loud “advertisement calls” (Wells, 1977) to attract 
females and to repel rival males. The calls of individual males can be quite loud, exceeding 100 dB peak sound 
pressure level (SPL re 20 µPa) at a distance of 1 m in many species (Gerhardt, 1975; Penna and Solís, 1998). Within 
choruses, sustained sound levels exceeding 90 dB SPL have been reported in some species (Narins, 1982). Male 
frogs are well-known for adjusting the timing of their calls to deal with high noise levels and the calls of nearby 
frogs (reviewed in Schwartz and Bee, in press); in many instances, the precision of these adjustments can only be 
described as remarkable (Brush and Narins, 1989; Grafe, 2003). 

 
Gray Treefrogs 

In this paper, we briefly review previous studies of call modification in noisy, competitive social environments in 
the gray treefrog complex (Fig. 1). This cryptic species complex comprises two species, the diploid Hyla 
chrysoscelis (Cope’s gray treefrog) and its descendent tetraploid sister species Hyla versicolor (the eastern gray 
treefrog). The acoustic communication system of these two species is among the best studied in frogs in terms of 
species recognition, sexual selection, and the problem of noise and acoustic competition in choruses (reviews in 
Gerhardt, 2001; Gerhardt and Huber, 2002; Bee, 2012; Schwartz and Bee, in press; Vélez et al., in press). As 
illustrated in Fig. 1, males of both species produce short advertisement calls, typically about 1 s or less in duration, 
comprising a series of pulses delivered at species-specific rates (≈35-50 pulses/s in H. chrysoscelis and ≈15-20 
pulses/s in H. versicolor). In both species, each pulses has acoustic energy at two spectral peaks, with frequencies 
(and relative amplitudes) of about 1000-1400 Hz (-6 to -10 dB) and 2000-2800 (0 dB); frequencies are slightly 
lower in H. versicolor. The calls of both species are produced at RMS amplitudes ranging from about 85 to 95 dB 
SPL at distances of 1 m (Gerhardt, 1975). Here, we highlight descriptive and empirical work that has investigated 
the modifications males make to their pulsatile calls in noisy or acoustically competitive environments and the 
potential benefits of those modifications. 

FIGURE 1. Gray treefrogs and their advertisement calls. (a) A calling male of the eastern gray treefrog H. versicolor (photo 
courtesy Robert Schlauch). The male depicted here is approximately 4.5 cm in length, measured from snout-to-vent. Across 
most of their geographic ranges, H. chrysoscelis and H. versicolor are morphologically indistinguishable, forming a cryptic 
species complex.  (b) An advertisement call of H. chrysoscelis (0.807 s in duration). (c) An advertisement call of H. 
versicolor (1.042 s in duration). 
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CALL MODIFICATIONS 

Call Duration 
Numerous studies have now reported that male gray treefrogs of both species increase the duration of their calls 

by adding pulses in more noisy or competitive social environments. For example, Wells and Taigen (1986) reported 
that males of the tetraploid H. versicolor calling in more dense (and presumably more noisy) parts of the chorus 
produced longer calls than isolated males calling from more sparse parts of the assemblage. In a field playback 
experiment, they showed that males produced longer calls when they were stimulated by the calls of a simulated 
nearby rival. Schwartz et al. (2002) replicated this same basic result in a “mesocosm” experiment in which choruses 
of up to eight males were established in an artificial pond constructed in a greenhouse.  As males were removed 
from larger choruses, the remaining males tended to decrease the duration of their calls. More recently, similar 
results also have been reported for the diploid H. chrysoscelis. Love and Bee (2010) showed in a laboratory 
playback experiment that males produced calls with increasingly more pulses as background noise levels increased 
from 30 dB to 70 dB. Ward et al. (in review) replicated and extended this result showing that males increase call 
duration in response to playbacks of both chorus noise and individual neighboring males. 
 

Call Rate 
Studies have generally reported that the increases in call duration that occur in the presence of noise or acoustic 

competition are concomitant with decreases in call rate under these conditions (Wells and Taigen, 1986; Schwartz et 
al., 2002; Love and Bee, 2010; Ward et al., in review). In their field study of H. versicolor, Wells and Taigen (1986) 
reported that isolated males called at higher rates than males calling in more dense parts of the chorus. Grafe (1997) 
reported a similar negative correlation between call rate and call duration in his study of H. versicolor. Reichert and 
Gerhardt (2012) also found a trade-off between call rate and call duration in their study of forced interactions 
between two nearby calling males. Acoustic playbacks also induced males of this species to call at slower rates 
(Wells and Taigen, 1986). In the mesocosm study of Schwartz et al. (2002), males called at relatively slow rates in 
large artificial choruses and at increasingly faster rates as the size of choruses was experimentally reduced. In 
laboratory playback studies with H. chrysoscelis, Love and Bee (2010) and Ward et al. (in review) found that males 
called at relatively slower rates (compared with quiet conditions) when they were stimulated by chorus noise. 

 
Call Effort 

Call effort (sometimes referred to as pulse effort) is a composite measure that refers to the duty cycle or total “on 
time” of male calling. It is the arithmetic product of call rate (calls/min) and call duration (pulses/call) and in gray 
treefrogs is measured in units of pulses/min. Although males actively modify call rate and call duration in the 
presence of noise or acoustic competition, these modifications just offset one another so that there is usually little 
change in overall call effort (Wells and Taigen, 1986; Schwartz et al., 2002; Love and Bee, 2010; Ward et al., in 
review). The consensus view is that call rate and call duration negatively covary due to energetic constraints on 
calling performance. Hence, despite modifications to both properties, call effort often remains unchanged. However, 
sometimes males are capable of breaking the trade-off under select conditions in choruses (by producing relatively 
long calls at relatively fast rates), for example when two males compete directly over a calling site (Reichert and 
Gerhardt, 2012) or when a female approaches and touches a male to solicit mating (Fellers, 1979; Schwartz et al., 
2001). 
 

Call Amplitude 
The ‘Lombard Effect,’ which refers to the tendency to increase voice amplitude in response to background noise, 

has so far been demonstrated in several birds and mammals (Brumm and Zollinger, 2011; Zollinger and Brumm, 
2011). Thus far, however, only one study has investigated noise-dependent regulation of call amplitude in frogs. 
Love and Bee (2010) found in a laboratory study that males of H. chrysoscelis did not modify their call amplitude 
across conditions that included both quiet and a 30-dB range of background noise. That is, male produced calls in 
quiet that had the same amplitude as those produced in noise. Moreover, the amplitudes at which males called were 
similar to those reported from a field study by Gerhardt (1975). Schwartz has observed similar patterns in his studies 
of H. versicolor (J. J. Schwartz, unpublished data). 
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POTENTIAL BENEFITS OF CALL MODIFICATIONS 

Increased Signal Attractiveness 
In the presence of noise or acoustic competition, males dynamically shift to producing longer calls at slower 

rates. One hypothesis is that these modifications render a male’s calls relatively more attractive in socially 
competitive environments without expending greater energy. In previous phonotaxis tests, females of both H. 
chrysoscelis (Gerhardt et al., 1996; Bee, 2008; Ward et al., in review) and H. versicolor (Klump and Gerhardt, 1987; 
Sullivan and Hinshaw, 1992; Gerhardt et al., 1996, 2000; Schwartz et al., 2001; Gerhardt and Brooks, 2009) 
preferred calls produced at higher rates and with more pulses when call effort was permitted to co-vary with these 
two signal components. Results generally have been more mixed when the call effort between test alternatives is 
held constant. For example, Gerhardt et al. (1996) showed that females of H. chrysoscelis in Missouri preferred 
faster calls at slower rates (equal call effort), whereas Ward et al. (in review) found that females in Minnesota 
generally showed no such preference. Some studies of the tetraploid H. versicolor have shown that females prefer 
longer calls at slower rates when call effort is equal (Klump and Gerhardt, 1987; Gerhardt et al., 1996; Schwartz et 
al., 2001), whereas other studies of this species have failed to show such preferences (Sullivan and Hinshaw, 1992; 
Schwartz et al., 2008). Possible reasons for these discrepancies between studies are discussed in more detail by 
Ward et al. (in review). 

 
Reduced Acoustic Interference 

With increases in chorus density, the probability that the calls of a given male will be overlapped by those of 
another male also increases. For species of anurans with pulsatile calls, such interference not only may result in 
rendering signals more difficult to detect but also may corrupt features of calls, such as pulse shape and perceived 
pulse timing, that can be critical for call recognition by females (Schwartz, 1987; Schwartz and Gerhardt, 1995). 
Many species of frogs have been shown to alternate calls or call elements with those of others (Schwartz and Bee, in 
press). However, in a dense chorus avoiding interference is clearly difficult, if not impossible. One partial solution is 
for males to selectively adjust their call timing with respect to only their nearest and loudest neighbors while 
allowing their signals to overlap those other chorus members who are less potent sources of interference (Brush and 
Narins, 1989; Schwartz, 1993; Greenfield and Rand, 2000). However, examination of patterns of call overlap among 
males of H. versicolor in the greenhouse-housed artificial pond demonstrated that, not only does acoustic 
interference increase with chorus size, nearby individuals suffer from higher levels of call overlap than more widely 
separated males (Schwartz et al., 2002). To address this dilemma, Schwartz et al. (2001, 2002) proposed the 
“interference risk hypothesis” (IRH). The idea is that males of H. versicolor, by shifting to longer calls under 
conditions with greater acoustic clutter, can, even if their call rates are lower, significantly improve the chances that 
within individual calls there will be a sufficient number of unobscured call pulses and interpulse intervals to attract a 
female. Critical to the hypothesis are the observations that, for this species, (a) overlapped calls are less appealing to 
females than are non-overlapped calls (Schwartz, 1987) and (b) females find very brief calls profoundly unattractive 
relative to longer calls (Gerhardt et al., 2000).   

 Schwartz et al. (2008) tested the IRH using filtered noise or bouts of calling as a source of interference and 
a range of call alternatives. Tests of female choice refuted the hypothesis unequivocally: under no experimental 
conditions with such acoustic backgrounds was there an increase in preference strength or significant discrimination 
for longer relative to shorter calls.    

 
Improved Signal Detection 

Schwartz et al. (in press) also tested whether increasing call duration while simultaneously lowering call rate 
improved the ability of females of H. versicolor to detect advertising males within noise. Such might be the case 
because of temporal integration of sound energy within the auditory system (Dunia and Narins, 1989; Ronacher et 
al., 2000; Recanzone and Sutter, 2008) or because longer signals simply offer more opportunities for detection 
(Viemeister and Wakefield, 1991). Consistent with expectations based on earlier work with these treefrogs, 
Schwartz and colleagues found that individual males in an artificial pond increased call duration and reduced call 
rate in response to elevations in the level of filtered background noise. However, using a phonotaxis assay in which 
noise levels, call durations and call rates were varied, they failed to find that longer calls were more easily detected 
by females than shorter calls with either a modulated or unmodulated noise background irrespective of whether or 
not call efforts were equalized. Noise levels at recognition thresholds were significantly higher when modulated 
rather than unmodulated noise was broadcast, indicating that under certain circumstances female treefrogs may 
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exploit natural amplitude fluctuations of the chorus to detect the vocalizations of prospective mates (see also Vélez 
and Bee, 2010, 2011, in press; Vélez et al., 2012).    

CONCLUSIONS 

As the studies reviewed above indicate, male gray treefrogs modify some properties of their calls (call rate, call 
duration) but not others (call effort, call amplitude) as a function of background noise levels and acoustic 
competition with nearby neighbors. This general pattern of results is typically robust within studies and repeatable 
across studies of both species and by different researchers. However, despite the robustness and repeatability of 
these results on call modifications, efforts to understand the functional benefits of call modifications have produced 
more mixed results. Thus far, there is little support for the hypotheses that males modify their calls to reduce 
acoustic interference or increase signal detection. The hypothesis that dynamic signal modifications in choruses 
function to make male calls more attractive to males has received mixed support, with results varying across species 
and lineages. While considerable progress has been made toward understanding how males modify their calls in the 
presence of noise and acoustic competition, much work remains before we understand precisely why they make 
these modifications. 

ACKNOWLEDGMENTS 

The authors thank the National Science Foundation (IOS 0842759 to MAB and IOS 0342183 to JJS), the 
National Institute on Deafness and Other Communication Disorders (R03DC008396 and R01DC009582 to MAB), 
the University of Minnesota, and Pace University for generously supporting our research on hearing and sound 
communication in gray treefrogs. We are also indebted to countless undergraduate and graduate students for their 
help in collecting and testing frogs over the years. 

REFERENCES 

Bee, M. A. (2008). "Parallel female preferences for call duration in a diploid ancestor of an allotetraploid treefrog," Animal 
Behaviour 76, 845-853. 

Bee, M. A. (2012). "Sound source perception in anuran amphibians," Current Opinion in Neurobiology 22, 301-310. 
Brumm, H. (ed). (in press). Animal Communication and Noise (Springer, New York). 
Brumm, H., and Slabbekoorn, H. (2005). "Acoustic communication in noise," Advances in the Study of Behavior 35, 151-209. 
Brumm, H., and Zollinger, S. A. (2011). "The evolution of the Lombard effect: 100 years of psychoacoustic research," Behaviour 

148, 1173-1198. 
Brush, J. S., and Narins, P. M. (1989). "Chorus dynamics of a neotropical amphibian assemblage: comparison of computer-

simulation and natural behavior," Animal Behaviour 37, 33-44. 
Dunia, R., and Narins, P. M. (1989). "Temporal integration in an anuran auditory nerve," Hearing Research 39, 287-298. 
Fellers, G. M. (1979). "Mate selection in the gray treefrog, Hyla versicolor," Copeia, 286-290. 
Gerhardt, H. C. (1975). "Sound pressure levels and radiation patterns of vocalizations of some North American frogs and toads," 

Journal of Comparative Physiology 102, 1-12. 
Gerhardt, H. C. (2001). "Acoustic communication in two groups of closely related treefrogs," Advances in the Study of Behavior 

30, 99-167. 
Gerhardt, H. C., and Brooks, R. (2009). "Experimental analysis of multivariate female choice in gray treefrogs (Hyla versicolor): 

evidence for directional and stabilizing selection," Evolution 63, 2504-2512. 
Gerhardt, H. C., Dyson, M. L., and Tanner, S. D. (1996). "Dynamic properties of the advertisement calls of gray tree frogs: 

Patterns of variability and female choice," Behavioral Ecology 7, 7-18. 
Gerhardt, H. C., and Huber, F. (2002). Acoustic Communication in Insects and Anurans: Common Problems and Diverse 

Solutions (Chicago University Press, Chicago). 
Gerhardt, H. C., Tanner, S. D., Corrigan, C. M., and Walton, H. C. (2000). "Female preference functions based on call duration in 

the gray tree frog (Hyla versicolor)," Behavioral Ecology 11, 663-669. 
Grafe, T. U. (2003). "Synchronized interdigitated calling in the Kuvangu running frog, Kassina kuvangensis," Animal Behaviour 

66, 127-136. 
Grafe, U. (1997). "Use of metabolic substrates in the gray treefrog Hyla versicolor: Implications for calling behavior," Copeia 

1997, 356-362. 
Greenfield, M. D., and Rand, A. S. (2000). "Frogs have rules: selective attention algorithms regulate chorusing in Physalaemus 

pustulosus (Leptodactylidae)," Ethology 106, 331-347. 
Klump, G. M., and Gerhardt, H. C. (1987). "Use of non-arbitrary acoustic criteria in mate choice by female gray tree frogs," 

Nature 326, 286-288. 

M. Bee and J. Schwartz

Proceedings of Meetings on Acoustics, Vol. 19, 010054 (2013)                                                                                                                                    Page 5



Love, E. K., and Bee, M. A. (2010). "An experimental test of noise-dependent voice amplitude regulation in Cope's grey treefrog, 
Hyla chrysoscelis," Animal Behaviour 80, 509-515. 

McGregor, P. K., Horn, A., Leonard, M. L., and Thomsen (in press). "Anthropogenic noise and conservation," in Animal 
Communication and Noise edited by H. Brumm (Springer, New York). 

Narins, P. M. (1982). "Effects of masking noise on evoked calling in the Puerto Rican coqui (Anura, Leptodactylidae)," Journal 
of Comparative Physiology 147, 439-446. 

Narins, P. M., Feng, A. S., Lin, W. Y., Schnitzler, H. U., Denzinger, A., Suthers, R. A., and Xu, C. H. (2004). "Old World frog 
and bird, vocalizations contain prominent ultrasonic harmonics," Journal of the Acoustical Society of America 115, 
910-913. 

Narins, P. M., and Zelick, R. (1988). "The effects of noise on auditory processing and behavior in amphibians," in The Evolution 
of the Amphibian Auditory System, edited by B. Fritzsch, M. J. Ryan, W. Wilczynski, T. E. Hetherington, and W. 
Walkowiak (Wiley & Sons, New York), pp. 511-536. 

Penna, M., and Solís, R. (1998). "Frog call intensities and sound propagation in the South American temperate forest region," 
Behavioral Ecology and Sociobiology 42, 371-381. 

Recanzone, G. H., and Sutter, M. L. (2008). "The biological basis of audition," Annual Review of Psychology 59, 119-142. 
Reichert, M. S., and Gerhardt, H. C. (2012). "Trade-offs and upper limits to signal performance during close-range vocal 

competition in gray tree frogs Hyla versicolor," American Naturalist 180, 425-437. 
Römer, H. (in press). "Masking by noise in acoustic insects: problems and solutions," in Animal Communication and Noise 

edited by H. Brumm (Springer, New York). 
Ronacher, B., Krahe, R., and Hennig, R. M. (2000). "Effects of signal duration on the recognition of masked communication 

signals by the grasshopper Chorthippus biguttulus," Journal of Comparative Physiology a-Sensory Neural and 
Behavioral Physiology 186, 1065-1072. 

Schwartz, J. J. (1987). "The function of call alternation in anuran amphibians: A test of three hypotheses," Evolution 41, 461-471. 
Schwartz, J. J. (1993). "Male calling behavior, female discrimination and acoustic interference in the Neotropical treefrog Hyla 

microcephala under realistic acoustic conditions," Behavioral Ecology and Sociobiology 32, 401-414. 
Schwartz, J. J., and Bee, M. A. (in press). "Anuran acoustic signal production in noisy environments," in Animal Communication 

and Noise edited by H. Brumm (Springer, New York). 
Schwartz, J. J., Brown, R., Turner, S., Dushaj, K., and Castano, M. (2008). "Interference risk and the function of dynamic shifts 

in calling in the gray treefrog (Hyla versicolor)," Journal of Comparative Psychology 122, 283-288. 
Schwartz, J. J., Buchanan, B. W., and Gerhardt, H. C. (2001). "Female mate choice in the gray treefrog (Hyla versicolor) in three 

experimental environments," Behavioral Ecology and Sociobiology 49, 443-455. 
Schwartz, J. J., Buchanan, B. W., and Gerhardt, H. C. (2002). "Acoustic interactions among male gray treefrogs, Hyla versicolor, 

in a chorus setting," Behavioral Ecology and Sociobiology 53, 9-19. 
Schwartz, J. J., Crimarco, N. C., Bregman, Y., and Umeoji, K. (in press). "An investigation of the functional significance of 

responses of the gray treefrog (Hyla versicolor) to chorus noise," Journal of Herpetology. 
Schwartz, J. J., and Gerhardt, H. C. (1995). "Directionality of the auditory system and call pattern recognition during acoustic 

interference in the gray treefrog, Hyla versicolor," Auditory Neuroscience 1, 195-206. 
Slabbekoorn, H., and Peet, M. (2003). "Ecology: Birds sing at a higher pitch in urban noise - Great tits hit the high notes to 

ensure that their mating calls are heard above the city's din," Nature 424, 267-267. 
Sullivan, B. K., and Hinshaw, S. H. (1992). "Female choice and selection on male calling behavior in the gray treefrog Hyla 

versicolor," Animal Behaviour 44, 733-744. 
Vélez, A., and Bee, M. A. (2010). "Signal recognition by frogs in the presence of temporally fluctuating chorus-shaped noise," 

Behavioral Ecology and Sociobiology 64, 1695-1709. 
Vélez, A., and Bee, M. A. (2011). "Dip listening and the cocktail party problem in grey treefrogs: signal recognition in 

temporally fluctuating noise," Animal Behaviour 82, 1319-1327. 
Vélez, A., and Bee, M. A. (in press). "Signal recognition by green treefrogs (Hyla cinerea) and Cope’s gray treefrogs (Hyla 

chrysoscelis) in naturally fluctuating noise," Journal of Comparative Psychology. 
Vélez, A., Höbel, G., Gordon, N. M., and Bee, M. A. (2012). "Dip listening or modulation masking? Call recognition by green 

treefrogs (Hyla cinerea) in temporally fluctuating noise," Journal of Comparative Physiology A 198. 
Vélez, A., Schwartz, J. J., and Bee, M. A. (in press). "Anuran acoustic signal perception in noisy environments," in Animal 

Communication and Noise edited by H. Brumm (Springer, New York). 
Viemeister, N. F., and Wakefield, G. H. (1991). "Temporal integration and multiple looks," Journal of the Acoustical Society of 

America 90, 858-865. 
Ward, J. L., Love, E. K., Vélez, A., Buerkle, N. P., O'Bryan, L. R., and Bee, M. A. (in review). "Multitasking males and 

multiplicative females: dynamic signalling and receiver preferences in Cope’s grey treefrog (Hyla chrysoscelis)," 
Animal Behaviour. 

Wells, K. D. (1977). "The social behaviour of anuran amphibians," Animal Behaviour 25, 666-693. 
Wells, K. D., and Taigen, T. L. (1986). "The effect of social interactions on calling energetics in the gray treefrog (Hyla 

versicolor)," Behavioral Ecology and Sociobiology 19, 9-18. 
Zollinger, S. A., and Brumm, H. (2011). "The Lombard effect," Current Biology 21, R614-R615. 
 
 

M. Bee and J. Schwartz

Proceedings of Meetings on Acoustics, Vol. 19, 010054 (2013)                                                                                                                                    Page 6


	Cover Page
	Article

