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ABSTRACT
We present an analysis of the calling songs of species Metrioptera bicolor isolated from different
locations within Northeast China illustrating the intraspecies calling song divergence. Recording and analysis
of the male calling songs of some acoustic characters were performed and five morphological traits of M.
bicolor were examined under stereoscope microscope and scanning electron microscope. A cluster analysis
was made based on the song properties and the morphology of stridulatory organs. All the song traits, except
the pulse number per pulse group, differ distinctly within species collected at different localities, while the
pulse number of each pulse group and all the five morphological characters were consistent across locations.
The cluster analysis showed that M. bicolor collected from eight sampling sites grouped into two branches
and were consistent with geographical distribution.
The dialect phenomenon exists in insects and the divergence of acoustic signals occurs in a small-scale
geographical region and may be an early stage of speciation. We inferred that the divergence of intraspecific
acoustic signals on a small-scale may result from different habitats. This study provides evidence for insect
acoustic signal divergence, speciation, and insect acoustic signal evolution.
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INTRODUCTION
Intraspecific communication through acoustic
signals is one of the most important social behaviors.
The calling songs have been used as invariant
traits in the recognition of conspecifics and the
discrimination of heterospecifics (Foster & Endler,
1999). In recent years, the variation within specific
taxa has received increased attention, and efforts
have been made to understand the bio-signal
variation associated with mating choice and sexual
selection. Increased understanding of call variation
is therefore crucial to our understanding of how
biodiversity evolves (Irwin, Thimgn & Irwin. 2008).
Because mating signals plays a crucial role in mate
choice, these selection pressures may contribute to
Publication date: 31 January 2019

reproductive isolation and speciation (Boughman,
2002; Slabbekoorn & Smith, 2002b).
There are three major existing hypotheses of
signal divergence. The first, of these is the acoustic
adaptation hypothesis (Morton, 1975; Wiley &
Richards, 1982; Sorjonen, 1986; Badyaev & Leaf,
1997; van Buskirk, 1997; Slabbekoorn & Smith,
2002a; Slabbekoorn, 2004; Nicholls et al., 2006).
Habitat differences may cause selection for signal
divergence due to different types of environmental
noise or because different frequencies of sound travel
more effectively in different settings. In addition,
signal divergence might be linked to morphological
divergence, as different body sizes or sound organ
shapes can have different abilities to produce
sounds (Ryan & Brenowitz, 1985; Podos, 1996;
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MATERIALS AND METHODS
Podos & Nowicki, 2004; Seddon, 2005). A second
hypothesis is that divergent traits reflect random
genetic drift and mutation (Lewontin, 1974; Kimura,
1983). The third hypothesis suggests the divergence
of signals is derived from sexual selection and
that this divergence is unpredictable or stochastic
because of the attractiveness of novel signals and
the absence of well-defined optima (Fisher, 1930;
Iwasa & Pomiankowski, 1995). Each of these three
hypotheses may contribute to acoustic signals, but
the contribution of each remains poorly understood.
To be a good model organism to investigate
the driving forces of mating signal divergence, a
species should preferably have a large geographical
distribution, and be relatively plastic in habitat
preference. Metrioptera bicolor Philippi is a species
of singing insect in Orthoptera with a large extensive
geographical distribution in Heilongjiang Province,
Northeast China, ranging from the Arctic Village
to the Yichun region (Liu & Sui, 2008). Further, M.
bicolor requires habitats with a mixed pattern, and
mainly inhabits semiarid grassland, though can also
be found in sparse and scattered vegetation (Wagner,
2004). Kindvall and Ahlén (1992) described this
species as sedentary, as they rarely leave their native
habitat patch. This species has five instars and
adults usually appear at the beginning of July (Harz,
1969). The mating and oviposition season lasts from
July until late September (Kindvall, 1999). There
are two phenotypes of individuals of this species.
Flightless, short-winged (brachypterous) individuals
are the most common, and long-winged individuals
(macropterous) (Voisin, 1982; Nadig, 1988), are
typically rare, and their flight capability has not been
well documented.
Here, the morphology and acoustic characters
of songs of M. bicolor from 8 different geographical
regions were examined. We found evidence of the
phenomenon of dialect in this species and determined
that the acoustic divergence occurred earlier than the
morphological variation during evolution.

Study Organism
We used adult males of M. bicolor as our experiment
subjects that were collected from eight areas in
Heilongjiang province. The males we used were
collected within a short time period (from July 7th
to 14th) to insure they were approximately the same
age. In Heilongjiang Province, China, M. bicolor
is widely distributed, no additional permission
was required, and these studies did not involve
endangered or protected species.
Sampling Sites
We recorded the calling songs of males of
M. bicolor in eight different areas in Heilongjiang
Province in the northeast end of China. In
Heilongjiang, the mountains are pervasive, in
particular, the Greater Khingan and the Lesser
Khingan are the most prestigious mountain range
in China with extremely rich resources. These two
famous mountains join in a herringbone shape.
All samples were collected in the wilderness
in Heilongjiang, and these collections of M. bicolor
did not require specific permits. The sampling sites,
coordinates and the number of subjects in this
study are shown in Fig 1 and Table 1. The latitude
and longitude of each site were recorded using
Global Positioning System (GPSMAP 62s, Garmin
Corporation, Taiwan).
Song Recording
We obtained recordings of calling songs from
158 katydids at 8 locations distributed throughout
Heilongjiang Province (Fig. 1; Table 1). As the
acoustic behaviors and characters of the songs
alter with temperature, the sound recordings were
conducted at the same environmental settings, the
temperature and humidity were measured before
recording to ensure they were within a certain range
among different geographical locations. Songs were
recorded using a digital voice recorder (PCM-D100
digital recorder, Sony Corporation, Tokyo, Japan),
with a sample rate of 96 kHz. The recorder was
positioned 20 ~ 50 cm from the calling subjects.
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Next, we compared each acoustic parameter
using one-way ANOVA followed by post hoc tests
to understand how these parameters varied between
individuals of different localities. A principal
component analysis (PCA) method was utilized, as it
simplifies patterns by replacing the original variables
with new variables that are linear combinations of
the original variables and independent of each other
(Dytham, 2003). The analysis was conducted using
an eigen analysis covariance matrix on the calling
song features of the M. bicolor from each sample site
using SIMCA-P version 11.5.
Morphological Traits Measurements
and analysis
Figure 1. Location of the eight sampling sites in
Heilongjiang, China. The blue points show the
sampling sites. The distribution of M. bicolor in
Heilongjiang was in accordance with sampling
sites. The scale is 1:5000000 with 50km bar.
(Figure 1 was drawn using Photoshop.)

Each recording file lasted between 30 s and 2 min
and at least 10 individuals were recorded for each
sampling sites. Then calling subjects were caught for
the following experiments.
Song analysis
For each sampling site, we chose the fifteen
most clearly recorded calls to analyze further, for
a total sample of 120 calls in the whole study. The
song traits were analyzed by Cool Edit software (pro
vers.2.1, Adobe Systems, San Jose, CA, USA) and
Matlab (Matlab 6.0, Mathworks). In order to remove
the low frequency noise, we made a highpass filter
before analysis, the cutoff frequency was 200 Hz (the
frequency ranges of calling songs of M. bicolor were
mainly distributed from 9 kHz to 30 kHz, therefore,
200 Hz can sufficiently remove the noise without
breaking the frequency component of original
signals), then the song traits were automatically
analyzed by a program we wrote using Matlab 6.0
(The MathWorks, http://www.mathworks.com,
USA).

The individuals selected for calling song
analysis were also examined morphologically, so the
sample number (n = 15) in this part of the study was
identical with that in song analysis. The forewings of
male samples were immediately removed from the
specimens using ophthalmic scissors. The tegmina
were examined under a stereoscopic microscope.
The length of stridulatory files (LSF) and the wing
length (WL) (from end of the pronotum to the
wing tip) were measured within a 0.1 mm accuracy
using vernier calipers, and the number of teeth of
the stridulatory file (NTSF) was also counted. The
width of a tooth on the stridulatory file (WSF) and
the interval between teeth (IT) were examined under
scanning electron microscope (SEM). In addition,
the length of the body (LB) and the hind leg (LHL)
were also gauged. The body length was measured
from the forehead to the end of the body. For each
individual, mean values were calculated for each
of the variables. We tested whether each variable
showed statistically significant differences among
different locations using ANOVA.
Cluster Analysis
Acoustic and morphological characteristics of
M. bicolor were tested by cluster analysis using R
Programming Language. Eight traits used in cluster
analysis, including both aspects of time domain and
frequency domain features. In addition, the seven
morphological characters were contained in this
analysis.
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ReSUlTS
Calling Songs
The oscillogram including all time-domain
parameters of calling song of male M. bicolor is
shown in Figure 2. We measured the following eight
song traits in time-domain and frequency-domain
analysis: duration of pulse and pulse group, interval
between pulses and pulse groups, pulses per pulse
group, dominant frequency, highest frequency and
lowest frequency (at 30 dB), shown in Table 2, Figs.
3 & 4. Analysis of variance showed that there were
significant differences among the samples captured
at different sites for all characteristics with the
exception of the pulse number in each pulse group
(Table 3). In the case of pulse group interval, all
of the differences were significant and there were
different levels of differences among the other traits
(Fig. 3). It is worth noting that the pulse interval of
specimens from the low latitude region was nearly
three times of those from the high latitude areas,
(the difference between WYL and AME; Fig. 5). By
contrast, the duration of pulse group and pulse were
longer in samples from the north of the region (HH
and XQ; Fig. 6).
The two highest rating principal components
of the PCA account for 60.53% of divergence with
associated geographic sampling sites grouped

(Table 4, Fig. 7). A significant difference was noted
in different areas and the level of similarity was
correlated with the distance (Fig. 8).
Stridulatory Organs
No obvious differences in any examined
morphological traits among the individuals collected
in the eight sampling sites were observed (Table 5
& 6). The similarity of morphological features is
evident in the histograms (Fig. 9).
Cluster Analysis
Based on eight calling song traits and
three morphological traits, individuals from each
sampling locality were clustered accordingly (Fig.
10). The analysis showed two big branches, in
which individuals from AV and AME, HH and
WDLC group together in a basal position followed
by individuals from TQ. Then this group merged
with the other branch consisted of the individuals
from WYL, MX and XQ. Among all sampling
areas, WDLC and HH were special, as they located
in the foot of Lesser Khingan Mountain and the
confluence of Greater Khingan and Lesser Khingan
respectively. Clustering results were consistent with
the geographical distribution of the sampling sites.

Figure 2 The oscillogram of the calling song of M. bicolor. The calling song was consistent with a series pulse
group. Each pulse group included three pulses.
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Figure 3 Comparisons of time-domain characters among M. bicolor at different locations. Time-domain traits
included pulse group duration, pulse group interval, pulse duration and pulse interval.

Figure 4 Three frequency-domain features of M. bicolor at different locations. DF, dominant frequency; HF,
highest frequency; and LF, lowest frequency.
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DISCUSSION
We found that acoustic parameters of calling
songs of Metrioptera bicolor varied significantly
across populations in northeast China, and clustered
into two groups, i.e. Greater Khingan region and
Lesser Khingan region. However, the morphological
characteristics were identical among different
geographical regions.
In Orthoptera, the katydids and crickets use the
same method to produce sounds, rubbing together
specialized regions of the forewings (Morris,
1999). Typically, one wing bears a row of teeth, the
stridulatory file, and the other harbors a scraper. In
general, the majority of crickets produce musical
tones, while katydids always generate broadband
sounds. The tooth shapes are different between the
two, with a sheet tooth for cricket and a claviform for
katydid, and the vocal apparatus plays an important
role in sound making. In other words, different
kinds of acoustic tooth, namely with different
shape or distribution or other properties, produced
different acoustic signals. The ANOVA test showed
no significant differences in all the morphological
characteristics between populations. Thus, these
results indicate that the variation of acoustic signals
were not due to variation in morphology.
Our work suggests that acoustic differentiation
was the first form of reproductive isolation. In the
process of speciation, either morphological variation
occurs first, and then the signal characteristics
changed with the morphological divergence, or that
the signal changed before morphological properties.
These results indicate that the signal divergence
happened prior to the morphological variation during
speciation.
Dialects have been analyzed in birds (Baker &
Cunningham, 1985), frogs (Nelson et al., 2013), and
some species of mammals such as cetaceans (Ford,
1991; Rendell & Whitehead, 2003), bats (Boughman,
1997; Esser & Schubert, 1998; Yoshino et al., 2008),
and humans (Labov, 2001), but to a lesser extent in
insects. Cooper et al. (2013) showed variance in calls
of Tettigonia viridissima from different regions. We
have identified geographic intraspecies variance in
calling songs of M. bicolor, showing the of calling
songs. The ANOVA test of acoustic parameters
indicated that the acoustic signals within species

exhibited altered song waveforms in different
locations, though they were similar. In different
geographical distributions, the traits of calling songs
would change gradually in accordance with the
geographical distribution. These results indicate that
the dialect phenomenon exist in M. bicolor within a
small-scale distribution.
Previous studies were conducted over a large
range, with the research scope always containing
at least one or several countries or one continent.
For example, Irwin et al. (2008) discussed the call
divergence of greenish warblers within the continent
of Asia. However, our study suggests that the
divergence of calling songs can exist in over a smallscale geographical distribution.
The divergence of mating acoustic signals has
been described as being shaped by habitat-dependent
selection in many bird species (Slabbekoorn & Smith,
2002a; Seddon, 2005; Ruegg et al., 2006; Nicholls et
al., 2006; Dingle, Halfwerk & Slabbekoorn 2008),
because sounds with certain features are better
transmitted in some environments than others.
Metrioptera bicolor lives in different habitats with
divergent environmental conditions, most markedly
in the Greater Khingan region where individuals live
at the edge of forested regions at higher altitude and
latitude than individuals in other localities, such as
in the Lesser Khingan region where insects inhabited
low shrubs. The differences of acoustic signals in
these two regions were conspicuous. The most likely
explanation for the observed differences in signal
would seem to be that these differences were driven
by adaptation to the local environments. Though
some studies showed that calling song changed with
temperature (Walker, 1975), our sampling was done
in a limited range in which annual temperature and
humidity were the same. Therefore, it is more likely
that vegetative structure is the main reason for the
differences in acoustic signals.
The acoustic adaption hypothesis predicts signal
divergence can be caused by habitat differences. The
results of our analysis of acoustic signals of different
locations are consistent with this hypothesis. The
cluster analysis showed that the populations of
eight locations in this study were grouped into two
branches. One group of M. bicolor was distributed in
Greater Khingan region and the neighboring regions,
while, the other group was mainly distributed in
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Lesser Khingan region. Heidinger et al. (2013)
found forest to be a dispersal barrier for M. bicolor,
so the individuals from WYL, XQ and MX grouped
together, and the individuals from the other sites
converged to a point. WDCL and HH represent
a special point among all sampling sites, as they
located at the border between the Greater and Lesser
Khingan.
Other work has found that individuals from
the same or neighboring regions can have different
calling songs. For example Honda-Sumi (2005)
reported that only species with different songs
may be able to survive in parapatry or symatry. In
our analysis, AV, TQ and AME were all located in
Greater Khingan region, and the middle site, TQ,
exhibited the larger differences, while the insects of
AV and AME were more similar in calling song. We
saw a similar pattern in the samples from the Lesser
Khingan region.
Although the analyses presented here are based
on limited geographic regions, this is the first report
of the divergence of calling songs with species of
M. bicolor and provides insight into insect signal
evolution and the mechanism of speciation.
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Figure 5 Histogram of pulse interval of M. bicolor songs from WYL and AME.
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Figure 6 Comparisons of the duration of pulse group and pulse between M. bicolor collected from HH and
XQ.
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Figure 7 Component Plot in Rotated Space. The abscissa was component one and the ordinate was
component two.

Figure 8 A score scatter plot of calling song characteristics of eight sample sites of M. bicolor.The different
shapes represented different locations.

Figure 9 Seven morphological characteristics of M. bicolor from different sampling areas. The seven
morphological characteristics are described in detail in the text.
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Figure 10 Dendrogram generated by cluster analysis. There were two big groups within M. bicolor
collected from eight sites in our study.
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Table 1. The total number, geographic coordinates and total number of individuals sampled in this study.

No.
1
2
3
4
5
6
7
8

Location
AV
TQ
AME
HH
WDLC
WYL
XQ
MX

N
19
17
17
18
18
19
23
27

Altitude (m)
325.3
392.3
425.3
401.1
315.5
346.2
341.7
336.5

Longitude (E)
122.35°
122.81°
123.17°
127.53°
126.25°
129.43°
129.51°
129.29°

Note: N means number of specimens captured at each sampling site.

Latitude (N)
53.46°
52.90°
52.86°
50.28°
48.73°
48.73°
48.28°
47.65°

0.047 ± 0.001
0.048 ± 0.002
0.048 ± 0.002
0.045 ± 0.004
0.049 ± 0.003
0.034 ± 0.004
0.033 ± 0.002
0.035 ± 0.009

Arctic village (AV)

Tuqiang (TQ)

Amuer (AME)

Heihe (HH)

Wudalianchi (WDLC)

Wuyiling (WYL)

Xinqing (XQ)

Meixi (MX)

0.014 ± 0.001

0.019 ± 0.004

0.016 ± 0.007

0.018 ± 0.003

0.011 ± 0.002

0.011 ± 0.002

0.008 ± 0.001

0.018 ± 0.003

PGI (s)

2.987 ± 0.02

2.959 ± 0.02

2.955 ± 0.02

2.987 ± 0.09

2.980 ± 0.02

2.967 ± 0.02

2.975 ± 0.02

2.949 ± 0.03

PN

0.0093 ± 0.004

0.0072 ± 0.003

0.0090 ± 0.001

0.0131 ± 0.002

0.0153 ± 0.002

0.0145 ± 0.003

0.0156 ± 0.002

0.0134 ± 0.002

PD (s)

0.0038 ± 0.001

0.0048 ± 0.002

0.0048 ± 0.001

0.0016 ± 0.001

0.0010 ± 0.001

0.0007 ± 0.001

0.0000 ± 0.000

0.0012 ± 0.001

PI (s)

16.34 ± 0.17
16.43 ± 0.24
16.20 ± 0.16

Wuyiling (WYL)

Xinqing (XQ)

Meixi (MX)

16.34 ± 0.19
15.52 ± 0.27

Amuer (AME)

Wudalianchi (WDLC)

15.70 ± 0.34

Tuqiang (TQ)

Heihe (HH)

16.70 ± 0.24
17.10 ± 0.17

Arctic village (AV)

DF (kHz)

Location

Table 2 continued

19.84 ± 0.32

19.95 ± 0.27

19.95 ± 0.15

20.54 ± 0.11

19.70 ± 0.15

24.92 ± 0.34

27.51 ± 0.25

25.81 ± 0.16

HF(kHz)

10.71 ± 0.12

11.06 ± 0.17

11.14 ± 0.24

10.32 ± 0.15

11.79 ± 0.70

10.44 ± 0.26

9.99 ± 0.12

10.11 ± 0.11

LF (kHz)

Note: PGD: Pulse group duration; PGI: Pulse group interval; PN: Pulse number; PD: Pulse duration; PI: Pulse interval; DF:
Dominant frequency; HF: Highest frequency; LF: Lowest frequency.

PGD (s)

Location

Table 2. Time domain and frequency domain features of M. bicolor collected at different sites.
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Table 3. Analysis of variance tables for the analysis of calling song traits for male M. bicolor collected in
different sites.
PGD
PGI
PN
PD
PI
DF
HF

Mean Square

d.f.

F

Sig.

0.001
0.001
0.043
0.000
0.000
10.836
326.795

7
7
7
7
7
7
7

133.433
60.412
0.791
37.573
25.587
16.495
450.936

<0.001*
<0.001*
0.594
<0.001*
<0.001*
<0.001*
<0.001*

12.179

<0.001*

LF
8.214
7
* indicates a significant difference at the 0.05 level.

Table 4. Total variance explained.
Initial Eigenvalues
Component
1
2
3
4
5
6
7

Total
2.965
1.272
.945
.655
.539
.391
.233

% of Variance
42.362
18.172
13.504
9.354
7.698
5.588
3.322

Cumulative%
42.362
60.534
74.038
83.392
91.090
96.678
100.000

Extraction Sums of Squared Loadings
% of
Total
Variance
Cumulative%
2.965
42.362
42.362
1.272
18.172
60.534

XQ
1.466 ± 0.11
49.40 ± 0.60
11.00 ± 0.09
79.45 ± 0.17
15.23 ± 0.11
17.57 ± 0.08
19.51 ± 0.05

WSF (μm)

IT (μm)
LB (mm )
LHL (mm)

Location
LSF (mm)
NTSF
WL (mm)

Table 5 continued..

15.22 ± 0.03
17.59 ± 0.10
19.51 ± 0.04

MX
1.452 ± 0.08
49.20 ± 0.17
10.96 ± 0.09
79.41 ± 0.85

15.19 ± 0.02
17.56 ± 0.05
19.47 ± 0.08

AME
1.453 ± 0.03
48.67 ± 0.33
10.79 ± 0.12
79.77 ± 0.41

IT (μm)
15.21 ± 0.06
15.22 ± 0.01
15.21 ± 0.05
15.18 ± 0.03
LB (mm )
17.19 ± 0.05
17.56 ± 0.05
17.51 ± 0.10
17.51 ± 0.10
LHL (mm)
19.50 ± 0.01
19.45 ± 0.01
19.50 ± 0.05
19.48 ± 0.10
Note: The wing length was measured from end of the pronotum to the wing tip.

WSF (μm)

TQ
1.457 ± 0.07
48.33 ± 0.33
10.73 ± 0.02
79.15 ± 0.51

WDLC
1.457 ± 0.12
48.67 ± 0.67
10.99 ± 0.05
79.21 ± 0.13

AV
1.453 ± 0.03
48.33 ± 0.33
10.73 ± 0.08
79.81 ± 1.05

HH
1.453 ± 0.03
48.67 ± 0.33
10.91 ± 0.06
79.43 ± 0.33

Location
LSF (mm)
NTSF
WL (mm)

Table 5. Seven morphological characters of M. bicolor at different locations (n = 15).

15.20 ± 0.04
17.51 ± 0.05
19.44 ± 0.03

WYL
1.453 ± 0.05
48.33 ± 0.33
10.75 ± 0.02
79.82 ± 1.01
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Table 6. Analysis of variance tables for the analysis of morphological traits for male M. bicolor collected
from different sites.
Mean Square

d.f.

LSF
0.000
7
NTSF
0.673
7
WL
0.05
7
IT
0.001
7
WSF
0.241
7
LB
0.005
7
LHL
0.003
7
* indicates a significant difference at the 0.05 level

F

Sig.

0.398
0.748
1.961
0.398
0.703
0.852
0.338

0.893
0.635
0.112
0.892
0.670
0.559
0.927

