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Abstract 

Background: Triatoma guasayana is considered an emerging vector of Chagas disease in the Southern Cone of 
South America. The presence of a triatomine population with brachypterous individuals, in which both wings are 
reduced, has recently been reported for this species. The aim of the present study was to determine if flight‑related 
traits varied across populations, if these traits could explain differences in flight capacity across populations and if 
flight‑related traits are associated with geographic and/or climatic variation.

Methods: The study involved 66 male T. guasayana specimens from 10 triatomine populations. Digital images of 
wing, head and pronotum were used to estimate linear and geometric morphometric variables. Variations in size and 
shape were analysed using one‑way analysis of variance and canonical variate analysis (CVA), respectively. Mantel 
tests were applied to analyse the relationship between morphometric and geographic distances, and the association 
between size measurements was analysed using Pearson’s correlation. We explored covariation between size and 
shape variables using partial least square analyses (PLS). The association of geographic and climatic variables with size 
measurements was tested using linear regression analyses. We performed PLS analyses for shape measurements.

Results: Wing size differed significantly across triatomine populations. The CVA showed that wing shape of the 
brachypterous population is well discriminated from that of the other populations. The Mantel test showed a posi‑
tive and significant association between wing shape and geographic distances. The heads of the brachypterous 
population were significantly larger than those of the other populations. Similar to wing shape, the head shape of the 
brachypterous population was well discriminated from those of the other populations. Pronotum width did not show 
significant differences across populations. Geographic and climatic factors were associated with size and shape of 
both the wing and head, but not with pronotum width.

Conclusions: Most of the traits related to flight dispersal varied across populations. Wing shape and head shape 
were found to be better markers for differentiated morphological variation across populations. Head measurements 
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also varied in accordance with this condition. Geographic and climatic variables were associated with most of the 
flight‑related traits.

Keywords: Chagas disease, Head, Pronotum, Wing, Linear morphometrics, Geometric morphometrics, Wing 
dimorphism

Background
In many organisms, environmental heterogeneity and 
ecological gradients can generate phenotypic variation 
[1]. Phenotypic patterns of morphological variations 
within insect species might reflect different dispersal pat-
terns and habitat availability. Intraspecific morphometric 
analyses should focus on samples from a broad geograph-
ical range to understand variations in morphometry of 
individuals that occur in diverse environments. Addi-
tionally, to understand how environmental heterogeneity 
contributes to changes in phenotypic variation, knowl-
edge on whether some morpho-functional mechanisms 
generate this pattern of variation is desirable [2].

The subfamily Triatominae (Hemiptera: Reduviidae) 
includes hematophagous insects that act as vectors of 
Chagas disease, one of the most important parasitic dis-
eases in Latin America [3]. Currently, there are 157 living 
species [4] of triatomines, which differ in their epidemio-
logical importance and in aspects of their biology [5]. In 
recent years, several studies have reported the occurrence 
of sylvatic triatomines dispersing actively to domestic 
environments in Argentina, Brazil and Paraguay [6–8]. 
Although sylvatic species are considered to be of second-
ary epidemiological importance, they are responsible for 
maintaining the sylvatic transmission cycle of Trypano-
soma cruzi [9].

Triatoma guasayana is a sylvatic species that invades 
peridomestic and domestic habitats. It is distributed in 
the dry western Chaco region of Argentina, Bolivia and 
Paraguay. Some laboratory and field studies have shown 
that this triatomine species has vectorial capacity [8, 10–
13]. In sylvatic ecotopes, T. guasayana has been found in 
dry cacti, bromeliads and fallen dry logs, and in perido-
mestic habitats, it is associated with chicken coops, goat 
or sheep corrals, piled materials and orchard fences [14–
16]. Triatoma guasayana is traditionally considered to be 
part of the “sordida subcomplex” [17]. However, phyloge-
netic analysis indicated that T. guasayana is more closely 
related to the “rubrovaria subcomplex” than to members 
of the “sordida subcomplex” [18, 19]. According to Gorla 
and Noireau [20], T. guasayana, among other species, 
may be considered an emerging vector in the Southern 
Cone of South America.

It has been postulated that flight dispersal is the main 
mechanism of invasion, infestation and/or recoloniza-
tion of houses by adult triatomines [21, 22]. Nutritional 

and reproductive status as well as population density 
and environmental conditions are known factors that 
modulate flight dispersal in member of the Triatominae 
[23–26]. There are interspecific differences in terms of 
dispersal capacity by flight; for example, the number of 
flying individuals was found to be higher in T. guasayana 
than in T. infestans and other secondary triatomines [12]. 
Flight dispersal may vary markedly even within the same 
species. Some species present polymorphisms in wing 
length and/or in the development of the flight muscles 
that affect the active dispersal capacity [27, 28]. Wing 
polymorphism implies variation in the size of the wings 
or in their presence/absence [27]. The diversity of wing 
morphotypes is usually associated with other morpho-
logical attributes, such as head shape, thorax size and 
olfactory capacity. In Mepraia spinolai, a species with 
wing dimorphism, macropterous individuals (with nor-
mal wing size) exhibited a greater development of the 
thorax than micropterous specimens [29]. For T. gua-
sayana, the presence of a population with brachypter-
ous individuals, in which both wings are reduced, has 
recently been reported [30]. In this study, changes in the 
shape of the head according to wing characteristics were 
also determined, with macropterous individuals found to 
have a shorter head and a greater distance between eyes 
[30]. These observations in M. spinolai and T. guasayana 
suggest that the varieties of wing morphotypes imply 
a diversity of body structures. Polymorphism in flight 
muscles has been reported and includes developmental 
changes that affect dispersal capacity [31]. In some tri-
atomine species, a relationship between wing size and 
thorax development has been demonstrated. Hybrids 
between Triatoma sherlocki and Triatoma juazeirensis 
have an increased dispersal capacity that coincides with 
a wider thorax, despite having wings of intermediate size. 
A wider thorax may imply greater development of the 
wing muscles. Mepraia spinolai showed an increase in 
thorax size as a function of wing development [29].

Taking into account the existence of wing dimorphism 
in T. guasayana and that this condition determines flight 
functionality, the aim of this study was to understand: (i) 
if traits related to dispersal characteristics varied across 
populations; (ii) if size and/or shape variation of flight-
related traits could explain differences in flight capac-
ity across populations; and (iii) if flight-related traits are 
associated with geographic and/or climatic variation.
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Methods
Insects
The study involved 66 males from 10 populations of T. 
guasayana (Table  1; Fig.  1). Only males were studied 
because the sample included more males than females, 
and because other studies suggest sexual dimorphism 
([30] and J Nattero, unpublished data). For the Cocha-
bamba population, from the 16 collected males, wings 
of five individuals could be included since the remaining 

individuals had not been properly preserved. All popula-
tions included in this study were collected from perid-
omiciliary structures. All adults from the Cochabamba 
population are brachypterous, a condition first reported 
by Hernández et al. [30] (Fig. 2a). For this population, the 
dispersal capacity in the field was evaluated with light 
traps, active searching and live-bait mouse traps (also 
known as Noireau traps). Although individuals were 
captured by active searching and with Norieau traps, no 

Table 1 Geographical location, coordinates and individual number of collected Triatoma guasayana individuals at each collection site

Population Province/state Country Geographical variables Number of 
individuals

Latitude (S) Longitude (W) Altitude (m a.s.l.)

Cruz del Eje Córdoba Argentina − 30.57 − 64.81 431 5

Independencia La Rioja Argentina − 30.27 − 67.46 1029 8

Ischilín Córdoba Argentina − 30.58 − 64.37 900 4

Hickman Salta Argentina − 23.21 − 63.59 261 5

Loreto Santiago del Estero Argentina − 28.31 − 64.18 140 6

Valle Fértil San Juan Argentina − 30.67 − 67.43 879 3

San Martin La Rioja Argentina − 31.82 − 66.38 508 6

Cochabamba Cochabamba Bolivia − 18.61 − 65.15 1380 16

12 de Junio Presidente Hayes Paraguay − 22.94 − 59.88 128 7

Campo Alegre Boquerón Paraguay − 22.85 − 60.06 138 6

Total 66

Fig. 1 a Distribution area of Triatoma guasayana based on [63]. b Location of the study populations
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individuals were captured with light traps (J Espinoza, 
personal communication). A number of assays were car-
ried out in the laboratory to verify the mode of dispersal; 
only dispersal by walking was observed (J Espinoza, per-
sonal communication). Atrophy of the alar muscles in the 
thoracic box was also observed in a few inspected indi-
viduals (ML Hernández, personal communication). We 
took digital images of the dorsal view of head, pronotum 
and right wing using digital cameras (Lumix DMC-ZS7, 

Panasonic Corporation, Kadoma, Osaka, Japan; and 
Nikon S9900, Nikon Corporation, Tokyo, Japan) attached 
to a stereomicroscope (Stemi SV-11; Carl Zeiss, Wetzlar, 
Germany) at 6× magnification. All images included a ref-
erence scale.

Geographic and climatic characterization
To obtain the geographic location for each popula-
tion, we recorded latitude, longitude and altitude. The 

Fig. 2 a Specimens of macropterous (left) and brachypterous (right) Triatoma guasayana. b–e Linear measurements of the head (b) and pronotum 
(c) and landmark position for the head (d) and wing (e) in the T. guasayana populations included in this study. Head: AD, Anteocular distance; EW, 
maximum width across the eyes; MTW, maximum thorax width; PW, preocular width; WAT, width between antenniferous tubercle (WAT)
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geographical coordinates of the 10 populations were 
imported into the Google Earth Engine platform to 
extract the climatic variables for each site. We used ERA5 
(Copernicus Climate Data Store; https:// cds. clima te. 
coper nicus. eu/# !/ home) to obtain the climate data with a 
spatial resolution of 11 × 11 km. Of the 50 climate vari-
ables available, in this work we only included data from 
annual rainfall and annual mean temperature. We also 
considered the average monthly dew point temperature 
and the average monthly temperature and estimated the 
relative humidity (RH), including these data as a third 
variable to characterize climate variation. RH was calcu-
lated as [32]:

where RH indicates relative humidity, T represents 
the average monthly temperature and Td is the average 
monthly dew point temperature. We only included these 
three environmental variables because they are determi-
nants of flight dispersal in insects [33, 34].

Linear morphometry
Linear measurements of the head and pronotum were 
made using the free software package tpsDig2 version 
2.31 (http:// life. bio. sunysb. edu/ morph/). The linear 
measurements of the heads included anteocular distance 
(AD), width between antenniferous tubercles (WAT), 
preocular width (PW) and maximum width across the 
eyes (EW) (Fig.  2b). For the pronotum, we measured 
the maximum thorax width (MTW) (Fig.  2c). All linear 
measurements showed a normal distribution.

Geometric morphometry
A landmark-based approach was applied to study geo-
metric morphometrics of the heads and right forewings. 
We defined and collected five coplanar type II landmarks 
of the ventral view of the head, and eight type I land-
marks of the wings using the software package tpsdig2 
(Fig.  2d, e). We extracted data on head and wing shape 
with a generalized full Procrustes fit and a projection to 
shape tangent space [35]. We used Procrustes coordi-
nates as shape variables. Centroid size (CS; i.e. the square 
root of the sum of squared distances from each landmark 
to the centroid of the configuration) was computed as a 
measure of wing size and head. All of these steps of the 
morphometric analysis were performed using the free 
software MorphoJ version 1.07a [36].

Statistical analysis
Linear and geometric variables of the head, pronotum 
and wings were analysed separately. Variations across 
populations for the single linear measurements of the 
wing, head and pronotum were explored via one-way 

RH = 100− 5x(T − Td)

analysis of variance (ANOVA) and Tukey’s post-hoc tests 
for each variable, using the software InfoStat version 
2016 [37].

For shape measurements of the head and wings, we 
calculated Procrustes distances between pairs of popu-
lations and evaluated their significance via a non-par-
ametric test based on permutations (1000 runs), using 
MorphoJ [36]. We then performed canonical variate 
analyses (CVA) and calculated the percentage of pheno-
typic similarity between pairs of populations using the 
cross-check test of discriminant analysis [38] in InfoStat 
software [37]. The Procrustes distances were represented 
in unrooted neighbour-joining (NJ) trees using the free 
software MEGA X 10.2.6 [39]. We calculated bootstrap 
values for 1000 replications following Ascarranuz et  al. 
[40]. The relationship of geographic distances with lin-
ear and geometric morphometric measurements of head, 
pronotum and wing was analysed using Mantel tests with 
the free software PASSAGE 2 2.0.11.6 [41]. To construct 
the morphological distance matrices between popula-
tions, we used Procrustes distances for shape measure-
ments and Euclidean distances for size measurements.

The association between wing, head and pronotum size 
was explored via a Pearson’s correlation, using InfoStat 
software [37]. We analysed the covariation between wing, 
head and pronotum shape and between size and shape 
using partial least square analyses (PLS) in MorphoJ [36].

To summarize the variation and describe the environ-
mental characterization of the six geographic and cli-
matic factors (i.e. latitude, longitude, altitude, annual 
rainfall, annual mean temperature and RH), we used 
a principal component analysis (PCA) with R package 
FactorMineR 2.4 [43]. The first two principal compo-
nent (PC) scores described 95.04% of the total variance 
(59.72–35.69% for PC1 and PC2, respectively). In PC1, 
the factors with relevant coefficients (> 0.7) were latitude, 
altitude, temperature, precipitation and RH (Additional 
file 1: Table S1). In PC2, only longitude was an important 
factor (Additional file 1: Table S1). We explored the asso-
ciation between PC1 and PC2 and measurements of the 
head, wing and pronotum size across the 10 populations 
studied using a multiple linear regression analysis [43]. 
The covariation between geographic and climate vari-
ables and wing and head shape variation was explored 
using PLS.

Results
Changes in wing size across populations
Significant differences in wing size were observed 
among populations (F(9, 42) = 2.99, P = 0.008) (Fig.  3). 
Tukey’s post-hoc tests showed significant differences 
between the Loreto population and two other popula-
tions: Cochabamba, the brachypterous population, and 

https://cds.climate.copernicus.eu/#!/home
https://cds.climate.copernicus.eu/#!/home
http://life.bio.sunysb.edu/morph/
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Independencia (P < 0.05) (Fig.  3). The Loreto population 
presented a smaller wing size than the Cochabamba and 
Independencia populations, whereas the latter two had 
the largest wings of the 10 populations. The Mantel test 
showed a negative and significant association between 
wing size and geographic distances (Z = 73,661.06, 
r = − 0.05, P = 0.04), indicating that the larger the differ-
ences in wing size, the smaller the geographic distance.

Wing shape of the brachypterous population differs 
from that of the other populations
Wing shape differed among populations. The first two 
discriminant factors of CVA (CV1, CV2) explained 
68.13% of the total variation (CV1: 42.60, CV2: 25.53%). 
The brachypterous population, Cochabamba, was 
found to be well discriminated from the other popula-
tions in the space of the first discriminant factor (CV1) 
(Fig. 4a). All individuals from this population, as well as 

those of the Campo Alegre, Cruz del Eje, Ischilín and 
Valle Fértil populations, were correctly assigned (0% of 
misclassified individuals) (Additional file  1: Table  S2). 
In contrast, the San Martín population exhibited 60% 
of misclassified individuals (Additional file 1: Table S2). 
Procrustes distances between populations were signifi-
cantly different (P < 0.05) for all of the comparisons that 
included the Cruz del Eje and Cochabamba populations 
(Additional file 1: Table S3). The NJ tree based on Pro-
crustes distances is presented in Fig.  5a, which shows 
that the only bootstrap-supported clade was the one 
that included the Independencia and Cruz del Eje pop-
ulations and the Ischilín and Campo Alegre populations 
(Fig. 5a). The Mantel test showed a positive and signifi-
cant association between wing shape and geographic 
distances (Z = 2483.882, r = 0.44, P = 0.001), indicat-
ing that the smaller the differences in wing shape, the 
smaller the geographic distances. 

Fig. 3 Box plot (median and standard deviation) of wing centroid size across populations of T. guasayana. Solid horizontal line represents the 
median value; dashed horizontal line, the median value; the whiskers, the standard deviation. Different uppercase letters above boxes indicate 
statistical difference at P < 0.05 (Tukey’s post‑hoc tests)
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Head size of the brachypterous population is larger 
than that of the other populations
The ANOVAs performed for the four head linear meas-
urements showed significant differences in all cases 
(Table  2). Tukey’s post-hoc tests showed that the 
brachypterous population had the highest values for all 
four measurements, although these were significantly 
different from those of the other nine populations only 
for the anteocular distance (P < 0.05) (Table  2). In the 
Mantel test, head size showed a positive and significant 

correlation with geographic distances (Z = 83,069.24, 
r = 0.324, P = 0.001,) indicating that the smaller the dif-
ferences in head size, the smaller the geographic distance.

Head shape of the brachypterous population is different 
from that of the other populations
The first two discriminant factors accumulated 96.72% of 
the total variation (90.18 and 6.62% for the first and sec-
ond axes, respectively). The space delimited by the first 

Fig. 4 Factorial maps in the plane of the two first axes of the canonical variate analysis for shape measurements of wings and heads for populations 
of T. guasayana. a Wings, b heads
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two discriminant factors showed three well-delimited 
groups, of which one included only the Cochabamba 
population, the brachypterous population, one included 

the Independencia, San Martín and Valle Fértil popula-
tions and the third included the remaining populations 
(Fig. 4b). All individuals of the Cochabamba and Ischilín 

Fig. 5 Neighbour‑joining trees based on Procrustes distances of shape measurements for wings (a) and heads (b) for populations of T. guasayana. 
Numbers close to the nodes are 1000 replicates of bootstrap values
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populations were correctly assigned (0% of misclassi-
fied individuals) (Additional file  1: Table  S2), while The 
population from 12 de Junio exhibited the highest num-
ber of misclassified individuals (85.71%) (Additional 
file  1: Table  S2). Procrustes’ distances between popula-
tions were significantly different (P < 0.05) for all pairs of 
populations that included Cochabamba (Additional file 1: 
Table  S3). The NJ tree based on Procrustes distances is 
presented in Fig.  5b. Bootstrap values supported differ-
ent groups from different geographic areas; in particular, 
the brachypterous population was in a group that was 
separated from the rest (Fig. 5b). The Mantel test showed 
a positive and significant association between head 
shape and geographic distances (Z = 4499.254, r = 0.19, 
P = 0.005), indicating that the smaller the differences in 
head shape, the smaller the geographic distance.

Pronotum width is similar across populations
The ANOVA for the pronotum width did not show sig-
nificant differences across populations (F(9, 51) = 1.78, 
P = 0.094). The Mantel test showed a negative and 

significant correlation with geographic distances 
(Z = 71,936.392, r = −  0.147, P = 0.024), indicating 
that the larger the differences in pronotum width, the 
smaller the geographic distance.

Wing, head and pronotum measurements are associated
Pearson’s correlations showed positive and significant 
associations between wing, head and pronotum size 
measurements (Table  3). The PLS analyses showed no 
covariation between wing and head shape, wing shape 
and head size, or between wing shape and pronotum 
width (Table 3). Head shape showed significant covaria-
tion with pronotum width and wing size (Table 3).

Linear and shape measurements are associated 
with geographic and climatic variables
Multiple linear regression analysis showed that head lin-
ear measurements were significantly associated with geo-
graphic and environmental factors with both PC1 and 
PC2 coefficient (with the exception of width between 

Table 2 Mean values and analysis of variance results between populations for linear head measurements of T. guasayana 

Values in table, other than the ANOVA values, are presented as the mean ± standard error (SE). Different lowercase letters indicate values within columns are 
statistically different at P < 0.05 (Tukey’s post-hoc tests)

 The number of individuals analysed for all the measured traits are reported in Table 1

ANOVA Analysis of variance

Results Anteocular distance Width between 
antenniferous tubercles

Preocular width Maximum width across the eyes

ANOVA between 
populations

F(9.53) = 20.71, P < 0.0001 F(9.53) = 5.01, P < 0.0001 F(9.53) = 8.60, P < 0.001 F(9.53) = 5.06, P < 0.0001

Populations

12 de Junio 1.82 ± 0.06a 0.71 ± 0.03a,b 0.88 ± 0.03a 1.75 ± 0.05a

Campo Alegre 1.90 ± 0.07a 0.72 ± 0.03a,b 0.90 ± 0.03a 1.81 ± 0.05a,b

Cochabamba 2.48 ± 0.04b 0.83 ± 0.02b 1.06 ± 0.02b 2.02 ± 0.03b

Cruz del Eje 1.83 ± 0.07a 0.68 ± 0.03a 0.89 ± 0.03a 1.80 ± 0.05a,b

Hickman 1.82 ± 0.07a 0.75 ± 0.03a,b 0.94 ± 0.03a,b 1.86 ± 0.05a,b

Independencia 2.04 ± 0.05a 0.68 ± 0.02a 0.96 ± 0.02a 1.90 ± 0.04a,b

Ischilín 1.87 ± 0.08a 0.68 ± 0.03a 0.89 ± 0.03a 1.78 ± 0.06a,b

Loreto 1.78 ± 0.07a 0.70 ± 0.03a,b 0.93 ± 0.03a 1.77 ± 0.05a

San Martin 2.08 ± 0.06a 0.71 ± 0.03a,b 0.96 ± 0.03a,b 1.97 ± 0.05a,b

Valle Fértil 1.87 ± 0.09a 0.68 ± 0.04a 0.90 ± 0.04a,b 1.80 ± 0.07a,b

Table 3 Results of Pearson’s correlation between linear measurements of wing, head and pronotum, and partial least square analyses 
between shape measurements of wing and head and between size and shape measurements of wings, head and pronotum in T. 
guasayana populations

Morphometric traits Head shape Head centroid size Pronotum width

Wing shape r = 0.51, P = 0.730 r = 0.28, P = 0.812 r = 0.41, P = 0.262

Wing centroid size r = 0.46, P = 0.018 r(51) = 0.57, P < 0.0001 r(48) = 0.53, P = 0.0001

Pronotum width r = 0.39, P = 0.047 r(60) = 0.45, P = 0.0003 –
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antenniferous tubercles with PC2) (Table 4). In contrast, 
pronotum width and wing size were not associated with 
geographic or climatic factors (Table  4). PLS analysis 
showed significant covariation of head and wing shape 
with all geographic and climatic variables (Table 5).

Discussion
Triatoma guasayana exhibits a good dispersal capacity. 
In a study comparing this species with other triatomi-
nae species (T. infestans, T. platensis and T. eratyrusi-
formis) from the arid Chaco of Argentina, T. guasayana 
was found to have the highest average number of flying 
individuals [12]. Adult T. guasayana bugs may invade a 
wide variety of ecotopes and have a high potential for 
night flight dispersal during the hot dry months (August-
November) [21, 44]. Since dispersal is linked to flight, 
the existence of wing dimorphism at the population level 
provides a suitable model to study not only evolution-
ary patterns, such as dispersal processes and population 
structure [45, 46], but also a range of ecological factors, 
including habitat structure and climate [47, 48].

Our results showed differences in wing size across T. 
guasayana populations. Although all triatomine males 
collected from Cochabamba showed a brachypter-
ous condition, individuals from this population as well 
as those of the Independencia population exhibited a 
bigger wing size than the macropterous populations. 

Individuals from the brachypterous population had sig-
nificantly greater body size than individuals from the 
two macropterous populations of Ischilín and Cruz del 
Eje (F(2,11) = 6.76, P = 0.012). This result suggests that the 
individuals from the Cochabamba population are larger 
and that their body is comparatively larger than their 
wings, showing the presence of brachyptery in this pop-
ulation. The same tendency has been observed in other 
insects, such as in carabids, with brachypterous individu-
als exhibiting a larger body size than their macropterous 
counterparts. This variation is attributed to differences in 
dispersal strategies, taking into account that brachypter-
ous individuals disperse by running [49].

Regarding wing shape, our results showed differentia-
tion between the brachypterous population and the other 
nine populations included in this study. This result sug-
gests that differences in wing shape are associated with 
the brachyptery condition, and that this pattern could 
be influenced by the differences in flight capacity across 
populations. Differences in the shape but not in the size 
of a structure are considered to be determined by genetic 
processes [50]. Our results also showed that there is no 
covariation between wing shape and size measurements 
of the wing, head and pronotum. These results suggest 
a lack of functional integration (i.e. coordination among 
parts) of wing shape and size measurements across popu-
lations, and may be related to wing dimorphism. Stud-
ies combining biomechanics of flight and morphometric 

Table 4 Results of multiple linear regression analysis of morphometric traits and geographic and climatic variables in T. guasayana 
populations

PC Principal component

Morphometric traits Coefficient r2 P‑value

PC1 ± SE P‑value PC2 ± SE P‑value Intercept ± SE P‑value

Anterocular distance 0.112 ± 0.012  < 0.000 − 0.047 ± 0.016 0.005 2.045 ± 0.023  < 0.000 0.606  < 0.000

Preocular width 0.027 ± 0.004  < 0.000 − 0.013 ± 0.005 0.024 0.951 ± 0.008  < 0.000 0.425  < 0.000

Width between antenniferous tubercles 0.025 ± 0.005  < 0.000 0.008 ± 0.006 0.206 0.732 ± 0.009  < 0.000 0.327  < 0.000

Maximum width across the eyes 0.029 ± 0.008  < 0.000 − 0.026 ± 0.010 0.013 1.874 ± 0.015  < 0.000 0.245  < 0.000

Pronotum width 0.048 ± 0.027 0.079 − 0.030 ± 0.0247 0.230 4.244 ± 0.042  < 0.000 0.068 0.102

Wing size (centroid size) 0.075 ± 0.051 0.151 − 0.074 ± 0.042 0.088 8.137 ± 0.076  < 0.000 0.067 0.087

Table 5 Results of the partial least square analyses of wing shape and head shape with geographic and climatic variables in T. 
guasayana populations

Morphometric traits Geographic variables Climatic variables

Latitude Longitude Altitude Temperature Rainfall Relative humidity

Wing shape r = 0.72
P < 0.001

r = 0.55
P = 0.005

r = 0.63
P = 0.0003

r = 0.63
P < 0.001

r = 0.75
P < 0.001

r = 0.62
P < 0.001

Head shape r = 0.56
P < 0.001

r = 0.74
P < 0.001

r = 0.78
P < 0.001

r = 0.72
P < 0.001

r = 0.56
P < 0.001

r = 0.54
P = 0.001
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approaches could contribute to a better understanding 
of the functional implications of morphological changes 
associated with wing dimorphism [61].

Insects use a combination of sensory inputs, includ-
ing cephalic sensilla, ocelli, antennal sensilla and eyes, 
to control flight activity [52–54]. Our results show that, 
in general terms, the brachypterous population presents 
a larger head size than the remaining populations. For T. 
guasayana, anterocular distance and distance between 
eyes have been suggested as the differences in the head 
that could be associated with flight capacity; it has also 
been proposed that shorter heads are related to changes 
in the position of the ocelli [30]. We found significantly 
longer head measurements for the brachypterous popula-
tion, which agrees with the association suggested by [30]. 
Regarding head shape, our results showed that the head 
shape of the brachypterous population differed from the 
that of the other nine populations. The NJ tree for Pro-
crustes distances showed similarities between popula-
tions that are geographically close.

Flight muscles are located in the pronotum. Our results 
showed that pronotum width was the only measured trait 
that did not differ between populations. There are alter-
native, non-mutually exclusive explanations that might 
account for this result. First, among insects, there is mus-
cle polymorphism associated with the degree of muscle 
development. A greater pronotum width does not neces-
sarily indicate a greater development of these muscles, 
as has been reported for other insect species [55]. Alary 
polymorphism is not necessarily accompanied with flight 
muscle development [30]. Second, there are functional or 
developmental constraints that might limit the potential 
for evolutionary change of pronotum width and reduce 
the potential of the population to respond to selection or 
to undergo non-adaptive evolution by drift [56].

The association of morphological distance with geo-
graphic distances between populations showed contrast-
ing results. While wing shape and head size and shape 
exhibited positive associations, wing and pronotum size 
showed negative associations. Thus, these results might 
imply geographic separation as a key factor in mor-
phological differentiation of genetic exchange between 
populations. A positive association would imply that geo-
graphically closer populations are more similar to each 
other. It would also indicate morphological spatial struc-
turing for wings and heads between the populations of 
this species. This positive spatial association would adjust 
to a model of isolation by distance, in which differentia-
tion increases with increasing distance. By contrast, the 
sizes of the wing and pronotum showed negative asso-
ciations, implying that the greater the distance between 
populations, the smaller the difference in wing and 
pronotum size, respectively. These results should be 

interpreted with caution. In some cases, the correlation 
values were low, such as those for wing size and shape 
and for pronotum width.

The association of geographic and climatic variables 
with size and shape measurements showed that the for-
mer variables better explain head size, head shape and 
wing shape than the other measurements. For wing size 
and pronotum width, only longitude showed association. 
This means that, considering geographic variables, all 
morphological measures followed an east–west variation, 
and that head size, head shape and wing shape addition-
ally followed a north–south variation and an altitudinal 
variation. Considering the broad-scale geographic varia-
tion of the sampled populations, variation in geographic 
variables also determines variation in climatic conditions. 
Wing and head shape exhibit significant phenotypic plas-
ticity in response to developmental temperature, and 
this plastic response (hot-to-cold) mirrors a pattern of 
geographic differentiation, as might be expected under 
a synergistic scenario of adaptive plasticity and adaptive 
genetic divergence [57, 58]. Similar results were found 
in the yellow dung fly Scathophaga stercoraria (Diptera: 
Scathophagidae) from the New World, with clines of 
variation associated with wing shape but not with wing 
size [59]. There are also examples in Drosophila flies of 
no association between wing size and temperature varia-
tion (13 °C and 22 °C) [60].

In M. spinolai (sub Triatoma spinolai [61]) col-
lected from various sites in northern Chile, adults from 
coastal populations were always wingless, while inland 
populations showed both wing and wingless adults. 
Winged males would be able to disperse, although this 
event does not guarantee that fliers will land in favour-
able sites for feeding and/or mating [61]. Brachyptery 
in T. guasayana is a heritable trait for at least three 
laboratory generations [35]. In other Hemiptera, the 
genetic base of brachytherapy has been found to be 
polygenic [62]. The morphological characteristics of 
the heads and wings observed in the Cochabamba 
population suggest a lack of dispersal by flight; there-
fore, the population would be genetically isolated. The 
differentiation observed in all of the characters would 
support this assumption, especially for those charac-
ters related to shape variation, which suggest genetic 
differentiation and, as mentioned above, this genetic 
differentiation between populations could be indicat-
ing different modes of dispersion. On the other hand, 
our results show that both head shape and wing shape 
correlate with geographic and climatic variables. Other 
insect species, such as Drosophila subobscura, or the fly 
Scathophaga stercoraria, also show a geographic pat-
tern of morphological differentiation, including signifi-
cant clinal variation in wing shape [52, 60].
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Conclusion
This study indicates that wing shape and head shape are 
the better markers for differentiated morphological vari-
ation across populations. Head measurements also varied 
across populations. Pronotum size is not necessarily a 
good indicator of muscle development and was found not 
to be directly related to body size in this species. Future 
studies should include genetic variation across popula-
tions and explore whether the brachypterous population 
indeed has limited genetic exchange.
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