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Introduction

Cicadas (Hemiptera: Cicadidae) constitute a group of 
insects generally known for the loud airborne acoustic 
signals produced by males. Male cicadas produce differ-
ent types of acoustic signals, each with a particular func-
tion; the calling song is the most common with the primary 
function of female attraction and therefore plays a leading 
role in species recognition and pair formation (Cooley & 
Marshall, 2001; Boulard, 2006). As a result, the structure 
of the calling song may function as a premating isolation 
mechanism in these species, in accordance with the biolog-
ical species concept (Dobzhansky, 1937; Mayr, 1963); or 
be a part of the specific-mate recognition system (SMRS), 
according to the species recognition concept and should be 
subject to stabilizing selection and remain relatively con-
stant across the distribution range of the species (Paterson, 
1985).

In gregarious species, the calling song is also used to at-
tract conspecific males in dense aggregations, where they 
produce a chorus (Alexander, 1968). There are several 
studies on the structure of the choruses of orthopterans 
(e.g. Snedden et al., 1998; Greenfield & Snedden, 2002) 
but few on those of cicadas (e.g. Sueur & Aubin, 2002; 
Sueur, 2003). 

Tettigettalna is a genus of small sized cicadas from 
south-western Europe that occur in typical Mediterranean 
landscapes. This genus constitutes a complex of sibling 
species with very similar morphology, making most spe-

cies indistinguishable from each other, and in which the 
calling songs can be used as the main character for their 
identification. The genus has recently been revised to in-
clude nine species, which are with one exception, endemic 
to the Iberian Peninsula (Sueur et al., 2004; Puissant & 
Sueur, 2010). Tettigettalna argentata (Olivier, 1790) is 
the species with the widest distribution, occurring most-
ly on the Iberian and Italian peninsulas and in the south 
of France (D’Urso, 1995; Sueur et al., 2004; Puissant & 
Sueur, 2010), with a north-eastern distribution reaching 
southern Switzerland (Hertach, 2008) and the westernmost 
part of Slovenia (Schedl, 1986; Gogala & Gogala, 1999; 
Gogala, 2002).

Previous studies documented the occurrence of T. argen-
tata populations in sympatry with three other species of 
Tettigettalna (Boulard, 1982; Quartau & Boulard, 1995; 
Sueur et al., 2004): Tettigettalna estrellae (Boulard, 1982), 
which is restricted to the northwest of Portugal and Tettiget-
talna mariae (Quartau & Boulard, 1995) and Tettigettalna 
josei (Boulard, 1982), both restricted to the south-western 
region of the Iberian Peninsula. Similarly T. mariae and T. 
josei may also be found in sympatry in Algarve. 

A recent DNA barcode study (Nunes et al., 2014) reveals 
that T. argentata is geographically structured in two clades, 
North and South. T. mariae in frequent sympatry with T. ar-
gentata in the south, diverges very little from the southern 
clade of T. argentata and shares with it its most common 
haplotype. It is unclear whether the sharing of haplotypes 
is due to introgression or incomplete lineage sorting. Pairs 
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of four species of Tettigettalna (T. argentata, T. estrellae, 
T. mariae and T. josei). Following this analysis we select-
ed the most closely related pair of species that occur both 
in sympatry and allopatry in order to determine whether 
population divergence occurs in sympatry and better un-
derstand species recognition and reproductive isolation.

MethodS

Sampling methodology
Males of the Tettigettalna species were collected and their 

calling songs recorded during the summers of 2011 and 2012. 
Fieldwork took place mostly in the west and south of the Iberian 
Peninsula, where the selected species are known to occur (Sueur 
et al., 2004) and in order to find and sample both allopatric and 
sympatric populations. The sampling effort was most intense 
in the Algarve (south of Portugal) where the chances of finding 
populations of T. argentata in sympatry with other Tettigettalna 
species (either T. mariae or T. josei) were higher (Table 1, Fig. 
1). Males were first located by their calling songs and their songs 
recorded in the field prior to collecting them by hand or sweep 
net. Recordings of male calling songs were made using a Sony 
DAT TCD-D10 Pro II digital audiotape recorder (frequency re-
sponse 20 Hz – 22 kHz; sampling frequency 44.1 kHz) with a 
Sony F-780 dynamic microphone (50 Hz – 18 kHz), or a Marantz 
PMD 661 Portable SD Recorder (frequency response 20 Hz – 
24 kHz; sampling frequency 96 kHz) with a Telinga Microphone 
– PRO7, DATmic Twin Science microphone (60 Hz – 18 kHz). 
Ambient temperature was measured in the shade at the time and 
place of each recording. Male calling songs were recorded with 
temperature within the range of 24°C to 39°C.

of closely related cicadas occurring either in sympatry or 
allopatry provide important case studies for investigating 
the microevolutionary processes involved in speciation 
and recognition (Marshall & Cooley, 2000; Quartau & 
Simões, 2006; Seabra et al., 2006). When the distribution 
of two closely related species overlaps, a divergence in 
the sympatric populations can be expected. This charac-
ter displacement may reinforce the isolation mechanism 
and thus reduce the possibilities of hetero-specific mating 
(reproductive character displacement; Dobzhansky, 1937); 
reduce interspecific exploitative competition for resources 
(ecological character displacement; Adams & Rohlf, 2000) 
or even reduce interspecific interference competition (ago-
nistic character displacement, Grether et al., 2009). Pat-
erson (1985) on the other hand argued that reinforcement 
does not occur, since in his Species Recognition Concept 
species are seen as “that most inclusive population of in-
dividual biparental organisms which share a common fer-
tilization system” (or Specific-Mate Recognition System – 
SMRS). According to this author, if two populations show 
heterozygote disadvantage but share a common SMRS, 
natural selection will act to eliminate the cause of hybrid 
disadvantage and consequently these two populations can-
not coexist and reproductive character displacement is not 
expected.

Tettigettalna species are an ideal model to study the 
above mentioned microevolutionary processes. Hence, we 
analyzed the variation in acoustic signals and morphology 

Table 1. Allopatric and sympatric populations of the four species of Tettigettalna sampled with the number of specimens recorded/
captured at each location. Grey cells – allopatric populations; white cells – sympatric populations of the four species of Tettigettalna. 
* – localities with a triple sympatry (T. argentata, T. mariae and T. josei).

Sympatric
with

Collected specimens (recorded/captured)
T. argentata T. mariae T. estrellae T. josei

T. argentata

Ayamonte (0/1)
Cartaya (1/0)

Castelo de Vide (6/6)
Espiel (1/6)
Évora (1/0)
Huelva (1/0)

Monforte da Beira (3/0)
Portel (13/10)

Serra d’Aire (4/4)
Sesimbra (13/11)

Vale de Água (8/6)
Verdelhos (2/0)

Villablanca (1/6)

Quinta do Lago (10/11) *
Vale Verde (2/0)

Braga (10/15)
Serra da Estrela (4/1)

Moncarapacho (3/3)
Quinta do Lago (6/11) *
São Brás de Alportel (1)

Vila do Bispo (0/1)

T. mariae
Quinta do Lago (14/11) *

Vale do Lobo (1/0)
Vale Verde (1/0)

Cartaya (6/1)
Corgo da Zorra (4/1)

Huelva (3/0)
Vale do Lobo (11/6)
Vale Judeu (14/10)

T. estrellae Braga (5/3)
Serra da Estrela (4/1) Baião (5/8)

T. josei

Moncarapacho (1/1)
São Bartolomeu de Messines (9/9)

São Brás de Alportel (1/0)
Vila do Bispo (1/1)

Bugens (0/3)
Castro Marim (2/6)

Lagoa (11/12)
Tavira (0/1)

Vale Judeu (10/9)
Total 91/76 50/29 19/24 33/47
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The distribution status (sympatry or allopatry) of each popula-
tion was determined acoustically. A population of a species was 
considered allopatric with another species when no other Tet-
tigettalna species could be heard calling in their surroundings 

and sympatric, when more than one species could be heard at the 
same location. GPS coordinates of all sampling sites were regis-
tered with a Garmin Oregon 550t.

Acoustic recordings and specimens are deposited in the general 
data bank on insect data at the Department of Animal Biology in 
the Faculty of Sciences, University of Lisbon (FCUL).

Acoustic analysis
Acoustic recordings were analyzed with Avisoft-SASLab Pro 

software (Specht, 2012) with a sampling rate of 44.1 kHz and a 
resolution of 16 bits. Spectra were computed using FFT with a 
resolution of 512 points and a Hamming Window. Both time and 
frequency domains were analyzed. The time variables considered 
in the analyses were: number (A) and duration (B) of echemes, 
and duration of the inter-echeme interval (C). Echeme periods 
(D) and echeme/interval ratio (E) were then calculated. Spec-
trum-based variables analyzed were: peak frequency (F), mini-
mum frequency (G), maximum frequency (H), band widths (I) 
and quartiles (J–M) (see Pinto-Juma et al., 2005 for description 
of variables). Letters within brackets correspond to the variable 
code assigned to the respective variable.

For each specimen and whenever possible at least 30 s of the 
calling song were analyzed. All frequency measurements were 
calculated from the mean spectrum of each echeme. Time and 

Fig. 1. A – Map of the south-western part of the Iberian Penin-
sula showing the locations of the allopatric and sympatric popu-
lations of the four species of Tettigettalna sampled. B – More 
detailed map of the area marked by the rectangle in A. Letters: 
allopatric populations of: a – T. argentata; e – T. estrellae; j – 
T. josei and m – T. mariae. Symbols: Sympatric populations of: 
circle – T. argentata and T. estrellae; square – T. argentata and T. 
josei; triangle: T. argentata and T. mariae and cross: T. argentata, 
T. mariae and T. josei. Map produced by the program DIVA_GIS 
(LizardTechSeattle, USA) using the spatial data provided by this 
program.

Table 2. List and description of the 22 traits of the external morphology of the four species of Tettigettalna measured for the mor-
phometric analysis along with their codes and abbreviations (Abbrev.).

Body
region

Variable 
code Abbrev. Description

Head and 
thorax

1
2
3
4
5
6
7
9

BL
HL
PL
ML
HW
ID

OOD
CL

Body length measured from tip of the head to the end of the wings in resting position
Front length measured along the dorsal median line
Pronotum length measured along the dorsal median line
Mesonotum length measured along the dorsal median line
Head width measured between exterior eye margins
Smaller inter-ocular distance
Greatest distance between the two dorsal ocelli
Postclypeus length measured along the median line

Abdomen

8
12
13
22

TTD
OW
TL

nTR

Distance between the two tymbals in dorsal view
Operculum width in ventrolateral view
Tymbal length
Number of tymbal ribs

Legs 10
11

FL
fFL

Femur length measured along the median line
Maximum length of the femur’s 1st thorn

Wings

14
15
16
17
18
19
20
21

aWL
aWW
BCL
RCL
PCL

M+Cu1 L
pWL
pWW

Forewing length measured from base of the forewing articulation to the  tip of wing
Maximum forewing width
Maximum length of the forewing basal cell
Maximum length of the forewing radial cell
Maximum length of the forewing poscostal cell
Maximum length of the common branch between the media and the 1st  cubitus cell of the forewing
Hind wing length measured from the articulation to tip of the wing
Maximum hind wing width
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frequency measurements were averaged and the mean was taken 
as the value of the variable for each specimen.

Morphometric analysis
Morphometric analyses of dry pinned specimens were per-

formed under a Wild Heerbrugg binocular microscope fitted with 
an ocular micrometer (10×). A total of 22 traits of external mor-
phological structures of the head and thorax including wings, legs 
and tymbals as shown in Fig. 2 were measured and are described 
in Table 2. Except for damaged specimens all measurements were 
made on the right side of each specimen. The measurements con-
sisted of two independent series. In each series, all traits were 
measured once for each specimen. The values for each trait for 
a specimen were averaged between the two series, and the mean 
was taken as the value of the trait variable for the specimen.

Statistical analysis 
Statistical tests were performed using STATISTICA 11.0 

(StatSoft, Tulsa, USA). The acoustic and morphometric analysis 
generated two data matrices of 13 and 22 variables, respectively. 
These matrices were separately analyzed using several statistical 
procedures. Descriptive statistics of each acoustic and morpho-
metric variable for each species was calculated. A normality test 
revealed that variables in both matrices were not normally dis-
tributed and as such, comparative statistics were performed using 
nonparametric tests.

A Spearman nonparametric correlation between ambient tem-
perature and each acoustic variable were calculated for each spe-
cies. No correlation was found, and as such no data correction 
was necessary.

Nonparametric Kruskal-Wallis (KW) test were used to com-
pare each acoustic and morphometric variable between species. 
In order to reduce the variables to a small number of components, 
as well as to assess the correlation between the variables and 
those components (component loadings) a multivariate Principal 
Component Analysis (PCA) was applied to the correlation matrix 
of the 13 acoustic variables as well as to the correlation matrix 
of 22 morphometric variables. The Kaiser criterion was used to 
determine the components with eigenvalues greater than one. 
Kruskal-Wallis tests were then used to compare the component 
scores obtained for the individuals between species. These analy-
ses allowed the identification of the pairs of species that were 
more closely related, which were then analyzed at the population 
level. The Mann-Whitney (MW) test was used to compare the 
morphometric and acoustic variables between sympatric and al-
lopatric populations of each species.

The significance of all multiple tests was assessed by reduc-
ing the critical P value according to the Dunn-Sidák method 
(Dytham, 2011), from 0.05 to 1– (0.95)1/k, where k is the number 
of tests performed.

Results

Fieldwork during the summers of 2011 and 2012 resulted 
in a total of 193 acoustic recordings and the capture of 176 
specimens that were used in the morphometric analysis 
(Table 1). We sampled T. argentata at 22 locations, mostly 
in the west of the Iberian Peninsula. This species occurred 

Fig. 2. The traits of external morphology of specimens of Tettigettalna measured. A – dorsal view; B – ventral view of the head; C – 
anterior femur;  D – operculum; E – tymbal; F – anterior wing; G – posterior wing. (See Table 2 for detailed description).
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frequently in sympatry with T. mariae and T. josei in the 
Algarve and rarely with T. estrellae (Fig. 1A, B).
Interspecific acoustic analysis 

Descriptive statistics of the acoustic variables analyzed 
for all four species studied are shown in Table 3. In relation 
to the time domain and except for the echeme/inter-echeme 
interval, all variables were significantly different between 
T. argentata and T. mariae (Table 4; KW, p < 0.0042). 
However, with the exception of the number of echemes/s, 
there is an overlap between the minimum and maximum 
values in all the time domain variables of these species 
(Table 3). Tettigettalna josei is statistically significantly 
different from the remaining three species (Table 3 and 4). 
Tettigettalna estrellae has the lowest number of echemes/s 
and longest duration of echemes, inter-echeme interval and 
echeme period. Nonetheless, values of these four variables 
for T. estrellae are statistically similar to those of T. mari-
ae. The values of all the time variables of T. estrellae and T. 
argentata are statistically significantly different (Table 4).

In the frequency domain, T. josei is significantly differ-
ent from the other species in all but three variables (Ta-
ble 4; KW, p < 0.0042). All the variables of the frequency 
domain of Tettigettalna argentata and T. mariae are very 
similar (Table 4; KW, p > 0.0042), but the average values 
for T. argentata are in general slightly higher than those 
of T. mariae (Table 3). Tettigettalna estrellae is similar to 
these two species, only differing significantly in three vari-
ables (Table 4; KW, p < 0.0042).

Interspecific differences in acoustic variables were not 
significantly correlated with the temperature at which they 

were recorded for any of the species studied (Spearman 
Correlation Rank with Dunn-Sidák correction of the P 
value = 0.0039).

The percentage of variation explained by the three ex-
tracted principal components was 90.84% (Supplementary 
Table, ST1). A complete separation between the four spe-
cies is not evident (Fig. 3). The most detached species is 
T. josei with specimens homogeneously grouping in the 
1st quadrant. Tettigettalna estrellae occupies mainly the 
3rd quadrant of the scatter plot, while T. argentata and T. 
mariae group together in the 2nd quadrant. Therefore, the 
latter two species constitute a more homogeneous group 
with many specimens difficult to distinguish from each 
other (Fig. 3). KW nonparametric analysis shows that there 
are no differences between them in any of the three compo-
nents extracted (KW, p > 0.0042).
Interspecific morphometric analysis

The descriptive statistics of the morphometric traits 
measured is shown in Table 5. Due to its smaller size, T. 
josei is the most dissimilar species (Table 4 and 5) and the 
only one that can be separated based on morphology alone. 
Tettigettalna argentata and T. mariae did not differ signifi-
cantly in any of these morphometric traits (Table 4; KW, 
p > 0.0042). However, T. mariae specimens were in gener-
al larger than T. argentata. Tettigettalna estrellae is similar 
to these two species only differing significantly from each 
of them in two morphometric traits (Table 4).

The percentage of variation explained by the two extract-
ed principal components was 74.27% (ST2). As expected 
the most different species is T. josei, which is on the left 

Table 3. Descriptive statistics of the acoustic variables analyzed for the four species of Tettigettalna. Time is in seconds and fre-
quency in kHz. N – number of specimens of each species recorded; Min–Max – minimum–maximum range; SD – standard deviation. 

Var. 
code Variable name

T. argentata (N = 91) T. mariae (N = 50) T. estrellae (N = 19) T. josei (N = 33)
Mean ± SD Min–Max Mean ± SD Min–Max Mean ± SD Min–Max Mean ± SD Min–Max

A No. of echemes/s 12.829 ± 1.485 9.797–16.976 3.827 ± 1.565 1.863–8.980 5.903 ± 2.848 0.361–8.333 45.156 ± 3.66736.732–51.094
B Echeme duration 0.016 ± 0.005 0.007–0.030 0.058 ± 0.023 0.020–0.112 3.461 ± 1.370 0.699–4.861 0.007 ± 0.002 0.005–0.013
C Inter-echeme interval 0.071 ± 0.013 0.041–0.097 0.263 ± 0.094 0.089–0.528 4.838 ± 2.018 0.600–6.815 0.023 ± 0.007 0.017–0.050
D Echeme period 0.086 ± 0.012 0.063–0.116 0.321 ± 0.111 0.114–0.572 8.300 ± 3.369 1.284–11.676 0.030 ± 0.007 0.022–0.056

E Echeme/inter-echeme 
interval ratio 0.246 ± 0.123 0.122–0.720 0.245 ±  0.080 0.084–0.466 1.106 ± 0.921 0.566–3.759 0.330 ± 0.092 0.134–0.613

F Peak frequency 11.78 ± 2.16 6.62–14.01 11.55 ± 1.97 6.52–13.73 12.82 ± 0.91 10.56–14.13 15.82 ± 0.25 14.76–16.17
G Minimum frequency 5.66 ± 0.69 4.80–6.93 5.48 ± 0.60 4.30–7.74 6.77 ± 0.99 4.80–8.62 8.60 ± 1.04 5.45–9.77
H Maximum frequency 16.73 ± 0.84 14.45–18.05 16.69 ± 0.56 14.84–17.74 16.47 ± 0.40 15.63–17.42 19.29 ± 1.10 18.02–22.73
I Bandwidth 11.04 ± 0.87 9.48–13.14 1.117 ±  0.70 9.25–12.86 9.68 ± 0.96 8.45–12.52 10.69 ± 1.84 8.91–16.03
J 25%Quartile 9.34 ± 1.30 6.84–11.67 9.33 ± 1.25 6.81–11.01 10.42 ± 1.06 8.48–12.36 12.74 ± 0.56 11.26–13.54
K 50% Quartile 11.93 ± 1.06 9.57–13.51 11.92 ± 0.73 10.05–13.20 12.43 ± 0.80 10.77–13.78 15.19 ± 0.37 13.95–16.05
L 75% Quartile 13.68 ± 0.82 11.55–14.91 13.64 ± 0.66 11.79–16.41 13.65 ± 0.55 12.66–14.87 16.60 ± 0.59 15.91–18.29
M 75%–25% Quartile 4.34 ± 0.84 2.67–6.51 4.31 ± 1.22 2.65–9.60 3.23 ± 0.65 2.47–4.87 3.86 ± 0.87 2.78–6.25

Table 4. Acoustic (upper diagonal) and morphometric traits (lower diagonal) with statistical differences between each pair of spe-
cies, based on a Kruskal-Wallis test (Critical P value = 0.0042). Each number corresponds to a morphometric trait as shown in Table 2 
and each letter corresponds to an acoustic variable as shown in Table 3.

  T. argentata T. mariae T. estrellae T. josei
T. argentata ABCD ABCDEGIM ABCDEFGHJKL
T. mariae – EGIM ABCDFGHIJKL
T. estrellae 9; 17 7; 11 ABCDEFHJKL
T. josei 1–11; 13–19; 21–22 1–11; 13–19; 21–22 1–6; 8; 9; 11; 13–19; 21–22
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side of the scatter plot (Fig. 4), mostly due to its small size, 
while the remaining species overlap on the right side. KW 
nonparametric analysis revealed a significant difference 
between T. josei and all the other species in the 1st compo-
nent (p < 0.0042).

The analysis of the interspecific variation in the acoustic 
and morphometric variables show that the closest pair of 
species is T. argentata and T. mariae. As they frequently 
occur in sympatry in the south of Portugal and are geneti-
cally similar (Nunes et al., 2014) they were further investi-
gated at the population level.

Allopatric and sympatric populations of T. argentata 
and T. mariae

The analysis of allopatric and sympatric populations of 
T. argentata and T. mariae was performed on a subset of 
the populations sampled in the Algarve, since the distribu-
tion of T. mariae is limited to this region. For the acous-
tic analysis 69 recordings of their calling songs (28 T. ar-
gentata and 41 T. mariae) were analyzed and 50 captured 
specimens (22 T. argentata and 28 T. mariae) were used for 
the morphometric analysis.

Acoustic analysis of the calling songs of individuals in 
sympatric populations of T. argentata revealed that they 
have fewer echemes/s, shorter inter-echeme intervals and 
echeme periods and longer echeme durations and echeme/

Fig. 3. Scatter plot of the 193 specimens of Tettigettalna in the 
first two PCA components extracted from a correlation matrix 
composed of 13 acoustic variables. See ST1 in Supplementary 
Tables for details of the Eigen analysis and factor loadings.

Table 5. Descriptive statistics (mean ± standard deviation) of the morphometric traits of the four species of Tettigettalna species. 
N – number of specimens of each species measured. #/## Traits for which measurements of one/two specimens less then indicated (N) 
were included in the analysis.

Body region Variable T. argentata 
(N = 76)

T. mariae
(N = 29)

T. estrellae
(N = 24)

T. josei
(N = 47)

Head and thorax

BL (mm)
HL (mm)
PL (mm)
ML (mm)
HW (mm)
ID (mm)

OOD (mm)
CL (mm)

23.33 ± 1.54 
1.32 ± 0.17 
2.40 ± 0.18 
4.16 ± 0.62 
5.24 ± 0.29 
2.72 ± 0.22 
1.29 ± 0.11 
2.16 ± 0.15 

24.30 ± 0.97 
1.37 ± 0.18 
2.44 ± 0.12 
4.16 ± 0.32 
5.37 ± 0.20 
2.79 ± 0.13 
1.33 ± 0.08 
2.26 ± 0.10 

23.73 ± 1.16 
1.37 ± 0.12 
2.52 ± 0.10 
4.05 ± 0.21 
5.24 ± 0.21 
2.71 ± 0.12 
1.23 ± 0.06 
2.10 ± 0.16 

19.09 ± 0.61 
1.18 ± 0.15 
1.95 ± 0.11 
3.24 ± 0.23 
4.51 ± 0.17 
2.30 ± 0.09 
1.16 ± 0.11 
1.91 ± 0.11 

Abdomen

TTD (mm)
OW (mm)
TL (mm)
nTR (n)

1.82 ± 0.15# 
2.60 ± 0.38 
2.52 ± 0.16# 
4.95 ± 0.22##

1.95 ± 0.16
2.66 ± 0.40
2.63 ± 0.11 
5.03 ± 0.27

2.02 ± 0.17 
2.40 ± 0.30 
2.44 ± 0.11 
4.98 ± 0.10

1.41 ±0.11 
2.24 ± 0.25
1.96 ± 0.07
4.96 ± 0.23

Legs FL (mm)
fTL (n)

2.69 ± 0.18 
0.72 ± 0.11 

2.73 ± 0.13 
0.72 ± 0.10

2.76 ± 0.11 
0.78 ± 0.10 

2.12 ± 0.09#

0.53 ± 0.07 

Wings

aWL (mm)
aWW (mm)
BCL (mm)
RCL (mm)
PCL (mm)

M+Cu1 L (mm)
pWL (mm)
pWW (mm)

19.37 ± 1.38 
7.28 ± 0.51 
1.71 ± 0.16 
7.13 ± 0.46 
6.50 ± 0.48# 
0.99 ± 0.28 
10.93 ± 0.70 
5.87 ± 0.62 

19.98 ± 0.80
7.38 ± 0.43
1.80 ± 0.15
7.26 ± 0.27 
6.78 ± 0.42 
0.96 ± 0.28 
11.26 ± 0.48
5.83 ± 0.54

19.52 ± 0.80 
7.51 ± 0.37 
1.89 ± 0.13 
7.15 ± 0.44 
6.88 ± 0.46 
0.94 ± 0.33 
11.26 ± 0.60
5.69 ± 0.37 

15.62 ± 0.59
6.20 ± 0.50 
1.51 ± 0.14 
5.87 ± 0.23 
5.43 ± 0.31 
0.73 ± 0.16 
8.84 ± 0.35 
4.62 ± 0.27 

Fig. 4. Scatter plot of the 176 specimens of Tettigettalna in the 
two PCA components extracted from a correlation matrix com-
posed of 22 morphometric traits. See ST2 for details of the Eigen 
analysis and factor loadings.
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inter-echeme intervals than their allopatric conspecifics. In 
all but one variable these differences were significant (Fig. 
5A; MW, p < 0.0039). In respect to the frequency domain 
there is a decrease in all variables other than the 75% Quar-
tile – 25% Quartile average frequency, which is lower in 
the sympatric populations. Once again, and with the excep-
tion of the band width, all differences were significant (Fig. 
5A; MW, p < 0.0039).

In contrast, no significant differences were found in the 
time variables of T. mariae populations (MW, p > 0.0039) 
even though there are fewer echemes/s, shorter inter-
echeme intervals and longer echeme durations, echeme pe-
riods and echeme/inter-echeme interval ratio in the record-
ing for sympatric populations. However, in the frequency 

domain, sympatric populations of T. mariae have lower 
frequency values in all variables except for the increase 
in the 75% Quartile – 25% Quartile average frequency. 
Among these differences only the peak and minimum fre-
quency; the 25% and 75% quartile and the 75% Quartile 
– 25% Quartile are statistically different (Fig. 5B; MW, 
p < 0.0039). 

When only sympatric populations were analyzed, only 
the values for echeme duration and inter-echeme interval 
overlapped.

A total of three components where extracted by PCA, 
which account for 86.91% of the variation (ST3). The two 
species are separated by component 2, with T. mariae dis-
tributed above T. argentata in the scatter plot (Fig. 6). KW 

Fig. 5. Box plot of the acoustic variables that differed statistically (Mann-Whitney, p < 0.0039) between allopatric (Allo) and sympa-
tric (Sym) populations of A – Tettigettalna argentata and B – Tettigettalna mariae. Time is in seconds and frequency in kHz.
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nonparametric analysis showed that there is a significant 
difference between species in the scores of component 
2 (KW, p < 0.0042) and no difference between allopat-
ric and sympatric populations of the same species (KW, 
p > 0.0042). Conversely, the sympatric populations of both 
species are distributed on the right side of the scatter plot, 
therefore separate from the allopatric populations sepa-
rated by component 1. Since component 1 is negatively 
correlated with most frequency variables (ST3), this dis-
tribution means that, in general, sympatric populations of 
both species have lower frequencies. KW analysis showed 
that the scores of component 1 differ between populations 
(p < 0.0042) but not between species (p > 0.0042).

The morphometric analysis revealed that populations of 
both species differ significantly. Specimens of Tettigettalna 
argentata differ in more morphometric traits, namely, BL; 
ML; ID, OW; TL; FL; aWW; aWL; RCL; pWW and pWL 
(Fig. 7A; MW, p < 0.0023). The values of all these traits 
are higher in the sympatric populations, indicating that in-
dividuals in these populations are generally larger and on 
average 2.89 mm bigger than their allopatric conspecifics.

The sympatric populations of T. mariae also have higher 
values for several morphometric traits. However, differ-
ences between the populations of this species are smaller 
than those of T. argentata, with only four significantly 
different traits, ML; OW; pWW and PCL (Fig. 7B; MW, 
p < 0.0023). 

A total of three components were extracted by the PCA, 
which account for 67.41% of the variation (ST4). The scat-
ter plot of the first two principal components (Fig. 8) did 
not separate the species, but reveals that the allopatric and 
sympatric populations differ. The sympatric populations 
are in a grouping below and to the right of the allopatric 
populations, indicating that individuals in sympatric popu-
lations are generally larger. The KW nonparametric test 
revealed significant differences between sympatric and al-
lopatric populations of T. argentata in terms of component 
1 (KW, p < 0.0042). Component 2 also revealed significant 

differences between the allopatric populations of T. mariae 
and the sympatric populations of both species and also 
between the sympatric populations of T. argentata and al-
lopatric populations of T. mariae (KW, p < 0.0042).

Discussion

The calling songs of the four Tettigettalna species ana-
lysed, can in general be distinguished by the human ear and 
so far are the best diagnostic character for identifying and 
distinguishing these species in the field. The interspecific 
analysis of these songs seems to indicate that time varia-
bles are species-specific and our results agree with those of 
previous studies (e.g. Boulard & Quartau, 1991; Fonseca, 
1991; Quartau et al., 1999). Both T. josei and T. estrellae 
can be unmistakably identified by their calling songs: that 
of T. estrellae is composed of long elements while that of 
T. josei of long phrases. Our results for T. argentata differ 
slightly from those reported in Quartau et al. (1999): the 
upper limit of the frequency range in our dataset is 17 kHz 
instead of 15 kHz. For T. mariae, our results are dissimilar 
from those previously reported. In the frequency domain, 
Fonseca (1991) indicates that T. mariae has a broad spec-
trum with maximum energy around 13.5–14 kHz, while 
our results indicate a maximum energy between 7–14 kHz. 
The difference is not large and probably reflects the greater 
intraspecific variation expected from our larger sample 
size. 

The results of the morphometric analysis are in gen-
eral agreement with those of previous studies (e.g. Bou-
lard, 1982; Boulard & Quartau, 1991; Quartau & Boulard, 
1995). However, they showed low interspecific variability 
and did not allow a complete separation of all the species 
studied. 

Except for T. josei, which is easily distinguished by 
its smaller size, the other three species are morphologi-
cally very similar. No single or set of morphometric traits 
analyzed proved suitable for identifying the three larger 
species. It is possible that the incorporation of geomet-
ric morphometry in the analysis (e.g. Yee et al., 2009) or 
the analysis of ratios (Baur & Leuenberger, 2011) may be 
more informative.

The interspecific analysis revealed that the closest pair of 
species is T. argentata and T. mariae. The time domains of 
the songs of T. mariae and T. argentata differ significantly 
and in general distinctly differ to the human ear. 

However, there is an overlap between the maximum and 
minimum values of all variables except for the number of 
echemes/s, with values between 10–17 for T. argentata and 
2–9 for T. mariae. Therefore, specimens of T. argentata 
with values at the lower limit of its range could be mis-
takenly identified in the field as T. mariae and vice-versa. 
However, when only the sympatric populations of each 
species are compared, overlap occurs only in the echeme 
duration and echeme/inter-echeme interval. Therefore the 
structure of the time domain of the calling song of these 
two species may be sufficiently different to allow females 
to recognize conspecific males, both in allopatry and sym-
patry. However, it is still uncertain and important to per-

Fig. 6. Scatter plot of the 69 Tettigettalna argentata and Tet-
tigettalna mariae occurring allopatrically (Allo) and sympatri-
cally (Sym) in the first two PCA components extracted from a 
correlation matrix composed of 13 acoustic variables. See ST3 
for details of the Eigen analysis and factor loadings.
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form playback experiments with both species and analyse 
how females respond to conspecific and allospecific males, 
as well as carrying out a more detailed search for critical 
acoustic parameters and tests on the thresholds of the re-
sponses of females and males to conspecific and allospe-
cific calls.

In contrast, the differences found in the frequency do-
main in allopatric and sympatric populations of both T. 
argentata and T. mariae are intriguing. When the distribu-
tions of two closely related species overlap, a divergence 
would be expected in sympatric populations (character 
displacement) (Dobzhansky, 1937), which would decrease 
competition or reduce hybridization (Wasserman et al., 
1977). However, this does not seem to be the case. The 
divergence between allopatric and sympatric populations 
of the same species does not correspond to a greater diver-
gence between sympatric populations of the two species, 
which is contrary to what is expected in species undergo-
ing character displacement.

As already referred to, cicadas are often gregarious (e.g. 
Sueur, 2002; Quartau & Simões, 2003) and their calling 

signals have the dual role of attracting females at long 
range and attracting conspecific males, which aggregate 
and produce choruses (Alexander, 1968). Previous studies 
on Tibicina haematodes (Scopoli, 1763) have shown that 
males of this species respond to the call of other conspe-
cific males (Sueur & Aubin 2002). Males stop responding 
when the signal is shifted down or up by 2000 Hz and no 
response is observed when the sound broadcast is com-
pletely outside the limits of their own frequency produc-
tion. However, males respond to the song of an allospecific 
with a completely distinct temporal pattern but produced 
at frequencies matching those of T. haematodes (Sueur & 
Aubin, 2002). Since there is the potential of acoustic inter-
ference in multispecies populations (Sueur & Aubin 2002; 
Sueur, 2003), this suggests that males of T. mariae and T. 
argentata, producing similar frequencies, might also re-
spond to one another and misidentify allospecific males as 
competitors. 

In dense aggregations, calling individuals tend to either 
alternate or synchronize their calling signals with neigh-
bouring males. The cause of this signalling interaction 

Fig. 7. Box plot of the morphometric traits that differed statistically (Mann-Whitney, p < 0.0039) between allopatric (Allo) and sym-
patric (Sym) populations of A – Tettigettalna argentata and B – Tettigettalna mariae. All measurements are in millimetres. See Table 2 
for description of the morphometric traits.
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between males is not fully understood, but is either coop-
eration or the outcome of competing males jamming each 
other’s signal (Greenfield, 1994a, b). During the fieldwork 
at sympatric locations, we observed that males of both spe-
cies tended to have a patchy distribution, with groups of 
5 to 15 males singing in chorus with their conspecifics. 
Males singing in high pine trees tended to be static, singing 
for hours at the same calling site, whereas males singing in 
shrubs or small trees (< 3 m high) moved more often. As a 
result the same trees were often used by males of both spe-
cies but only occasionally were they found in syntopy and 
singing simultaneously on the same tree.

Under these conditions, where competition for acoustic 
space is fierce, it may be advantageous to produce lower 
frequency songs since sound propagation in air is frequen-
cy-dependent, with greater attenuation of high frequencies 
(Naguib & Wiley, 2001). This could explain the downshift 
in frequency recorded for males in sympatric populations 
of both T. argentata and T. mariae.

We also found that the body size in sympatric popula-
tions of both T. argentata and T. mariae was larger. The 
reason for this difference is unclear, but it may also be re-
lated to interspecific male-male competition. Aggressive 
behaviour between males has not yet been described for 
this genus and there are only a few such reports for spe-
cies of cicada. Cocroft & Pogue (1996) describes rivalry 
behaviour between the males of the cicada Fidicina man-
nifera. When the distance between neighbouring males de-
creases, males switch from songs to calls (rivalry signal). 
Bouts of calls of two males, which are apparently involved 
in a dispute over a calling site, are usually followed by the 
males walking parallel to one another. Similar behaviour 
is reported by Sueur (2003) between conspecific males in 
three species of Tibicina. When a silent and mobile male, 
approaches a singing static male, one or both males pro-
duce a jerking song (direct acoustic aggression). If this 
interaction does not result in one of the male’s withdraw-
ing, then the insects may escalate the interaction by making 

body contact and engaging in rapid grappling and kicking 
movements. 

In both reports, competition between males seems to be 
primarily resolved by the rivals singing in opposition rather 
than by direct physical aggression; however they resort to 
the latter if the former is insufficient. In these situations the 
bigger individual may be at an advantage since it is more 
likely that large males will be able to maintain a dominant 
status [see Serrano-Meneses et al. (2007) for an example 
with damselflies and Alcock (1995, 1996) with bees]. This 
behaviour seems to be related to territory protection as it is 
more likely to occur in places where the density of males is 
high, as was the case at the locations with sympatry sam-
pled in this study. In high density populations, T. argentata 
and T. mariae males may not recognise each other as al-
lospecifics, which may account for their larger body size 
as a by-product of intra- and interspecific male-male com-
petition. On the other hand, as there is a negative correla-
tion between body length and the dominant song frequency 
(Bennet-Clark & Young, 1994), it is unclear if the decrease 
in frequency is a by-product of the larger body size (e.g. 
Podos, 2001), or, vice versa (Jang et al., 2009). Either way, 
the shifts in frequency and body size in T. argentata and T. 
mariae may not give them a competitive advantage when 
both species “choose” the same strategy.

Finally, our results support the idea that the structure of 
the time domain of the calling song of the species stud-
ied seems to be sufficiently different for the recognition of 
conspecific males and account for reproductive isolation, 
both in allopatry and sympatry. Whether females perceive 
the acoustic signals in the same way as males remains to 
be determined.
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Supplement 1. Eigen analysis and Factor loadings of a principal 
component analysis (PCA) of a correlation matrix of 13 acoustic 
variables of 193 specimens of Tettigettalna. Numbers in bold cor-
respond to absolute loading values equal to or greater than 0.6.

PCA 1 PCA 2 PCA 3
Eigen analysis

Eigenvalues 6.026 4.261 1.522
Total variance (%) 46.35 32.78 11.71
Cumulative variance (%) 46.35 79.13 90.84

Component loading per variable

No. of echemes/s 0.852 0.218 0.023
Echeme duration (s) –0.244 –0.924 0.248
Inter-echeme interval (s) –0.364 –0.834 0.270
Echeme period (s) –0.308 –0.909 0.266
Echeme/inter-echeme interval ratio –0.192 –0.887 0.254
Peak frequency (Hz) 0.879 –0.266 –0.032
Minimum frequency (Hz) 0.858 –0.384 –0.156
Maximum frequency (Hz) 0.829 0.145 0.493
Band width (Hz) –0.104 0.601 0.706
25% Quartile (Hz) 0.923 –0.319 –0.095
50% Quartile (Hz) 0.962 –0.168 0.117
75% Quartile (Hz) 0.922 0.010 0.323
75% Quartile – 25% Quartile (Hz) –0.378 0.566 0.598

Supplement 2. Eigen analysis and Factor loadings of a principal 
component analysis (PCA) of a correlation matrix of 22 morpho-
metric variables of 176 specimens of Tettigettalna. Numbers in 
bold correspond to absolute loading values equal to or greater 
than 0.6.

PCA 1 PCA 2
Eigen analysis

Eigenvalues 14.40 1.94
Total variance (%) 65.44 8.84
Cumulative variance (%) 65.44 74.27

Component loading per variable

BL 0.979 –0.071
HL 0.405 0.533
ML 0.784 –0.344
HW 0.964 –0.026
ID 0.907 –0.101
aWL 0.966 –0.101
aWW 0.884 –0.079
pWL 0.963 0.041
pWW 0.867 –0.286
RCL 0.956 –0.084
PCL 0.860 0.331
OW 0.574 –0.683
OOD 0.664 –0.201
PL 0.906 0.182
CL 0.820 –0.038
M + Cu1 L 0.391 –0.093
BCL 0.640 0.478
FL 0.948 –0.053
fTL 0.726 0.353
TTD 0.840 0.340
TL 0.947 0.022
nTR 0.059 0.536

Supplement 3. Eigen analysis and Factor loadings of a principal 
component analysis (PCA) of a correlation matrix of 13 acoustic 
variables of 69 specimens of T. mariae and T. argentata. Num-
bers in bold correspond to absolute component loadings equal to 
or greater than 0.6.

  PCA 1 PCA 2 PCA 3
Eigen analysis

Eigenvalues 5.988 3.532 1.777
Total variance (%) 46.07 27.17 13.67
Cumulative variance (%) 46.07 73.24 86.91

Component loading per variable

No. of echemes  /s 0.333 –0.865 0.149
Echeme duration (s) –0.293 0.868 –0.207
Inter-echeme interval (s) –0.501 0.824 –0.169
Echeme period (s) –0.476 0.852 –0.180
Echeme / inter-echeme interval ratio 0.646 0.115 –0.143
Peak frequency (Hz) –0.842 –0.339 –0.189
Minimum frequency (Hz) –0.824 –0.342 –0.316
Maximum frequency (Hz) –0.781 0.019 0.582
Bandwidth (Hz) –0.310 0.259 0.870
25% Quartile (Hz) –0.912 –0.338 –0.168
50% Quartile (Hz) –0.929 –0.216 0.052
75% Quartile (Hz) –0.806 –0.053 0.381
75% Quartile – 25% Quartile (Hz) 0.677 0.387 0.473
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Supplement 4. Eigen analysis and Factor loadings of a principal 
component analysis (PCA) of a correlation matrix of 22 morpho-
metric variables of 50 specimens of T. mariae and T. argentata. 
Numbers in bold correspond to absolute component loadings 
equal to or greater than 0.6.

  PCA 1 PCA 2 PCA 3
Eigen analysis

Eigenvalues 10.681 2.792 1.357
Total variance (%) 48.55 12.69 6.17
Cumulative variance (%) 48.55 61.24 67.41

Component loading per  variable

BL 0.973 0.006 0.073
HL –0.137 0.494 0.497
ML 0.862 –0.330 –0.200
HW 0.916 0.108 0.052
ID 0.767 –0.004 0.107
aWL 0.936 –0.179 –0.074
aWW 0.892 –0.113 –0.141
pWL 0.888 0.025 –0.078
pWW 0.695 –0.269 –0.033
RCL 0.919 –0.066 0.053
PCL 0.418 0.625 –0.213
OW 0.719 –0.412 0.074
OOD 0.449 –0.109 0.123
PL 0.653 0.405 0.275
CL 0.662 0.268 0.268
M + Cu1 L 0.099 0.184 0.648
BCL 0.431 0.484 –0.020
FL 0.914 –0.120 –0.049
fFL 0.119 0.678 –0.340
TTD 0.300 0.733 –0.014
TL 0.927 –0.008 –0.100
nTR –0.056 0.465 –0.503


