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Does acoustic adaptation drive vertical
stratification? A test in a tropical cricket
assemblage
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In species-rich assemblages, differential utilization of vertical space can be driven by resource availability. For animals that
communicate acoustically over long distances under habitat-induced constraints, access to an effective transmission channel is
a valuable resource. The acoustic adaptation hypothesis suggests that habitat acoustics imposes a selective pressure that drives the
evolution of both signal structure and choice of calling sites by signalers. This predicts that species-specific signals transmit best in
native habitats. In this study, we have tested the hypothesis that vertical stratification of calling heights of acoustically commu-
nicating species is driven by acoustic adaptation. This was tested in an assemblage of 12 coexisting species of crickets and katydids
in a tropical wet evergreen forest. We carried out transmission experiments using natural calls at different heights from the forest
floor to the canopy. We measured signal degradation using 3 different measures: total attenuation, signal-to-noise ratio (SNR),
and envelope distortion. Different sets of species supported the hypothesis depending on which attribute of signal degradation
was examined. The hypothesis was upheld by 5 species for attenuation and by 3 species each for SNR and envelope distortion.
Only 1 species of 12 provided support for the hypothesis by all 3 measures of signal degradation. The results thus provided no
overall support for acoustic adaptation as a driver of vertical stratification of coexisting cricket and katydid species. Key words:
acoustic adaptation, attenuation, Ensifera, envelope distortion, SNR, sound transmission, temperature gradient. [Behav Ecol]

INTRODUCTION

Many animal species communicate over long distances in
the context of mate attraction, competition, or social

interaction with group members. Long-distance communica-
tion is however fraught with difficulties because signals have
to propagate through a nonideal medium, the habitat, before
reaching the receivers. In the case of acoustic signals, the
habitat alters signals in 2 major ways. The first is attenuation
or reduction in the total energy content of signals, which low-
ers the probability of signal detection at a distance. The sec-
ond is signal distortion or change in the structure of signals in
the temporal or spectral domain, making them unrecogniz-
able (Wiley and Richards 1978, 1982). Moreover, the habitat is
a noisy communication channel, and weak signals are likely to
be buried in the ambient noise, making it difficult for re-
ceivers to distinguish signals from noise (Römer et al. 1989).
Due to these limitations, accurate recognition and localization
of degraded signals by receivers are compromised, resulting in
a reduced broadcast area or active space (Wiley and Richards
1978; Klump 1996).
For species where long-distance communication influences

individual fitness, it would be advantageous for a sender if
advertisement signals traveled far withminimal loss of informa-
tion, to be detected and recognized efficiently by ‘‘intended’’
receivers. In 1975, Morton suggested that habitat acoustics may
exert a selection pressure that shapes the physical structure of

avian sounds. This was the first proposition of the acoustic
adaptation hypothesis (AAH), which posits that attributes of
the environment impose a selective pressure on long-range
acoustic signals, driving signal evolution tomaximize broadcast
range, and the number of potential receivers (Morton 1975;
Endler 1993). If acoustic adaptation is a strong enough selec-
tive force, it is expected that, over evolutionary time, the calls of
animals will adapt to the constraints imposed by the environ-
ment, resulting in better transmission of signals in native hab-
itats as opposed to non-native habitats (Morton 1975; Marten
and Marler 1977; Couldridge and van Staaden 2004).
Aside from playing a role in signal evolution, habitat-

induced constraints may also modify the behavior of signalers
with respect to preference for calling times or positions to
minimize signal distortion and attenuation (Endler 1993).
Signalers may thus call only during certain ‘‘time windows’’
that are suitable for signal transmission (Henwood and
Fabrick 1979) or may choose to call from positions that offer
them transmission benefits (Arak and Eiriksson 1992; Nemeth
et al. 2001). In the case of acoustically communicating ani-
mals, the optimal transmission path may be an important re-
source for coexisting species competing for acoustic space,
and this may drive vertical stratification of calling heights.
Height-dependent transmission has been examined in the
context of selection of calling posts/heights in various taxa
(katydids: Arak and Eiriksson 1992; birds: Marten and Marler
1977; Dabelsteen et al. 1993; Mathevon et al. 1996, 2005;
frogs: Kime et al. 2000; and cicadas: Sueur and Aubin 2003).
The possibility of acoustic adaptation driving vertical stratifi-
cation has, however, not been examined.
Most investigations of the AAH have been carried out

on larger long-ranging animals such as vertebrates and so
have focused on the macrohabitat level (reviewed in Ey and
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Fischer 2009). Several insect taxa also use sound for long-
distance communication (cicadas, grasshoppers, and crick-
ets), but only 2 studies have tested the AAH in insect species
(Sueur and Aubin 2003; Couldridge and van Staaden 2004).
Habitats such as tropical forests have different microhabitats
that differ from each other structurally. For instance, foliage
density may change with height (MacArthur and Horn 1969;
Wirth et al. 2001; Jain et al. 2010), which could affect the
transmission properties of different layers of the forest, neces-
sitating microhabitat level investigation of the AAH. In fact,
Marten and Marler (1977) found that height influenced sig-
nal transmission more than habitat. Another obvious gap in
the literature is the general absence of a community-level
investigation of the AAH. Although some studies have tested
the AAH in multiple species (Waser and Waser 1977; Kime
et al. 2000), the species tested were either not sympatric or
belonged to different communities (but see Nemeth et al.
2001; Tobias et al. 2010). Overall, there is a general paucity of
studies investigating the AAH in coexisting species of an assem-
blage at the microhabitat level, especially in ‘‘invertebrate’’ taxa.
Crickets and katydids (order: Orthoptera; suborder: Ensi-

fera) are nocturnal insects that produce sound in the context
of long-distance mate attraction (Alexander 1967). One there-
fore expects selection pressure on them to maximize broadcast
range in order to gain access to greater numbers of prospective
mates, making them good systems in which to test the AAH.
Kudremukh National Park in the Western Ghats of Southern
India harbors a species-rich ensiferan assemblage (Diwakar
and Balakrishnan 2006; Nityananda and Balakrishnan 2006;
Diwakar and Balakrishnan 2007a), in which different species
occupy different microhabitats (Jain and Balakrishnan 2011)
and show vertical stratification with respect to calling heights
(Diwakar and Balakrishnan 2007b).
In this study, we have tested the hypothesis that vertical

stratification of calling heights of coexisting ensiferan species
is driven by acoustic adaptation, using 3 different measures of
signal degradation. If acoustic adaptation is a significant driv-
ing force of vertical stratification, then the native calling
height should emerge as the best or one of the best heights
for signal transmission in a majority of species in this assem-
blage. To our knowledge, this is the first detailed examination
of the AAH at the microhabitat level, tested in a natural assem-
blage of coexisting insect species with respect to their vertical
stratification.

MATERIALS AND METHODS

Study site and period

The study was conducted in the tropical wet evergreen forests
of Kudremukh National Park (lat 13�01# to 13�29#N, long
75�01# to 75�25#E), which is situated on the windward slopes
of the Western Ghats in Karnataka, India. The average annual
rainfall is 4000 mm, and the elevation ranges from 50 to 1892 m
asl. The forest structure in the study area consists of leaf litter-
covered ground devoid of grasses, a herb layer constituted by
seedlings and herbs (�1 m), understorey (1–8 m), and canopy
(10–30 m) (Jain 2010; Jain et al. 2010). The major tree species
include Artocarpus hirsutus, Hopea parviflora, Knema attenuata, and
Poeciloneuron indicum (nomenclature follows Saldanha 1984,
1996). All transmission experiments were carried out in the
post-monsoon dry season from December 2007 to March 2008
and December 2008 to March 2009.

Microclimatic conditions

The transmission experiments had to be carried out at a time
of day that would best avoid 3 confounding factors: 1) masking

interference from calling insects during the peak calling pe-
riod (6–9 PM: Diwakar and Balakrishnan 2007a), 2) early
morning interference from birdsong (from 6 to 9 AM), and
3) differences in microclimatic conditions between day and
night. In addition, it was important to quantify the presence
of wind or temperature gradients, if any, in the forest because
these have implications for sound transmission (Wiley and
Richards 1978; Henwood and Fabrick 1979). Preliminarymeas-
urements showed that the temperature in the forest increased
sharply in the afternoon, so 9–11 AM was selected for detailed
measurements of microclimatic conditions to assess the suit-
ability of this time window for the transmission experiments.
We measured 3 readings each of temperature, relative hu-

midity, and wind speed at different heights in the forest
(0, 0.5, 1, 2, 3, 4, 5, 6, and 8 m) using a Pocket Weather Meter
(Kestrel 3000; Neilsen and Kellerman) during the morning
(9, 10, and 11 AM) and evening (6, 7, and 9 PM, correspond-
ing to the peak calling period of crickets). We made measure-
ments thrice a month (early, mid, and late) between December
and March when calling activity for most of the study species
peaks. We made a total of 324 temperature readings during
the day and an equal number during the night across the
4 months. We also measured relative humidity and wind speed
across all time periods, months, and heights.
We pooled all the daytime temperature readings and all

night temperature readings and compared the 2 groups
(day and night temperatures across the 4 months) using
a Mann–Whitney U test (a ¼ 0.05). We fitted regression lines
to the height-wise temperature readings (total 72 regressions:
6 time periods/day 3 12 days) to check for the presence of
any vertical temperature gradients. In addition, we calculated
the variation in temperature with height for each of the 72 sets
of temperature readings.

Study species, test sounds, and calling heights

We selected the calls of 12 of the 20 sympatric species of
Ensifera of the assemblage of Kudremukh National Park
(Diwakar and Balakrishnan 2007a) for the transmission study.
These 12 species were selected so that the diversity of tempo-
ral and spectral features spanned by their calls was represen-
tative of the call features of all species in the assemblage (see
Table 1, Figures 1 and 2; Diwakar and Balakrishnan 2007a).
Moreover, these species also spanned the entire range of
calling heights in the forest (0 to .10 m, Diwakar and
Balakrishnan 2007b; Table 1) and showed strong selection
for particular layers of the forest such as the ground, under-
storey, and canopy (Jain and Balakrishnan 2011). ‘‘Call type’’
refers to the signal structure of each of the study species. For
each of the 12 species, 1 chirp (in the case of a chirping
species) or a few syllables (in the case of trilling species)
was/were selected from a clean recording that had the call
features representative of the species (Table 1, Diwakar 2007).
The selected chirps/syllables were saved as binary files for the
playback experiments.

Playback experiments

We carried out playback experiments in a flat and undisturbed
patch of evergreen forest, with a representative vegetation struc-
ture (Jain et al. 2010; Jain and Balakrishnan 2011). We broad-
cast calls of each of the 12 species from each of 5 heights
chosen to simulate sender heights: 0 m (ground), 0.5 m (lower
understorey), 2 m (mid understorey), 4 m (upper understor-
ey), and 11 m (canopy). At every height, we rerecorded the
broadcast calls at 5 distances from the speaker: 0.5 (used as the
reference), 2, 4, 8, and 16 m. All calls were broadcast at 72 dB
sound pressure level (SPL) (fast root mean square [RMS];
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re: 2 3 1025 N/m2, measured at 0.5 m from the speaker). All
SPL measurements were made using a sound level meter
(Brüel & Kjær, type: Observer 2260, Brüel & Kjær 1/2 inch
microphone type 4189; frequency response: 6 Hz to 20 kHz).

Output setup
The signals were played out through an Avisoft speaker (Ultra-
sound Scanspeak; frequency response: 1–120 kHz) via an
Avisoft power amplifier. The calls were output one at a time
from a laptop (IBM ThinkPad, Model 2682) using a MATLAB
(version 7; The Mathworks inc., Natick, MA) interface via a D/
A output card (National Instruments DAQ 6715) at a sampling
rate of 200 kHz. For 9 of 12 species, we used the natural chirp
period (Diwakar 2007) for the playback. Three species, namely,
Brochopeplus sp., Pirmeda sp., and ‘‘Whiner’’ typically had very
long pauses between chirps. The pause duration was reduced
to 3 seconds of silence between consecutive chirps for the calls
of these 3 species.

Input setup
We acquired recordings using an ultrasound detector (D 980;
Pettersson Elektronik AB, Sweden, with a custom-built micro-
phone with frequency range: 1–200 kHz) at a sampling rate of
200 kHz using the software Labview (version 6.1). The signals
were acquired directly from the preamplifier output. In the
canopy, for ease of movement, we used a Marantz solid state
recorder (type PMD 671) and a Sennheiser Microphone (type
ME-67, 40 Hz–20 kHz) to record calls with low frequency and
narrow bandwidth (,10 kHz). For the high frequency, broad-
band calls we used the same setup as at any other height. We
digitized the single channel input on to a laptop computer
(IBM ThinkPad, Model 1830) using a data acquisition card
(DAS 16/380, Measurement Computing; sampling rate 330 kHz)
in binary format, which was later converted to .wav format using
MATLAB.
Theheightof the speaker was the sameas that of the recorder,

simulating a situation where the sender and receiver are at the
same height. This is based on ad libitum observations in the
field, where receivers (female crickets) were always found at
approximately the sameheights as senders (conspecificmales).

Recordings and SPL measurements
At each height, we made recordings consisting of at least
10 chirps at progressively greater distances from the speaker
(0.5, 2, 4, 8, and 16 m). This sequence was repeated thrice for
every height–distance combination to get a 5 3 5 3 12 3 3
factorial design (heights 3 distances 3 species 3 replicates).
Following the same protocol, at every recording height–
distance combination, we made fast RMS SPL measurements
using the Brüel & Kjær sound level meter (Observer 2260). For
narrow bandwidth calls, a one-third octave filter was used, with
the center frequency close to the carrier frequency of the call
being played out. For broadband calls, we made all-pass SPL
measurements, with a 500 Hz high-pass filter. Such a protocol

Table 1

Calling heights and call features of the 12 ensiferan species tested (adapted from Diwakar 2007)

Species Family Subfamily
Calling
height (m)

Dominant
frequency (kHz) Bandwidth (kHz)

Call duration
(seconds)

Call period
(seconds)

Duty
cycle (%)

Mecopoda ‘‘Two-part’’ Tettigoniidae Mecopodinae 0.5 n.a. 78.00 1.800 1.900 94.7
Callogryllus sp. Gryllidae Gryllinae 0 3.61 0.70 0.210 0.910 23.1
Scleropterus sp. Scleropteridae Sclerogryllinae 0 6.73 0.67 0.017 0.030 56.7
Gryllitara sp. Eneopteridae Itarinae 0 4.89 0.99 0.190 4.140 4.6
Gryllacropsis sp. Anostostomatidae – 11 1.71 2.00 0.080 1.440 5.6
Landreva sp. Gryllidae Gryllinae 0.5 4.86 0.43 0.018 0.214 8.4
‘‘Whiner’’ Eneopteridae Podoscirtinae 4 5.91 0.42 0.940 14.680 6.4
Phaloria sp. Eneopteridae Itarinae 2 4.57 0.39 0.014 0.018 77.8
‘‘15 kHz’’ Tettigoniidae Phaneropterinae 4 14.78 2.00 0.008 2.379 0.3
Brochopeplus sp. Tettigoniidae Pseudophyllinae 2 11.61 1.42 1.960 13.820 14.2
Pirmeda sp. Tettigoniidae Pseudophyllinae 4 13.96 16.60 0.310 7.440 4.2
Onomarchus sp. Tettigoniidae Pseudophyllinae 11 3.23 0.40 0.150 1.170 12.8

Figure 1
Oscillograms showing temporal features of the calls of the 12
ensiferan species tested.
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Figure 2
Power spectra of the calls of
the 12 ensiferan species tested.
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allowed us to approximate the frequency tuning of cricket spe-
cies (assuming receivers with frequency tuning approximately
matched to the calls of their species). At every location, we
carried out 4 SPL readings. We also noted the SPL of ambient
noise, with and without the one-third octave filter during each
transmission event.

Signal analyses

We used 3 different measures of signal degradation: total at-
tenuation, SNR, and overall envelope distortion. The analyses
were carried out for the 12 call types for all 5 transmission
heights. A species was considered to be adapted to its native
singing height if the signal degradation of that species was
lowest at that height and was significantly different from that
at most other heights.

Attenuation
We used total attenuation rather than excess attenuation be-
cause the former is the more biologically relevant measure.
Using SPL measurements, we calculated the total attenuation
with distance for each of the 12 species as the total drop in
SPL with distance. For each call structure–height combination,
SPL values were plotted against log10 of distance, and a linear
regression was carried out. The rate of attenuation (slope of
the regression line) was used for all further analyses. Since the
SPL/ SNR/ cross-correlation coefficient always decreased with
distance, slope values were always negative. Therefore, for ease
of analysis, the modulus of the slope was used in all cases.

SNR
For analyses of SNR and envelope distortion, we ran a custom-
written frequency compensation algorithm in MATLAB on all
recordings to eliminate the possibility of any bias arising from
the instrument’s internal frequency response. We calculated
the SNR for the recordings using a custom-written signal anal-
ysis program in MATLAB (Hastagiri Prakash, CSA, IISc) that
utilizes a thresholding technique in order to demarcate signal
from noise. The technique involved rectifying the signal by
squaring to get at instantaneous power (IP). Using a convolu-
tion function, we smoothed the signal and stored the resul-
tant vector. The vector was then sorted in increasing order of
the magnitude of IP. The program then searched for a point
where the proportional increase in IP is the greatest as com-
pared with the immediately preceding point. The value at that
point was used as the threshold, marking the shift from signal
to noise. This value is used to classify every point as either
signal or noise. After carrying out the thresholding and iden-
tifying all signal and noise points, SNR was calculated in dB
using the formula:

SNR ðdBÞ ¼ 103 log10
ððenergy in thenoise signalÞ2 energy in noiseÞ=energy in thenoise:

For each species, at least 30 chirps (10 per recording) were
analyzed at each recording location. The SNR for every record-
ing location was then plotted against distance. Similar to the
attenuation data, the x-axis values (distance) were log10 trans-
formed and a linear regression was carried out. The slope of
the regression line was used for the statistical analyses.

Envelope distortion
We estimated the distortion of the signal envelope by compar-
ing the envelopes of the reference signal (rerecorded call at
0.5 m) with those recorded after propagation through the
habitat at further distances. Five chirps (which were not over-
lapped by transient noise) were selected from each of the 3 re-
cordings for each call structure–height–distance combination.

Consequently, there were 15 chirps for each species per record-
ing location. The calls were bandpass filtered to remove all non-
signal frequencies and the signals rectified. We were interested
in dissociating attenuation of signals from temporal distortion to
eliminate the possibility of a lower match between signals arising
due to severe attenuation. To achieve this, we normalized enve-
lopes of both reference and degraded signals. With such a pro-
tocol, what is assessed is the amount of change in the envelope
of the signal and not the overall amplitude differences between
the 2 signals being compared. We then compared the normal-
ized envelopes of reference and rerecorded signals using a cross-
correlation function in MATLAB. The advantage of this routine
is that the signals need not be aligned for comparison because
the routine slides the 2 signals against each other. The value of
the cross-correlation coefficient is highest when the maximum
match is achieved. We used the cross correlation coefficients to
signify the degree of distortion of the signal envelope. We plot-
ted the cross-correlation coefficient values for every recording
location against log10-transformed distance and we fit a linear
regression to the curve. We obtained the slope (rate of decay)
from the regression equation and carried out further statistical
analyses on the slope values.

Statistical analyses

The AAH predicts least degradation in native habitats (here,
heights). Therefore, for the AAH to be upheld, the drop in
SPL, SNR, and/or cross correlation coefficients with distance
should be least when calls are broadcast at the native height.
This means that the slope values for each of the 3 measures of
degradation should be lowest for a species at its native height
and statistically significantly different from the corresponding
slopes at all or most other heights. To test this, for each of the
3 measures of degradation, we log transformed the slope val-
ues to attain normality. Where normality was achieved, we
subsequently carried out 2-way factorial analyses of variance
(ANOVAs) (attenuation and SNR data), which were examined
for the independent effects of height and signal structure on
call propagation. We also examined the interaction effects
between height and call type to test if certain species do better
at certain heights. Because the data from envelope distortion
did not follow a normal distribution even after log trans-
formation (Kolmogorov–Smirnov P , 0.01), we instead car-
ried out a Kruskal–Wallis (nonparametric) test to examine the
effect of height and call structure. Due to the limitation of
a nonparametric test, however, testing for an interaction was
not possible. If significant results were obtained (significance
level, a ¼ 0.05), we carried out further analyses on the corre-
sponding data set as follows:
1) We ranked the mean slope values for the 5 heights.
2) We identified and assigned the height with the lowest
slope value (least decay) as the best height for transmission
(contingent on statistical significance).
3) We then examined if this height was the native height for
that species.
4) We compared the mean slope value at the height of least
degradation with that of the next best height to examine if
they were significantly different using t-tests (attenuation and
SNR data; a ¼ 0.05) or Mann–Whitney U tests (envelope
distortion data; a ¼ 0.05).

RESULTS

Microclimatic conditions and background noise level

The day temperatures (median value ¼ 23.6 �C, 9–11 AM) were
not significantly different from the calling time (6–9 PM)
temperatures (median value ¼ 23.6 �C; U ¼ 9; P ¼ 0.732;
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Supplementary Figure S1a). The median slope value of the
regression curves fitted to the temperature data (to measure
temperature gradient with height) was around 0 for day
temperatures and around 20.1 for night temperature read-
ings (Supplementary Figure S1b). The average difference
between the temperatures measured at the ground and at
8 m for daytime measurements was 0.8 �C (standard error
[SE] 6 0.11, N ¼ 36) and for the night was 1.25 �C (SE 6
0.12, N ¼ 36), indicating the absence of strong temperature
gradients between the ground and lower canopy (Supplemen-
tary Figure S2). We therefore selected the time period be-
tween 9 and 11 AM for the transmission experiments.
Across all time periods, relative humidity was approximately

90–100%, and there was no wind inside the forest up to the
maximum measured height of 8 m.
Overall, background noise levels were lower in the canopy

as compared with the understorey for all filter settings.
The average background noise for the centre frequencies
1.6, 3.2, 5, 6.3, and 16 kHz varied between 14.5 and 28.2
dB SPL (N ¼ 10 at each height; ref: 2 3 1025 N/m2).
Average background noise for the 500 Hz high-pass
filtered measurements was 28.3 dB SPL (60.8 standard
deviation [SD], N ¼ 10) in the canopy and 35.5 dB SPL
(61.27 SD, N ¼ 10) in the understorey. This formed the
noise floor of the forest when transient sounds were not
present.

Figure 3
Attenuation profiles of 6 of 12
species tested. The species
have been selected to repre-
sent the taxonomic breadth,
range of native calling heights,
and diversity in temporal and
spectral features of calls. Bro-
chopeplus sp., ‘‘Whiner’’, and Pir-
meda sp. upheld the AAH,
whereas Callogryllus sp.,Mecopo-
da ‘‘Two-part’’, and Gryllacropsis
sp. refuted the predictions of
the AAH with respect to signal
attenuation.
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Acoustic adaptation with respect to vertical stratification of
calling heights

Attenuation
The attenuation profiles of 6 of 12 species tested in this study
are shown in Figure 3. A 2-way factorial ANOVA revealed an
independent effect of height (Table 2), indicating that calls
attenuate differently at different heights independent of
the differences in their call structure. There was also an inde-
pendent effect of call type, indicating that certain call types
attenuate more than others, independent of the height
of transmission. There was a significant interaction between
height and call type, signifying that certain species perform
better at certain heights.
Pairwise comparisons of ranked mean slope values revealed

that, for 5 of 12 species tested, the native height of calling was the
best or one of the best heights for signal propagation (Table 3).
These 5 species (‘‘Whiner’’, Phaloria sp., ‘‘15 kHz’’, Brochopeplus
sp., and Pirmeda sp.), though very different in their call features,
were all understorey species calling from either the mid or the
upper understorey (Table 1).

SNR
SNR profiles with distance of 6 of 12 species tested are shown
in Figure 4. As in the case of attenuation data, a 2-way factorial
ANOVA revealed an independent effect of height and call
type. There was also a significant interaction between height
and call type (Table 2). Pairwise comparisons showed that

only 3 of 12 species had best transmission at their native
heights with respect to SNR (Figure 7; Table 3). These 3 spe-
cies call from 3 different layers and have very different call
features. Whereas the high frequency broadband caller
Mecopoda ‘‘Two-part’’ sp. calls from close to the ground in the
lower understorey (0.5 m), Gryllacropsis sp. calls from high up
in the canopy (11 m) and has a low frequency (1.7 kHz),
relatively narrow bandwidth call (Table 1). Brochopeplus sp.
on the other hand is a narrow bandwidth, high frequency
(dominant frequency ¼ 11.6 kHz) caller that calls from
the mid understorey (2 m), and was the only species that
overlapped with the 5 species that upheld the prediction of
the AAH with respect to attenuation (Figure 7).

Envelope distortion
There was a strong independent effect of calling height
(degrees of freedom [df] ¼ 4, N ¼ 900, H ¼ 357.02; P ,
0.001) and of call type (df ¼ 11, N ¼ 900, H ¼ 155.37; P ,
0.001) on the degree of distortion (for some examples of
height-dependent envelope distortion, see Figures 5 and 6).
Here again, only 3 of 12 species showed best transmission at
their native heights (Figure 7; Table 3). The 3 species were
Gryllacropsis sp. and Brochopeplus sp. (which also showed acous-
tic adaptation with respect to SNR) and an upper understorey
(4 m) caller, ‘‘Whiner’’ (Podoscirtinae).

Height-dependent effects
Signal degradation was worst along the ground with respect to
all 3 measures irrespective of signal structure (Table 3). At
least 10 of 12 species suffered most degradation along the
ground. The mid and upper understorey (2 and 4 m) were
the best heights for transmission with respect to attenuation
and envelope distortion (Table 3).

DISCUSSION

We have provided for the first time a test of the AAH at the
microhabitat level with respect to vertical stratification of an
assemblage of 12 coexisting species of crickets and katydids in
a tropical rainforest. The results do not provide overall support
for the hypothesis that vertical stratification of calling sites is
driven by acoustic adaptation. Different sets of species sup-
ported the hypothesis depending on which attribute of signal
degradation was examined. Finally, we found strong height-
dependent influences on signal degradation independent of
signal structure, with the ground emerging as the worst and
the understorey as the best layer for signal propagation.

Table 3

Best and worst calling heights for 12 species of Ensifera tested with respect to 3 measures of signal degradation

Species

Attenuation SNR Envelope distortion

Native height (m) Best height (m) Worst height (m) Best height (m) Worst height (m) Best height (m) Worst height (m)

Mecopoda ‘‘Two-Part’’ 0.5 2, 11 0 0.5, 2 0, 11 2 0
Callogryllus sp. 0 2 0 0.5, 2 0 4 0
Scleropterus sp. 0 4 0 0.5, 2 4, 11 2, 11 0
Gryllitara sp. 0 11 0 — 0 4, 11 0
Gryllacropsis sp. 11 4 0 11 0 11 0
Landreva sp. 0.5 11 0 — 0, 0.5 4 0
‘‘Whiner’’ 4 4 0 11 0, 0.5 4, 11 0
Phaloria sp. 2 2 0 — — 4 0, 0.5
‘‘15 kHz’’ 4 2, 4 11 0.5 0, 4 0.5 0
Brochopeplus sp. 2 2 0 2 0 2 0
Pirmeda sp. 4 2, 4 0, 11 0.5 0, 4 2 0
Onomarchus sp. 11 2, 4 0 2 0, 0.5 4 0

Bold indicates that the native calling height was the best or one of the best heights for transmission. —, no clear best/worst height.

Table 2

Results of 2-way factorial ANOVAs testing the effect of height and
species-specific call structure on signal attenuation and SNR

Sum
of
squares df

Mean
squares F

P
value

A) Attenuation
Height 0.2410 4 0.0603 648 ,, 0.001*
Species 0.1439 11 0.0131 141 ,, 0.001*
Height 3 Species 0.0994 44 0.0023 24 ,, 0.001*
Error 0.0167 180 0.0001

B) SNR
Height 0.54 4 0.14 148.55 ,, 0.001*
Species 0.78 11 0.07 77.33 ,, 0.001*
Height 3 Species 0.95 44 0.02 23.62 ,, 0.001*
Error 0.11 120 0.00
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AAH: previous tests

Studies supporting the AAH have either demonstrated greater
signal transmission efficiency in native habitats or shown the
use of habitat-dependent song features by species as predicted
by the AAH. Most support for the AAH comes from studies on
avifauna (Morton 1975; Wiley and Richards 1982; Cosens and
Falls 1984; Ryan and Brenowitz 1985; Tubaro and Segura 1994;
Tobias et al. 2010) and primates (Waser and Brown 1986:
Brown et al. 1995). Even in birds, however, several studies have
shown mixed (Date and Lemon 1993; Nemeth et al. 2001;
Blumstein and Turner 2005) or no support for the AAH
(Lemon et al. 1981; Tubaro and Mahler 1998). In the case of
frogs, the AAHhas little support from empirical studies (Penna
and Solis 1998; Kime et al. 2000).

In acoustically communicating insects, only 2 studies have
examined signal transmission in the context of adaptation
to calling microhabitat/habitat (Sueur and Aubin 2003;
Couldridge and van Staaden 2004). One study was carried out
on 7 species of grasshoppers that were native to forests, savanna,
fynbos, and karoo macrohabitats in South Africa (Couldridge
and van Staaden 2004). In this study, the prediction of the AAH
was tested by carrying out playback experiments in all 4 vegeta-
tion types. The results provided support for the AAH by dem-
onstrating lower levels of distortion of calls in native habitats as
compared with non-native habitats. The other study was carried
out on 2 cicada species (Sueur and Aubin 2003) at 2 heights
(0.3 and 1.3 m) within a vineyard. In this study, calling site
selection was not found to be related to constraints on signal

Figure 4
SNR profiles of 6 of 12 species
tested. The species have been
selected to represent the taxo-
nomic breadth, range of native
calling heights, and diversity in
temporal and spectral features
of calls. Brochopeplus sp., Meco-
poda ‘‘Two-part’’, and Gryllacrop-
sis sp. upheld the AAH,
whereas Callogryllus sp.,
‘‘Whiner’’, and Pirmeda sp. re-
futed the predictions of the
AAH with respect to SNR.
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Figure 5
Oscillograms of some exemplars of calls rerecorded at 0.5 and 8 m distance from the speaker to illustrate call distortion at 2 heights (0 and 2 m).
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propagation. This study is the only previous investigation of the
AAH at the microhabitat level.

Acoustic adaptation in relation to vertical stratification of
calling heights

The importance of transmission height has been demonstrated
widely in vertebrate taxa, and it has been shown that degradation
decreases with speaker height (Marten andMarler 1977; Mathe-
von et al. 1996, 2005; Kime et al. 2000; Nemeth et al. 2001).
Height-dependent transmission has also been examined in in-
sects such as bladder grasshoppers (Couldridge and van Staaden
2004), cicadas (Sueur andAubin 2003), and different bushcrick-
et species of temperate regions (Keuper et al. 1986; Arak and
Eiriksson 1992; Römer andLewald 1992). Signal attenuationwas
found todecreasewith senderheight inmost cases.Nemethet al.
(2001) tested the AAH with respect to calling heights in 5 coex-
isting species of antbirds. They found a significant effect of trans-
missionheight on signal degradation,with 3 of 5 species showing
optimal transmission at species-specific heights.

In our study, we did not find overall support for the AAH as
a driver of vertical stratification in this cricket assemblage. Of
12 species examined, only 3 supported the AAH with respect
to 2 measures of degradation, whereas only 1 species (Brocho-
peplus sp.) supported the hypothesis from all measures of deg-
radation. In fact, 5 of the 20 species in this assemblage call
exclusively from the ground (Diwakar and Balakrishnan
2007b), which is the worst layer for propagation with respect
to all aspects of signal degradation. It is therefore unlikely that
habitat acoustics constitutes a major selection pressure driving
vertical stratification of calling heights and the explanation
for selection of singing heights in these cricket species needs
to be sought in other evolutionary forces such as predation
pressure and masking interference.

Test of acoustic adaptation with different measures of
degradation

The observation that different sets of species upheld the hy-
pothesis depending on the measure of degradation examined

Figure 6
Decrease in the cross-correlation
coefficients with distance at dif-
ferent heights. The species have
been selected to represent the
taxonomic breadth, range of na-
tive calling heights, and diversity
in temporal and spectral features
of calls. Brochopeplus sp.,
‘‘Whiner’’, andGryllacropsis sp. up-
held the AAH, whereas Callogryl-
lus sp., Mecopoda ‘‘Two-part’’, and
Pirmeda sp. refuted the predic-
tions of the AAH with respect to
envelope distortion.
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may be explained by the fact that different species may be try-
ing to maximize different aspects of signal transmission. From
the point of view of a sender, some may maximize broadcast
area, whereas others may maximize signal structure preserva-
tion. For a receiver, however, higher energy in the signal is not
sufficient for signal detection if the SNR for such signals is low
due to higher ambient noise. Therefore, from the point of
view of biologically meaningful signal detection in this assem-
blage, only 3 species are in optimal calling positions (Figure 7).
With respect to signal temporal structure preservation also, only
3 species occupied optimal calling positions.
In conclusion, the lack of support for the AAH may point to

a problem with an inherent assumption that animals are trying
to maximize transmission range. Species may instead be trying
to transmit signals over an optimal range or relevant distances
(Lemon et al. 1981; Brown and Handford 2000; Naguib and
Wiley 2001; Nemeth et al. 2006). For instance, if the intended
receivers (neighbors or mates) are nearby, or if a certain
amount of degradation in a signal is permissible, the need
for maximizing transmission may not arise (Aubin et al.
2004, Kroon and Westcott 2006).
Competition for acoustic space could be another factor

influencing the choice of calling sites. If the best heights for
signal transmission have already been occupied by some spe-
cies, then other species may be driven to occupy less optimal
positions for calling. Under strong acoustic competition for
broadcast space in areas of high species diversity, avoidance
of masking interference could influence the choice of singing
sites. Therefore, it would be interesting to examine if less
diverse communities better uphold the predictions of the
AAH with regard to vertical stratification of calling sites.
Moreover, the signalsmay also attract predators and parasites

(Endler 1993), and thismay impose a selection pressure against
maximizing transmission. Comparison of sites with high and
low predator densities could be carried out to examine the
effect of predation pressure in determining choice of singing
sites and the adherence to the predictions of the AAH.
The choice of singing sites and therefore vertical stratifica-

tion is likely to be a trade-off between increasing broadcast
space, avoiding masking interference, and being less conspic-
uous to eavesdropping predators.

SUPPLEMENTARY MATERIAL

Supplementary material can be found at http://www.beheco.
oxfordjournals.org/.

FUNDING

The study was supported by funding from the Ministry of
Environment and Forests, Government of India.

We thank the Karnataka Forest Department for providing necessary
permits. We are grateful to Dr H. Raghuram for help with the playback
experiments and to Mr Sudhakar for his invaluable field assistance. We
also thank Mr C.B. Xavier and Mr Gaurav J. for help with the canopy
work. We gratefully acknowledge Mr Hastagiri Prakash for the algo-
rithm for calculating SNR and Dr Chandra Sekhar Seelamantula for
useful discussions on various problems in signal processing. We thank
Dr Vivek Nityananda for reading and improving the manuscript. We
thank Dr Jérôme Sueur and an anonymous reviewer for useful com-
ments that greatly improved the manscript.

REFERENCES

Alexander RD. 1967. Acoustical communication in arthropods. Annu
Rev Entomol. 12:495–526.

Arak A, Eiriksson T. 1992. Choice of singing sites by male bushcrickets
Tettigonia viridissima in relation to signal propagation. Behav Ecol
Sociobiol. 30:365–372.

Aubin T, Mathevon N, da Silva ML, Vielliard VME, Sebe F. 2004.
How a simple and stereotyped acoustic signal transmits individual
information: the song of the White-browed Warbler Basileuterus leu-
coblepharus. An Acad Bras Cienc. 76:335–344.

Blumstein DT, Turner AC. 2005. Can the acoustic adaptation hypothe-
sis predict the structure of Australian birdsong? Acta Ethol. 8:35–44.

Brown TJ, Handford P. 2000. Sound design for vocalizations: quality in
the woods, consistency in the fields. Condor. 102:81–92.

Brown CH, Gomez R, Waser PM. 1995. Old world monkey vocaliza-
tions: adaptation to the local habitat? Anim Behav. 50:945–961.

Cosens SE, Falls JB. 1984. A comparison of sound propagation and
song frequency in temperate marsh and grassland habitats. Behav
Ecol Sociobiol. 15:161–170.

Couldridge VC, van Staaden MJ. 2004. Habitat-dependent transmis-
sion of male advertisement calls in bladder grasshoppers (Orthop-
tera; Pneumoridae). J Exp Biol. 207:2777–2786.

Dabelsteen T, Larsen ON, Pedersen SB. 1993. Habitat-induced degra-
dation of sound signals: quantifying the effects of communication
sounds and bird location on blur ratio, excess attenuation, and sig-
nal-to-noise ratio in blackbird song. J Acoust Soc Am. 93:2206–2220.

Date EM, Lemon RE. 1993. Sound transmission: a basis for dialects in
birdsong? Behaviour. 124:291–312.

Diwakar S. 2007. Call diversity, spatio-temporal patterning and mask-
ing interference in an assemblage of acoustically communicating
ensiferan species of a tropical evergreen forest in southern India
[Ph.D. Thesis]. [Bangalore (KA)]: Indian Institute of Science.

Figure 7
Venn diagram showing overall
results of the test of the AAH
by 3 measures of signal degra-
dation. The species listed are
the ones whose degradation
profiles upheld the AAH.

Jain and Balakrishnan • Acoustic adaptation in crickets 11

 at Indian Institute of Science on February 18, 2013
http://beheco.oxfordjournals.org/

D
ow

nloaded from
 

http://beheco.oxfordjournals.org/


Diwakar S, Balakrishnan R. 2006. Male and female stridulation in an
Indian weta (Orthoptera: Anostostomatidae). Bioacoustics. 16:75–85.

Diwakar S, Balakrishnan R. 2007a. The assemblage of acoustically
communicating crickets of a tropical evergreen forest in Southern
India: call diversity and diel calling patterns. Bioacoustics. 16:
113–135.

Diwakar S, Balakrishnan R. 2007b. Vertical stratification in an acous-
tically communicating ensiferan assemblage of a tropical evergreen
forest in southern India. J Trop Ecol. 23:479–486.

Endler JA. 1993. Some general comments on the evolution and design
of animal communication systems. Philos Trans R Soc B Biol Sci.
340:215–225.

Ey E, Fischer J. 2009. The ‘‘Acoustic Adaptation Hypothesis’’—a review
of the evidence from birds, anurans and mammals. Bioacoustics.
19:21–48.

Henwood K, Fabrick A. 1979. A quantitative analysis of the dawn
chorus: temporal selection for communicatory optimization. Am
Nat. 114:260–274.

Jain M. 2010. Habitat acoustics and microhabitat selection in an ensi-
feran assemblage of a tropical evergreen forest [Ph.D. Thesis]. [Ban-
galore (KA)]: Indian Institute of Science.

Jain M, Balakrishnan R. 2011. Microhabitat selection in an assemblage
of crickets (Orthoptera: Ensifera) of a tropical evergreen forest in
Southern India. Insect Conserv Diver. 4:152–158.

Jain M, Kuriakose G, Balakrishnan R. 2010. Evaluation of methods to
estimate foliage density in the understorey of a tropical evergreen
forest. Curr Sci (Bangalore). 98:508–515.

Keuper A, Kalmring K, Schatral A, Latimer W, Kaiser W. 1986. Behav-
ioural adaptations of ground living bushcrickets to the properties of
sound propagation in low grassland. Oecologia. 70:414–422.

Kime NM, Turner WR, Ryan MJ. 2000. The transmission of advertise-
ment calls in Central American frogs. Behav Ecol. 11:71–83.

Klump GM. 1996. Bird communication in the noisy world. In: Kroods-
ma DE, Miller EH, editors. Ecology and evolution of acoustic
communication in birds. Ithaca (NY): Cornell University Press p.
321–338.

Kroon FJ, Westcott DA. 2006. Song variation and habitat structure in
the Golden Bowerbird. Emu. 106:263–272.

Lemon RE, Struger J, Lechowicz MJ, Norman RF. 1981. Song features
and singing heights of American warblers: maximization or optimi-
zation of distance? J Acoust Soc Am. 69:1169–1176.

MacArthur RH,HornHS. 1969. Foliage profile by verticalmeasurements.
Ecology. 50:802–804.

Marten K, Marler P. 1977. Sound transmission and its significance for
animal vocalization. Behav Ecol Sociobiol. 2:271–290.

MathevonN,AubinT,DabelsteenT. 1996. Songdegradationduring long-
range propagation: importance of song post in the wren Troglodytes
troglodytes. Ethology. 102:397–412.

Mathevon N, Dabelsteen T, Blumenrath SH. 2005. Are high perches in
the blackcap Sylvia atricapilla song or listening posts? A sound trans-
mission study. J Acoust Soc Am. 117:442–449.

Morton ES. 1975. Ecological sources of selection on avian sounds. Am
Nat. 109:17–34.

NaguibM,WileyRH. 2001. Estimating thedistance to a sourceof sound:
mechanisms and adaptations for long-range communication. Anim
Behav. 62:825–837.

Nemeth E, Dabelsteen T, Pedersen SB, Winkler H. 2006. Rainforests
as concert halls for birds: are reverberations improving sound trans-
mission of long song elements? J Acoust Soc Am. 119:620–626.

Nemeth E, Winkler H, Dabelsteen T. 2001. Differential degradation of
antbird songs in a neotropical rainforest: adaptation to perch
height? J Acoust Soc Am. 110:3263–3274.

Nityananda V, Balakrishnan R. 2006. A diversity of songs among mor-
phologically indistinguishable katydids of the genus Mecopoda (Or-
thoptera: Tettigoniidae) from Southern India. Bioacoustics. 15:
223–250.

Penna M, Solis R. 1998. Frog call intensities and sound propagation in
the South American temperate forest region. Behav Ecol Sociobiol.
42:371–381.
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