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In species-rich biomes such as tropical rainforests, the efficiency of intraspecific acoustic communication will strongly depend
on the degree of signal overlap. Signal interference deteriorates detection, recognition, and localization of conspecific signals.
Thus, the communication space should be partitioned sufficiently to reduce masking interference and to promote intraspecific
communication. Here, we studied the community organization of a tropical cricket assemblage with respect to its multidimen-
sional niche axes, such as song frequencies, space (horizontal and vertical), and time, affecting acoustic communication. We
used the null model approach to test whether observed community patterns differed from those expected by chance. The
assemblage clearly showed partitioning in the spectral domain of calling frequencies of their songs. Furthermore, the range of
song frequencies occupied by species is positively correlated with the distance to the average calling frequency of its adjacent
neighbors. Thus, species tended to use a greater range of frequency channels for intraspecific communication if the frequency
space is available. Our results support the idea that competition for the acoustic communication channel may have resulted in
niche segregation along the frequency axes. Concerning the spatiotemporal organization at the community level the spatial
(horizontal) distribution appeared to be randomly structured, whereas we found a significant vertical stratification between
species. At a temporal scale, the assemblage aggregated their calling activity with an observed niche overlap significantly greater
than expected by chance. However, combining the spatial and temporal distribution resulted in low co-occurrence of pairwise
species association, consequently reducing chances for masking events. Key words: acoustic communication, community pat-

tern, competition, insects, niche segregation, null models. [Behav Ecol]

INTRODUCTION

A;oustic advertisement signals in animals are used to
ttract mates from a distance or in competitive interac-
tions between males (Bradbury and Vehrencamp 2011). The
communication channel used to convey the information can
principally be regarded as an ecological resource, which—
like other resources—may also be limited depending on the
number of senders (competitors) and their overlap of chan-
nel (resource) exploitation. Thus, an increasing number of
species and individuals using the same channel will inevita-
bly decrease the chances of successful communication. In
biological systems, competition for a communication chan-
nel has been investigated for the first time for chemical
communication in moths (Greenfield and Karandinos 1979;
Greenfield 1983; Lofstedt and Pers 1985; Lofstedt et al.
1991), and more recently for orchid bees (Zimmermann
et al. 2009).

Most impressive examples from mixed-species choruses
of birds (Klump 1996), anurans (Narins 1982; Gottsberger
and Gruber 2004), and insects (Gogala and Riede 1995;
Sueur 2002; Diwakar and Balakrishnan 2007a) demon-
strate that acoustically communicating animals compete for
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communication channels as well. Signal interference due to
heterospecific songs with overlapping frequencies hinders
detection, recognition, and localization of conspecific signals
(Wollerman 1999; Wollerman and Wiley 2002; Brumm and
Slabbekoorn 2005; Bee 2008; Bee and Micheyl 2008; Schmidt
and Romer 2011). Recent work has also revealed the nega-
tive impact of acoustic masking events with its consequences
on reproductive success and foraging efficiency in birds
(Halfwerk et al. 2011) and bats (Siemers and Schaub 2011),
respectively. In technical systems, transmission of informa-
tion through analog channels has been extensively investi-
gated (since Shannon 1948), and the optimal distribution of
neighboring radio frequencies seems to be analogous to the
problems of interspecific acoustic competition in rainforests
investigated here.

Thus, in order to avoid these negative effects of acoustic
competition, communication space should be partitioned
among species. Indeed, various strategies and mechanisms
have been reported to reduce signal overlap. On the one
hand, species are able to partition their calling activity in
space and/or time as it has been shown for frogs (Hodl 1977;
Duellman and Pyles 1983; Chek et al. 2003), birds (Ficken
et al. 1974; Popp et al. 1985; Planqué and Slabbekoorn
2008; Luther 2009), and insects (Greenfield 1988; Romer
et al. 1989; Sueur 2002; Diwakar and Balakrishnan 2007b).
Masking interference can also be minimized by partitioning
of the frequency domain (Drewry and Rand 1983; Heller and
Helversen 1989; Kingston et al. 2000; Amézquita et al. 2005;
Jones and Siemers 2010).
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In habitats with high species diversity such as tropical rain-
forests (Erwin 1982), the likelihood that species with simi-
lar traits co-occur is higher compared with temperate zones
and thus one would expect increased acoustic competition.
Indeed, especially the nighttime choruses in tropical forests
result in elevated acoustic noise levels mainly due to signal-
ing insects (Ellinger and H6dl 2003; Lang et al. 2005; Diwakar
and Balakrishnan 2007a) with background noise levels reach-
ing 70 dB SPL (sound pressure level) (Lang et al. 2005).
A great proportion of the acoustic energy in the background
is caused by crickets in a rather restricted audio frequency
band from 3 and 9kHz (Riede 1993; Nischk and Riede 2001;
Diwakar and Balakrishnan 2007a; Schmidt et al. 2011). Male
crickets emit calling songs by rubbing their wings, generating
species-specific carrier frequencies (CFs) (i.e., the signal fre-
quency with the greatest amount of acoustic energy, see Figure
S1 in Supplementary Data). Calling songs ranging from 1.5
to 11kHz (Bennet-Clark 1998) attract females from some dis-
tance as a first step in mate choice (Gerhardt and Huber 2002;
for exceptions of cricket taxa also exploiting high sonic or
ultrasonic frequencies, see Robillard 2009). Besides frequency
calling songs exhibit well-defined, species-specific temporal
patterns (Figure S2), thereby providing reliable features for
classification of recognizable taxonomic units, equivalent to
morphospecies (Riede 1993; Sueur et al. 2008) or even pro-
viding better taxonomic resolution (e.g., in the case of cryptic
species; Walker 1964). Thus, species-specific songs are an ideal
opportunity for rapid classification and mapping of a species-
rich community (Riede 1993; Diwakar et al. 2007; Sueur et al.
2008; Depraetere et al. 2012).

The situation of high cricket diversity combined with
the relatively narrow frequency range used for intraspecific
communication in each species provides an ideal example
of an assemblage prone to acoustic competition. Following
Greenfield’s suggestion to consider the communication chan-
nel as niche space (Greenfield 1983), one can distinguish
3 dimensions: frequency, space (both horizontal and verti-
cal), and time. Although calling songs differ considerably in
their temporal pattern (see Figure S2), this does not prevent
acoustic masking if songs are broadcast with similar CFs (i.e.,
within the same frequency channel). In this study, we inves-
tigated acoustic resource partitioning in a species-rich tropi-
cal cricket community based on acoustic sampling of their
species-specific songs. We analyzed the cricket assemblage
with respect to its acoustic (spectral), spatial, and temporal
composition and used null models to test if observed com-
munity patterns differed from those expected by chance. In
null models, randomized data sets (null communities) are
generated in the absence of any potential mechanisms (e.g.,
competition), thus providing a useful statistical tool in com-
munity ecology and biogeography (Gotelli and Graves 1996;
Gotelli 2001).

We hypothesize that, at least partly, sufficient separation
can be expected along the frequency axes between species
of the assemblage. Support for this idea comes from previ-
ous results showing that frequency tuning in receivers is more
selective for tropical rainforest species compared with their
European counterparts with low interspecific acoustic compe-
tition, suggesting a possible adaptive role in frequency parti-
tioning (Schmidt and Roémer 2011; Schmidt et al. 2011).

As a consequence of narrowing frequency tuning, we
also expect that interindividual variation of CFs in conspe-
cific senders should be reduced (matched filter hypothesis;
Capranica and Moffat 1983; Wehner 1987). This would allow
the community to partition the frequency space efficiently,
resulting in a more densely packed, species-rich assemblage.
Moreover, spatial and/or temporal segregation might lead to
further reduction of acoustic interference.

Behavioral Ecology

MATERIALS AND METHODS
Study site

The study site Barro Colorado Island (BCIL; 9°9'N, 79°51'W,
Republic of Panama) is a 1600 ha-sized island within Gatun
Lake formed in the course of construction of the Panama
Canal in the early 1900s. BCI holds diverse, moist lowland
tropical forest protected from human disturbance, but highly
accessible thanks to a well-documented net of trails. The
reserve forms part of the Smithsonian Tropical Research
Institute (STRI), which coordinated intensive research pro-
viding a wealth of long-term climatic, faunistic, and floristic
data (Leigh et al. 1982) including a 50-ha plot (Harms et al.
2001). Rainfall is highly seasonal, with a mean dry season of
107 days from January to March (Condit 1998). The research
was conducted during both the rainy seasons in September/
October 2008, May to July 2010 and the dry season from
January to April 2009.

Forest habitats on BCI can be differentiated between 2
types of secondary forests (80-130 and 120-130 years old)
and old-growth forests with and without palms, which are at
least more than 400 years old (Leigh 1999; Mascaro et al.
2011). Our sample points included all types of forest, includ-
ing the 50-ha plot and an observation tower within the Lutz
catchment allowing canopy access, which reached 48 m at this
locality. A detailed forest age map is available as GIS file at
STRI’s GIS data portal (http://mapserver.stri.si.edu/geonet-
work/srv/en/main.home), together with trail markers, soil,
and elevation information.

Acoustic census and sampling protocol

This study focused solely on crickets (Orthoptera: Grylloidea)
because masking interference of acoustic signals with other
taxonomic groups was negligible. Cicadas on BCI are not
very prominent and only active during the day. Co-occurring
katydids on the island are characterized with calling songs
well above 10kHz and do not overlap with crickets in this
respect. The cricket and frog calling activity was fairly dis-
joined. Choruses of frogs mostly coincide with periods of pre-
cipitation, and this, in turn, suppressed cricket calling activity,
which recovered soon after frogs stopped calling. Moreover,
calling sites of frogs on BCI are usually restricted to small
pools of standing water (Ryan 1983), thus indicating spatial
separation as well.

The singing cricket community was assessed by regular
recordings within the habitat and complemented by
recordings of captured males in the laboratory. Habitat
recordings were made using a Telinga parabolic microphone
Pro7W (Telinga, Tobo, Sweden) and a Marantz PDM670
digital recorder (D&M Holdings Inc., Kanagawa, Japan)
at a sampling rate of 44.1kHz. The parabolic microphone
was used to “pick out” calling songs of individuals to obtain
unobstructed songs for identification. Acoustic census was
carried out between 18 and 23h, and it regularly extended
throughout the night. Sampling of sites consisted of 5-min
recordings obtained along marked trails, where every
recording point was spaced at least 100 m apart. In total, we
sampled 56 different sites and obtained 253 recordings. Some
sites were sampled intensively, across different nights and also
repeatedly at the same night in a regular interval of 1h. Thus,
sites were sampled ranging from 1 to 13 recordings per night
and up to 4 different nights in a respective season (maximum
number of recordings per site and season = 37). Additional
112 recordings were performed on a canopy tower to obtain
information about the vertical stratification of calling heights.

The analysis of acoustic features was performed using
audio software CoolEdit Pro 2.0 (Syntrillium, Phoenix, USA,
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now Adobe Audition). A spectral analysis of field recordings
contained several simultaneously singing cricket species and
individuals (Schmidt et al. 2011). Recordings were filtered
by a bandpass with a cut-off frequency 150 Hz above and
below the respective CF (see Figure S1 in Supplementary
Data). This provided clear, identifiable oscillograms of call-
ing songs from which additional cues like pulse rate and
secondary/tertiary pulse structure (chirps) were derived to
identify species-specific temporal features (see Figure S2).
Individual CFs were determined with a frequency resolution
of 86 Hz.

To assign classified songs recorded in the habitat to a
respective morphospecies, we caught adult male crick-
ets by sweep-netting and hand collection in the forest and
at lights around the research station. All captured crickets
were kept in plastic terrariums and fed ad libitum with fish
flakes, oats, fruits, lettuce, and water. Calling songs of males
were recorded in the laboratory at an ambient temperature
of 24 °C. Songs were recorded from isolated males with an
automated setup using electret microphones (frequency
range: 50-16 000 Hz, LM-09, Hama, Monheim, Germany)
placed near the animal and digitized with an analog to digi-
tal converter at a sampling rate of 20kHz (PowerLab 4/25,
series 4/25, ADInstruments, Sydney, Australia). In order to
later correlate CF with body size, we determined pronotum
width of the 15 most frequent species as mass-independent
measure based on digital photo images using Image] 1.4
(Rasband 1997-2011).

Taxonomy

The highest concentrations of insect species in the world
can be found in Mesoamerica and the Isthmus of Panama
(Quintero and Aiello 1992). A first checklist of Panamanian
Orthoptera was published by Nickle (1992), but a recent
large-scale collecting effort covering all insects and arthro-
pods from soil to canopy at 2 Panamanian sites (IBISCA,
Pennisi 2005) yielded a considerable number of orthopter-
ans whose identities have not yet been determined (Sperber
G, personal communication). Like most other neotropical
insects, the taxonomy of crickets is insufficiently known,
but solid fundamental work has been done by Hebard and
Rehn in the 1920s, based on material collected in the canal
area (Hebard 1928). We continued with an inventory, try-
ing to document a maximum of songs from identified
voucher specimen recorded in captivity. Original descrip-
tions such as those by Hebard (1928) are detailed, but
lack information about genital morphology as being used
in more recent taxonomy (cf. Otte 2006). His studies from
Costa Rica (Otte 2006) and the Caribbean (Otte and Perez-
Gelabert 2009) revealed a surprising number of species
new to science. Their numerous descriptions of new species
are often based on male genitalian anatomy, but lack data
about songs. Ideally, a comprehensive description should
contain morphology including male genitalia, bioacoustic
analysis of songs, and molecular data (“integrative taxon-
omy”: Dayrat 2005). For the time being, it is evident that the
neotropical cricket fauna in general, and the Panamanian
fauna in particular, is surprisingly rich and insufficiently
known, with high regional but limited local diversity. In
addition, delimitation of genera and higher taxonomy is
heavily disputed and in flux. Therefore, we have deposited
voucher specimens at the Zoological Research Museum
Alexander Koenig for subsequent taxonomic determination
or reexamination and subsequent genetic barcoding analy-
sis (sensu Hebert et al. 2003). For references and higher
taxonomy of crickets, we followed the Orthoptera Species
File online (Eades et al. 2012).
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Niche overlap and null model analyses

The community structure was analyzed with respect to its
composition in 3 niche axes: frequency, space, and time.
The degree of competition between the species is reflected
by the amount of overlap in any of the 3 axes. To determine
the overlap in resource use, we calculated the Czechanowski
index (Feinsinger et al. 1981) of niche overlap between each
pair of species:

0, =0, =1- 0-5Z|Pu =P |
i-1

where Oy, is the overlap of species 1 on species 2 and p;, pp
is the frequency of utilization of resource state ¢ by species 1
and 2, respectively. The calculated indices range from 0 (spe-
cies share no resource at all) and 1 (species have identical
resource utilization distribution).

Next, we used the null model approach to test whether
the observed overlap of the assemblage differs from those by
chance, that is, the expected overlap in the absence of mutual-
istic or competitive interactions. Data for each null model are
organized as a matrix in which rows are species and columns
are resource states (frequency channel occupied by each indi-
vidual, locality in the habitat, and hours of the night). To gen-
erate the null community, a number of different randomization
algorithms (RA1-RA4) have been proposed (Winemiller and
Pianka 1990), which differ from each other in the dispersion
of allowed states for each species and the nature of the distri-
bution used for shuffling. To create randomized assemblages,
we used RA3 to calculate frequency and temporal overlap and
RA2 for spatial overlap. Both algorithms are the ones, which
are usually recommended because of their robustness for
niche overlap studies (Gotelli and Graves 1996).

Algorithm RA3: In this algorithm, the observed resource
utilizations are randomly reassigned to different resource cat-
egories. The niche breadth (frequency and temporal distribu-
tion) of each species was not replaced but zero states in the
matrix were reshuffled. If selection would have favored a com-
munity structure with decreased spectral overlap in order to
reduce acoustic masking, the RA3 would be the appropriate
measure to detect any nonrandom pattern in species compo-
sition by shuffling the 18 community species (out of poten-
tially 52) used in the analysis freely in the frequency space.

In contrast to cicada with some very narrow temporal niche
partitioning (Riede 1997; Sueur 2002) there is little evidence
for such segregation in rainforest crickets and consequently
times of a night should be accessible for all species. Thus,
the use of the RA3 algorithm should also be appropriate to
investigate the null-community hypothesis in the temporal
domain.

Algorithm RA2: In this algorithm, the observed resource
utilizations greater than zero are replaced by a random
number and resource states, which were not occupied by a
species in the observed community were left in the zero state.
Species in the real community that never occupied a certain
locality in the habitat were not allowed to occupy those in
the null community. The rationale for the choice of this
algorithm comes from the observation that apparently not
all sites were equally accessible for every species (e.g., due
to different demands with respect to microhabitats). Some
species were categorically absent at certain sites, which were
repeatedly and extensively measured over the course of a
night, at different nights, and even across different seasons.

All simulations were carried out with EcoSim7 (Gotelli and
Entsminger 2004). To compare observed and simulated indices
of overlap pairs, 1000 and 5000 null assemblages were created
for the temporal/spatial and spectral niche axes, respectively.
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Spectral niche overlap

To calculate the spectral overlap of songs and to estimate the
degree of frequency partitioning within the community, we
determined for every species the number of individuals utiliz-
ing a certain frequency channel (i.e., the CF of the calling song
used by an individual; e.g., see Supplementary Data, Figure
S1). To draw a reliable frequency distribution, only species with
a minimum number of 15 individuals or more were chosen
for the analysis. In field recordings, individuals were attributed
to distinct species when individual CFs differed by at least 100
Hz (Riede 1993). To avoid pseudoreplicas, recording points
were spaced 100 m apart, and for those sites where multiple
recordings at the same season were performed, a respective CF
for a given species was evaluated only once. For the commu-
nity analysis, we used the 18 most abundant species account-
ing for 84.3% (908 individuals) of all detected individuals on
the island. The cricket community occupied a frequency range
from 2.8 to 10kHz, which we subdivided in 73 frequency chan-
nels of 100 Hz for further analysis.

Subsequent analyses of the spatial and temporal domains
were carried out only for the 15 most abundant species that
were detected in field recordings in the rainforest.

Temporal niche overlap

In order to determine the species’ temporal activity pattern
over the course of a night, we analyzed a total of 253 record-
ings in years 2008-2010 and evaluated the occurrence of sing-
ing individuals within every hour between 18:00 and 06:00 h.
We assigned calling individuals to a certain time slot, for
example, 18:00 or 19:00h, when they were detected between
17:30 and 18:30h or 18:31 and 19:30, respectively. Because
the number of recordings differed between hours, the data
set was normalized; that is, for each species and hour, the
total number of calling individuals was divided by the number
of recordings obtained for a respective hour (varying from 6
to 53) and multiplied by the average number of total record-
ings (across all hours).

Spatial niche overlap (horizontal distribution)

To determine the spatial organization of the community with
regard to the species site preference, we analyzed 142 record-
ings containing a total of 1334 calling individuals at 10 dif-
ferent sites in 2008 and 2009. Some of the sites considered
for this analysis have been evaluated more extensively than
others and the total number of obtained recordings ranged
from 6 to 37. Therefore, we normalized the data set by cal-
culating an average number of individuals at a respective site
(see “Temporal niche overlap”).

Spatial niche overlap (vertical stratification)

In addition to the horizontal distribution pattern of the
assemblage, information about the vertical stratification was
obtained based on recordings made in different heights on
a walk-up tower located in the small Lutz catchment on the
island. The tower was climbed in 5-m intervals and at each
height the calling individuals in the vicinity were recorded.
Attention was paid that the highly directional parabolic
microphone was strictly aligned horizontally with a con-
stant input level of the Marantz recorder, which allowed us
to assign the most intense calling individual to a respective
height. However, in some cases when at consecutive inter-
vals no difference in intensity of recorded individuals was
detected, its position has been determined in between. A total
of 14 sampling nights were performed in 2009/2010 between
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19:00 and 23:00h. Furthermore, calling males in the habitat
that were identified and localized by sight were also added to
the data set.

Co-occurrence and null model analysis

In order to calculate the seasonal co-occurrence pattern of the
assemblage, we created presence—absence matrices of the spa-
tiotemporal activity (i.e., the activity of a species at a certain site
and time). Therefore, single 5-min sound recordings made in
the habitat were scanned for the species presence or absence.
We used the Cscore index (Stone and Roberts 1990) as a quan-
titative measure of community organization, where the average
number of “checkerboard units” (CU) (i.e., the submatrix of
the form 01/10 or 10/01) between each species pairs is calcu-
lated as: CU = (R; - S) (R, - S), where R;and R; are the numbers
of occurrences for species 7 and j and S the number of record-
ings occupied by both species. To assess a randomized null dis-
tribution of C-scores, we used the simulation algorithm with
fixed row totals (species) and fixed column totals (recordings),
an algorithm least prone to type I and type II errors (Gotelli
2000). The difference in C-scores between the observed and
simulated community was expressed in the standardized effect
size (SES) and calculated as: (I p — L)/ Sym»> Where I, and L,
corresponds to the mean of the observed and simulated indices,
respectively and S, is the standard deviation of the simulated
assemblage. The SES states the number of standard deviations
the observed index is above or below the mean of the simulated
index. Assuming a normal distribution of deviations, approxi-
mately 95% of the SES values should fall between -1.96 and
1.96 (i.e., random distribution). Values above 1.96 and below
-1.96 indicate species separation and aggregation, respectively.
Furthermore, the presence—absence data of 237 recordings
were used to quantify the degree of coactivity between species
pairs by measuring the similarity index after Jaccard (Krebs
1999). The Jaccard index for binary data is calculated as d = M/
(M + N), where M is the number of matches and N the total
number of the presence of either one of both species. Values
ranged from 0 (species pairs were never detected in the same
recordings) to 1 (species pairs co-occurred in all recordings).

Song frequency variation (niche breadth)

We calculated the species niche breadth as a quantitative mea-
sure of intraspecific variation of calling song CFs using Levins’
index (Levins 1968) given by: B:I/pr , where p is the
proportion of individuals using a specific CF channel j. We
standardized the niche breadth to express it on a scale from 0
to 1 as follows: BA= (B-1)/(n- 1), where Bis Levins’ index
and n the number of possible resource states (frequency chan-
nels) (Krebs 1999). Here n is 17 because calling song variation
for Anaxipha sp. 1 was highest with values ranging from 6.3 to
7.9kHz and thus utilizing a total of 17 frequency channels.

With respect to the separation in the frequency domain,
one can expect that the closer 2 species are on the frequency
axis, the lower the intraspecific variability in CF should be, in
order to reduce any potential frequency overlap and masking
interference. To determine the relationship between the spe-
cies variation of song CF and its proximity to another neigh-
boring species with similar CF, we calculated for each species
the mean distance to the adjacent species above and below its
average CF (values given in Figure S2).

RESULTS

We found a highly diverse cricket community with representa-
tives from most cricket families occurring in the Neotropics
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(Grylloidea: Gryllotalpidae; Mogoplistidae: Mogoplistinae; and
Gryllidae: Gryllinae, Eneopterinae, Nemobiinae, Oecanthinae,
Phalangopsinae, Luzarinae, Podoscirtinae, Trigonidiinae).
As in other tropical cricket communities, a high number of
“new” species remains to be described, particularly for the
Trigonidiinae.

In the acoustic census of the cricket community, we regis-
tered 52 different cricket songs over the 3 years of field work.
Of those, 75% could be assigned to distinct species, captured
in the habitat. For the majority of species/ethospecies (spe-
cies-specific calling songs) only a small number of individual
songs were detected (on average 5+3.39). Therefore, subse-
quent analysis was carried out only with the 18 most abundant
species. Oscillograms of the calling songs of these species are
shown in Figure S2 (Supplementary Data) with the average
CF and its standard deviation denoted. In the figure, the 18
species are arranged according to their CF, and it is evident
that independent of CF the calling songs differ strongly in
their temporal pattern. Single syllables are either repeated
at a high rate (trilling species Pp, Am, Di 3, and Anp) or
arranged in chirps of varying duration (from a few millisec-
onds to more than a second) and repetition rate. Within
chirps, the repetition rate of single syllables may also vary
strongly.

Spectral niche overlap

The spectral overlap of calling songs of the 18 species in this
community was calculated using the Czenachowski index,
resulting in a rather low value with a mean of 0.069+0.16.
Out of 153 unique species combinations, only 9 pairs showed
an overlap 250%, whereas the majority of species did not over-
lap with each other based on their individual CFs (Figure 1a).
We used a simulated data set with 18 species randomly utiliz-
ing the frequency space occupied by the community in the
original data set (2.8~-10kHz). The null model result suggests
that the assemblage is structured by competition because
the overlap index of the observed community was smaller
than expected by chance (4989 of the 5000 simulated indi-
ces exceeded the observed mean, P = 0.002, mean simulated
indices = 0.084).

Song frequency constrained by body size and phylogeny

In the community investigated here, the body size of the
crickets was negatively correlated with calling song CF
(Figure 2, R? = 0.70, Ftest: F = 29.64, P < 0.001). Dividing
the data set into 2 naturally occurring subsets around spe-
cies pronotum width of 2.4mm, this correlation disappears
(subset 1 [gray circles]: R? = 0.37, Ftest: F=2.94, P = 0.15;
subset 2 [black circles]: R? = 0.02, Ftest: F= 0.12, P = 0.74).
Subset 1 consists predominantly of smaller species of the sub-
families Trigonidiinae and Mogoplistinae with relatively high
CFs, whereas subset 2 comprises species of the 2 subfamilies
Eneopterinae and Phalangopsinae with relatively low CFs. We
reperformed the null model analysis for both subsets sepa-
rately. The observed spectral overlap for species of the sub-
set 1 appeared to be randomly structured compared with the
null model (occupied frequency range: 5.6-10kHz; observed
mean = (.20, simulated mean = 0.19; P < 0.05). On the other
hand, the overlap index for the subset 2 was significantly
smaller than expected by chance (occupied frequency range:
2.8-5.7kHz; observed mean = 0.12, simulated mean = 0.16;
P=0.011).

The frequency analysis in Figure 1 was based on a total of
18 species, 3 of which are ethospecies for which we do not
have measures of pronotum size. Therefore, calculating pro-
notum sizes for the 3 ethospecies (Et 1-3, see Figure S2)
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Figure 1

The amount of niche overlap (a: spectral; b: temporal; c: spatial)
calculated between all species pair combinations, with the average
overlap for the observed (solid vertical lines) and simulated random
community (dotted vertical lines) of the null model indicated. Note
the low spectral, high temporal, and intermediate spatial overlap of
frequently sampled sites.

based on the regression line shown in Figure 2 (-1.412x +
9.859) for the species-specific average CF one will obtain val-
ues of 3.5, 2.9, and 2.8 mm, respectively. Complementing the
subset 2 by these 3 ethospecies (linear correlation: R? = 0.09,
Ftest: F'= 0.85, P = 0.38), however, significant results became
even stronger for the spectral domain (P=0.0016).

Song frequency variation (niche breadth)

The calculated standardized niche breadths as a measure of
intraspecific variation of CFs ranged from 0.17 to 0.6 with an
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Figure 2

Relationship between a species’ body size (pronotum width) and
the average CF of calling songs. Number of measured individuals
per species ranged from 1 to 39. For abbreviation of species names,
see Figure S2 and Table S1 in Supplementary Data. Data points in
this plot appearing in 2 clusters consisting of a small species using
relatively high CFs (subset 1, gray circles) and large species with low
CFs (subset 2, black circles).

average value of 0.38+0.13. This is less compared with the
European field cricket Gryllus campestris, a species suffering
from low acoustic competition, exhibiting a niche breadth of
0.51. We also found a significant correlation (R? = 0.4, Ftest:
F=10.77, P = 0.005) between the average neighbor distance
of the mean calling frequency and the amount of sender
variation (standardized niche breadth values; Figure 3).
Therefore, species using more similar call frequencies also
tend to occupy less frequency channels (i.e., smaller niche
breadth).

Temporal niche overlap

The temporal activity pattern of the community included a
total of 1907 calling individuals recorded between 18:00 and
06:00h. The mean overlap was 0.72+0.1, and 94% of all spe-
cies pairs showed a temporal overlap ranging between 0.6
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Figure 3

Relationship between the proximity of species’ average CF and the
occupied niche space. Species using similar average CFs (lower
neighbor distance) tend to utilize fewer frequency channels (lower
standardized niche breadth).
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and 0.9 (Figure 1b). Moreover, the observed temporal niche
overlap index was significantly greater than expected by
chance; all 1000 randomized assemblages resulted in smaller
value compared with the observed mean of 0.72 (mean of
simulated indices = 0.69; P < 0.001). This suggests that the
assemblage aggregated their calling activity.

However, one species pair with a rather low temporal call-
ing overlap of 0.3 seems to segregate their activity pattern in
time. Individuals of Etl were predominantly observed calling
between 19 and 01h, whereas calling songs of Aclodes sp. are
predominately shifted toward the late night and early morn-
ing. Notably, these 2 species call at average CFs of about 4.8
and 4.9kHz and are among those species pairs with the stron-
gest frequency overlap.

Spatial niche overlap (horizontal distribution)

The acoustic survey at the 10 sites revealed a mean spatial
overlap of 0.51+0.17 with values ranging from 0 to 0.8,
indicating that species pairs partitioned the space (sites) to
a different degree (Figure 1c). Indeed, we found species that
were missing at single sites, whereas other tended to be equally
distributed throughout the habitat. However, compared with
the randomized community (mean of 0.51), the observed
assemblage overlap was not significantly different than
expected by chance (P < 0.05), meaning that the community
is randomly distributed. We found no significant difference in
the magnitude of spatial overlap between 2008 (rainy season)
and 2009 (dry season) (Mann-Whitney Urtest, U = 4378,
z=-1.008, P=0.314, N=105/91).

We observed no principal difference in the temporal and
spatial (horizontal) domain when performing the null model
analysis for the 2 subsets of species occurring in Figure 2
separately (see above). The temporal overlap was higher than
expected by chance (subset 1: P = 0.001; subset 2: P = 0.025),
whereas the spatial overlap was not significantly different than
expected by chance (subset 1: P=0.07; subset 2: P=0.86).

Spatial niche overlap (vertical stratification)

The analysis of the vertical stratification is based on a total
of 15 species and 304 calling individuals. The distribution
pattern of calling height ranged from the ground region to
the canopy (Figure S3, Supplementary Data), with significant
differences between species (Kruskal-Wallis test, H = 241.2,
P < 0.001). Species also differed with respect to the degree
of variation in calling height. Some showed a very restricted
range of calling height (e.g., Aclodes sp. and Acla sp. 2 near
the forest floor), whereas the majority of species occupied a
relatively wide range of forest strata.

The results of the null model analysis in the spectral, tem-
poral, and spatial domain are independent from the selected
algorithm and did not change the significance level if we
apply RA2 instead of RA3 and vice versa (spectral, RA2: mean
simulated indices = 0.08, P < 0.001; temporal, RA2: mean sim-
ulated indices = 0.61, P < 0.001; spatial, RA3: mean simulated
indices = 0.52, P< 0.05).

Co-occurrence

Single 5-min recordings revealed 1-12 species simultaneously
calling at the same time and the same place (average number
of species 5.8+2.5). Analyzing the assemblage’s co-occurrence
pattern, that is, the concurrent calling activity of species in
single field recordings, we observed different results between
years (Figure 4a). There was significant segregation among
species in 2008 (SES = 13.1; number of recordings ana-
lyzed = 124), but a random pattern in 2009 (SES = -0.42;
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(a) Between year comparison of community organization. The gray
area within dotted lines (1.96 standard deviations) depicts the range
of random co-occurrence, whereas values above and below indicate
segregation and aggregation, respectively. (b) The amount of
co-occurrence/ coactivity every species spend calling with every other
species calculated across all habitat recordings.

number of recordings analyzed = 91) and 2010 (SES=-0.54;
number of recordings analyzed = 22). We created subassem-
blages of the 2008 data set to test whether the strong segrega-
tion pattern is caused by the high sampling effort obtained
for 4 sites (total number of recordings 11-37) in this year.
The null model returned mixed results because 2 of 4 fre-
quently sampled sites showed a nonrandom pattern (i.e., seg-
regation, SES values of 4.85 and 3.98, respectively), whereas
the other 2 sites were randomly structured (i.e., SES values of
1.12 and -0.31, respectively).

Additionally, we were interested in the total amount of
coactivity that species pairs spend calling together at the same
time and the same place. Between all 105 unique species pair
combinations of the community, the average probability for a
species pair to be detected in the same recording was merely
0.25+0.12 with individual values <0.5 (Figure 4b).

In Figure S4, we summarized the results for the spatiotem-
poral domain for individual species pairs with an observed
frequency overlap >0.2. A multivariate regression (MANOVA,
R =0.02, F=021, P=0.93) revealed no significant rela-
tionship between CF overlap and any other spatiotemporal
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dimension (spatial overlap, temporal overlap, co-occurrence,
or difference in calling height).

DISCUSSION

Natural auditory scenes like the nocturnal tropical rainforest
are characterized by a rich diversity of vocalizing species
and individuals, producing high levels of biotic noise (Ryan
and Brenowitz 1985; Riede 1997; Diwakar and Balakrishnan
2007a). Auditory masking as a result of this situation will
decrease the discrimination and/or detection of behaviorally
relevant signals, depending on the degree of signal (spectral)
overlap (Riede 1997; Wollerman and Wiley 2002; Brumm and
Slabbekoorn 2005; Bee 2007; Bee and Micheyl 2008; Schmidt
and Romer 2011). This is particularly true for the cricket
community on BCI with 52 species/ethospecies identified so
far and their almost pure-tone calling songs with CFs being
concentrated within a relatively narrow frequency range
between about 2.8 and 10kHz. In the present paper, we
hypothesized that the amount of overlap of song frequencies
between species as direct source of masking should be
reduced. Moreover, species using similar frequency channels
of acoustic communication should furthermore reduce
masking interference by having developed an alternative
suite of behavioral adaptations over evolutionary time. These
include, for example, exploiting the call activity at different
times at night and/or at different places (both in the
horizontal and vertical plane) in the habitat. We investigated
the community organization of the singing cricket assemblage
with respect to its multidimensional niche axes of acoustic
communication, consisting of song CF, time, and space.

Frequency partitioning

One way to improve the efficiency of intraspecific commu-
nication is to partition the acoustic space similarly to other
ecological resources (Schoener 1974). Separating frequency
channels among signals of cricket species would undoubtedly
be advantageous to reduce the potential risk of masking inter-
ference by heterospecific callers (Riede 1997), thus allowing
a more densely packed community. The tropical cricket com-
munity consisting of the most abundant 18 species on BCI
revealed a surprisingly low degree of spectral overlap; with the
majority of species pairs not overlapping at all (Figure 1a).
When testing for nonrandomness of the observed community
pattern, the null model analyses revealed a significant lower
niche overlap than expected by chance (RA3; P = 0.002),
indicating that some sort of mechanism eventually affected
the composition of the community in this respect. We have
some support to assume that the observed pattern of spec-
tral niche segregation is the evolutionary result of acoustic
competition. Not only is the overlap between species pairs
strongly reduced but the intraspecific variation of song fre-
quencies correlates positively with the distance of its closest
neighbors on the frequency axis (Figure 3). In other words,
species tend to use a greater range of frequency channels
(i.e., a greater niche breadth) for intraspecific communica-
tion if the frequency space is available and not constrained
by an overlapping frequency range of another species. These
results suggest that a number of different frequency channels
might exclusively be used by different species for intraspecific
communication, thus providing a “private communication
channel” (but see below).

A decrease in signal overlap due to frequency partition-
ing has also been reported for other taxa at the community
level (cicadas: Sueur 2002; birds: Planqué and Slabbekoorn
2008; frogs: Hodl 1977; Duellman and Pyles 1983; Chek et al.
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2003). However, even when only 2 species utilize spectrally
similar signals, this can result in complete suppression of call-
ing activity of one species by the other, or a shift in the diur-
nal calling activity of one species (Schwartz and Wells 1983;
Greenfield 1988; Romer et al. 1989). Similarly, the potential
role of frequency partitioning as an important factor for
reproductive isolation and speciation has been suggested
for bats, based on the observed separation of species-specific
CF bands of echolocation calls in bat communities (Heller
and Helversen 1989; Kingston et al. 2000; Jones and Siemers
2010; Schuchmann and Siemers 2010). However, in con-
trast to insects species, discrimination in vertebrates prob-
ably involves some form of cognitive processes, for example,
learning and memory (Bee and Micheyl 2008; Schuchmann
and Siemers 2010). This might explain why complete spec-
tral separation of signals seems not to be necessary for effi-
cient species recognition at least in bat (Jones and Siemers
2010; Schuchmann and Siemers 2010) and frog communities
(Amézquita et al. 2011).

In addition to selection acting on the sender side a
reduction of signal interference could also be achieved by
modification of the receiver’s sensory system. Similarly, we
have evidence that the strong acoustic interference in the
tropical cricket community also acted on the receiver side and
resulted in a more selective frequency tuning in the afferent
auditory pathway compared with the European counterparts
G. campestris and Gryllus bimaculatus, species for which almost
no acoustic competition exists (Schmidt et al. 2011). As a result
of such changes, masking interference by frequencies around
the receivers’ best frequency was significantly reduced. This, in
turn, provided a strongly improved neuronal representation
of species-specific calling songs in receivers under natural
outdoor conditions (Schmidt and Romer 2011). Evidence for a
similar scenario comes from a recent analysis of the male-male
communication system of territorial tropical frogs (Amézquita
et al. 2011). In the dendrobatid frog Allobates femoralis, the
occurrence of only 1 additional frog species, calling in an
overlapping frequency range, significantly predicted narrower
and asymmetric frequency response curves (Amézquita et al.
2006). As a consequence of such a change in receivers, strong
selection would act on senders to call exactly at those CFs to
which receivers are tuned, and this view is indeed supported by
the cricket data. The calculated standardized niche breadth in
CF for the rainforest cricket assembly is lower compared with
the European field cricket G. campestris (see results for song
frequency variation/niche breadth).

Frequency partitioning constrained by body size and
phylogeny

In crickets, body size is negatively correlated with calling song
frequency, both in a comparison between species and at the
interindividual level within a species (Figure 2; Bennet-Clark
1998; Gerhardt and Huber 2002). Thus, the observed spec-
tral separation of the cricket community might have emerged
from correlated ecological and/or evolutionary factors rather
than selection to avoid acoustic masking. In the analysis of the
correlation between body size and calling song CF (Figure 2),
2 clusters of species can be separated. The 2 size subgroups
also delimit phylogenetic groups, with Mogoplistinae and
Trigonidiinae belonging to the small, high frequency moiety
(subset 1), Phalangopsinae and Eneopterinae with the excep-
tion of 1 species (Di 3, Figure 2) to the large low frequency
group (subset 2). Consequently, our size subdivision provides
us also with a meaningful phylogenetic subdivision, thereby
taking into account potential phylogenetic biases. When exam-
ining the 2 clusters separately, one could obtain a measure of
frequency overlap not confounded by body size. This separate
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analysis revealed that the observed spectral overlap in subset 1
appeared to be randomly structured when compared with the
null community, whereas the index of the observed commu-
nity was significantly smaller than expected by chance in sub-
set 2. We argue that species in subset 2 will be more subject to
acoustic competition than smaller species due to a larger active
space of their signals. The active space describes the range over
which a receiver can detect a signal. The size of the active space
depends on (1) signal intensity, (2) sound attenuation prop-
erties of the transmission channel, and (3) receiver sensitivity
(Bradbury and Vehrencamp 2011). Species with larger body
size produce more intense signals and thus will have a larger
active space (Bennet-Clark 1998). Our own preliminary mea-
surements of signal intensity indicate that species of the subset
1 produce indeed fainter songs (e.g., Ornebius sp. 1 and 2 about
54 dB SPL/m, Anaxipha sp. 1 60 dB SPL/m) compared with
larger species of subset 2 (e.g., Diatrypa sp., Orocharis sp. about
75-80 dB SPL/m).

With respect to the sensitivity of receivers, we have further
evidence that smaller species of subset 1 (e.g. Anaxipha sp. 1)
are less sensitive: neurophysiological thresholds at the best fre-
quency are on average at 46.2+2.9 dB SPL (N= 15, unpublished
data). This was approximately 13 dB SPL higher compared
with the 2 larger sympatric species Paroecanthus podagrosus and
Diatrypa sp. 1 (Schmidt and Rémer 2011; Schmidt et al. 2011).
A reduced sensitivity might be a potential proximate mecha-
nism to overcome masking interference at high ambient noise
levels (Narins 1987; Witte et al. 2005), even though it reduces
the active space of a signal.

In cluttered environments like the dense rainforest,
sound propagation for larger species and their relatively
lower frequencies might be also less affected in terms
of signal attenuation when compared with species using
higher frequencies (Marten and Marler 1977; Bradbury and
Vehrencamp 2011). This effect probably amounts to only
a few decibels but eventually will further limit the active
space.

Temporal organization

Temporal adjustment and partitioning of calling behavior
is a well-known strategy to reduce acoustic interference in
birds (Brumm 2006; Luther and Wiley 2009), frogs (Schwartz
and Wells 1983), and insects (Greenfield 1988; Romer et al.
1989). Among insects, cicadas are known for their impres-
sively precise timing of call on and offset with species-specific
short calling periods during dusk and dawn choruses, result-
ing in temporal segregation between species (Gogala and
Riede 1995; Riede 1997; Sueur 2002). By contrast, the tempo-
ral organization of the cricket community investigated here
revealed that the assemblage aggregated their calling activ-
ity with an observed niche overlap significantly greater than
expected by chance.

Spatial organization

Release of acoustic competition can also be realized by the
spatial organization of signalers (Brumm and Slabbekoorn
2005). Indeed, when comparing the community composi-
tion at frequently sampled sites, we found that some spe-
cies were never detected at some locations. This difference
appeared to be due to hitherto unknown factors (most prob-
ably microhabitat or temporal food resources) and was clearly
not driven by the amount of spectral overlap of their signals
(Figure S4). However, at the community level, we found no
support for partitioning of horizontal space.

Sound recordings covered a relatively large radius when
scanning for calling individuals. This could principally lead
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to an overestimation of the amount of overlap. Site segre-
gation between species of a community has been reported
at much finer scales (Joern 1982; Jain and Balakrishnan
2011a). The vertical stratification of calling heights identi-
fied in our study (Supplementary Data, Figure S3; see also
Sueur 2002; Diwakar and Balakrishnan 2007b; Jain and
Balakrishnan 2011b) further contributes to the spatial segre-
gation. However, microhabitat segregation can be of limited
value because separation by only a few meters in distinct for-
est strata or broadcast positions in the vegetation would still
allow considerable acoustic crosstalk (Riede 1993). Again,
the active, 3D space is essential in determining the amount
of segregation in this respect (see above). For example, in
the case of the 2 Ornebius species with their high spectral,
and large spatial and temporal overlap the average calling
height difference of 9.2 m (Figures S3 and S4) might already
be sufficient to reduce signal interference because signal
intensities for these species are rather low with about 54
dB/m. It is likely that with such a vertical separation distance
the heterospecific signal will not interfere with the detection
of the conspecific signal at all after transmission through the
habitat (Rémer and Lewald 1992).

Co-occurrence

The pattern of species co-occurrence at the community
level revealed a random community structure for 2009 and
2010, whereas for 2008, species tended to be significantly
segregated (SES = 13.1). Interestingly, a detailed view of the
subassemblages of the data in 2008 showed that this pattern
strongly depended on the recording site. The 2 significant
results (i.e., segregation) were obtained in an area of second-
ary forest and a light gap, whereas the randomly structured
subassemblages were located in parts of the island covered
by old-growth forest. Clearly, it will be necessary to gather
more data of species composition and assemblage stability
over longer periods of time and at various sites in order to
account for the observed differences of the co-occurrence
pattern, which we currently pursue with automated acoustic
monitoring on BCI.

In addition to the findings at the community level we also
calculated the respective magnitude of coactivity for each
species pair. We found rather low values of co-occurrence
between species pairs with an average level of 0.25, which
means that the chance of an actual masking event is less
likely when spatial and temporal distribution is combined.
In addition, the sampling protocol of 5-min recordings
provides a relative crude temporal measurement, in which
we did not consider temporal overlap at a microscale level.
Because masking only occurs when 2 or more species exhibit
an overlapping time window of their calls, we would expect
even lower values than the one given in Figure 4b, at least
for a number of chirping species that do not call continu-
ously (Figure S2). Indeed, comparing, for example, the Acla
species 1 and 2, we rarely found incidences of such direct
signal overlap. This is due to the low duty cycles of about
3% (i.e., the duration of song in relation to song period)
they produce, thus providing sufficient probabilistic events
of nonoverlap calling and further reducing incidences of
masking interference.

For the spatial-temporal dimension, segregation over
evolutionary time might not (e.g., spatial [horizontal] and
temporal distribution) or only partly (vertical distribution, co-
occurrence) be accomplished at the community level; how-
ever, at a pairwise species association, the results showed that
successful intraspecific communication especially for those
pairs sharing identical frequency channels is likely (summa-
rized in Figure S4).
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