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Introductiom: Habitat fragmentation alters environmental structure and imposes
selective pressures on dispersal-related traits in insect vectors, potentially driving
morphological adaptations that enhance flight performance. In this study,
weinvestigate how landscape metrics influence the size and shape of the head
and wings in two Triatominae species, Triatoma garciabesi and T. guasayana,
which present differing ecological strategies. We hypothesize that individuals
from more fragmented landscapes exhibit phenotypic shifts associated with
enhanced dispersal capacity and increased morphological symmetry.

Methods: To test this, we combined community-based sampling of triatomines
with geometric morphometrics and multiscale landscape metrics. We applied
geometric morphometrics and generalized linear models (GLM)-based analyses
to assess the effects of habitat fragmentation on flight-related morphology.
Results: Our results reveal that T. garciabesi shows increased head asymmetry
and narrower wings in highly fragmented landscapes, while T. guasayana exhibits
subtle shifts in head shape asymmetry and greater sexual dimorphism. In both
species, head and wing sizes tended to be larger in fragmented habitats,
especially in females, suggesting differential morphological responses that may
reflect species-specific dispersal strategies.

Discussion: Habitat fragmentation differentially affects T. garciabesi and
T. guasayana, leading to distinct dispersal syndromes. Triatoma garciabesi
shows greater plasticity, highlighting the role of landscape structure in shaping
adaptive dispersal traits.

KEYWORDS

adaptation, dispersion, fluctuating asymmetry, habitat fragmentation, Triatoma
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Background

Habitat fragmentation caused by human activities in natural
environments, altering ecosystem characteristics such as area
reduction, loss of vegetation, changes in microclimatic conditions
and the isolation of remaining vegetation fragments (1, 2). These
changes reduce the size of habitat patches, supporting smaller
populations and increasing the risk of stochastic extinction (3).
Furthermore, greater inter-patch distances increase dispersal
challenges, potentially intensifying the extinction vortex (3, 4).
These effects are further exacerbated by deforestation and global
temperature increases, significantly modifying the ecology and
behaviour of many organisms (5). Some studies on insects
involved in disease transmission show increased prevalence in
deforested areas (6-8). However, other studies suggest that forest
conservation could boost vector abundance, potentially enhancing
their invasion of human environments (9, 10). These contrasting
conclusions may arise from differences in the ecological dynamics,
life history, and phenotypic traits of insect vectors, which exhibit
distinct dispersal behaviours, habitats, and interactions with
their environments.

Dispersal refers to the movement from birth to breeding sites
and involves three stages: emigration, transience, and immigration
(11-14). Its evolution balances the costs and benefits at each stage,
which are shaped by individual, social, and environmental factors
(13, 15-17). Morphological phenotypic traits underlying dispersal
are classified as enabling traits (necessary for dispersal), enhancing
traits (which reduce costs or improve efficiency), and matching
traits (which facilitate non-random movements) (3). In fragmented
landscapes, dispersal is further challenged by increasing distances
between habitat patches, requiring traits that improve efficiency and
reduce costs (18). Adverse developmental environments can
amplify genetic variation or reduce developmental stability,
increasing phenotypic plasticity and enabling individuals to adapt
to fragmented habitats. This plasticity may lead to genetic changes
through genetic assimilation or accommodation (19-22).

Head and wing size and shape are key determinants of dispersal
in insects and influence flight performance, orientation, and energy
efficiency (18, 23-25). Morphological variation in these traits can
mediate responses to selective pressures imposed by habitat
fragmentation, promoting the evolution of forms that optimize
flight in open or structurally complex environments. For instance,
narrower wings may reduce energetic costs during long-distance
flight, while changes in head morphology may relate to enhanced
sensory processing or aerodynamics (23, 24, 26). These associations
between form and function suggest that morphological traits may
reflect adaptations to environmental structure and provide insight
into dispersal dynamics in changing landscapes (3).

Symmetry in biological structures, a fundamental feature
controlled by the genome, reflects developmental stability. In
contrast, deviations from symmetry, such as fluctuating asymmetry
(FA), indicate an organism’s capacity to buffer environmental
variability and maintain consistent phenotypic expression (27, 28).
Together, these mechanisms highlight how phenotypic traits and
their plasticity mediate dispersal processes in fragmented habitats,
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providing insights into the evolutionary dynamics of species.
Specifically, developmental stability buffers environmental variation
and ensures consistent phenotypic expression within individuals
possessing a particular genotype and environment (29). Thus,
research on developmental stability along an anthropization
gradient represents a valuable approach to understanding how
environmental modification influences the dispersive characteristics
of an insect species. To our knowledge, this is the first study using this
approach in Triatominae species (review in 30).

This study focuses on Triatoma garciabesi Carcavallo, Cichero,
Martinez, Prosen & Ronderos, 1967 and T. guasayana
Wygodzinsky & Abalos, 1949 (Hemiptera: Reduviidae,
Triatominae), secondary vectors of Trypanosoma cruzi Chagas,
1909 (Kinetoplastida, Trypanosomatidae), the etiological agent of
Chagas disease. These species sustain the parasite transmission
cycles in sylvatic environments and may connect wild and
domestic cycles (31, 32). Both are spread across Argentina,
Bolivia, and Paraguay (33, 34). Triatoma garciabesi, an arboreal
species linked to birds, inhabits the loose bark of Prosopis sp. and
maintains high population densities year-round (35). In contrast, T.
guasayana, a terrestrial species associated with mammals, resides in
dry cacti, fallen logs, and bromeliads, with population densities
declining in winter (36, 37). Both species are known to invade rural
houses during summer in the western Chaco Seco ecoregion of
Argentina (35, 38-42).

Habitat degradation caused by human activities affects
triatomine populations, promoting their dispersal into artificial
ecotopes (43). Host populations decline and habitat loss impose
selective pressures on flight-related traits, potentially enhancing
mobility in dynamic landscapes (3, 44). For these two species, a
recent study demonstrates that flight-dispersal characteristics
changed in response to varying degrees of anthropization (45).
These findings may be linked to the direct impact of fragmentation
on the phenotypic specialization hypothesis, which proposes that
landscape fragmentation exerts selective pressure on populations.
Combined with greater inter-patch distances, this pressure may
drive the evolution of alternative dispersal strategies (3).

In this research, we aim to understand how landscape
fragmentation acts as a selective pressure on the phenotypic
plasticity of flight-related traits in two species of triatomines.
Particularly, our goal was to determine the effects of landscape
metrics on changes in the shape and size of the head and wings in
both species of triatomines. We hypothesize that habitat
fragmentation promotes phenotypic shifts in flight-related traits in
T. garciabesi and T. guasayana, favouring morphologies associated
with enhanced dispersal capacity. Moreover, these phenotypic changes
are shaped according to the life-history characteristics of each species,
which could lead to different responses depending on their
reproductive strategies, life cycles, and ecological adaptations.
Specifically, we expect individuals from more fragmented landscapes
to exhibit larger head and wings and particular shape modifications
that improve aerodynamic efficiency. Moreover, we predict that
morphological symmetry will be higher in these populations,
suggesting directional selection towards optimal flight performance
rather than increased developmental stress.
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Methods

Study area and insect collection

The study was conducted between 2017 and 2020, during the
warm season’s beginning (October to December) and ending
(February to March). Sampling occurred in 131 dwellings across
14 rural communities in the Cruz del Eje and Ischilin departments
(northwest Cordoba, central Argentina), situated at the southern
edge of the Gran Chaco region (Figure 1). All dwellings were
georeferenced using a GPS device (Garmin Etrex 30) and
assigned a unique code. This selected region, part of the Arid
Chaco, has historically been endemic for Chagas disease and is
characterized by a semi-desert climate with annual precipitation
ranging from 400 to 700 mm, mostly concentrated in summer. The
area experiences hot summers with temperatures exceeding 40°C
and cold winters with lows below 5°C (46-48). The terrain consists
of gently rolling plains with saline-alkaline soils and diverse natural
vegetation, including Aspidosperma quebracho-blanco Schltdl.,
1861, Prosopis sp. L., 1767, Celtis sp. L., 1753, and Geoffroea
decorticans (Gillies ex Hook. & Arn.) Burkart, 1949 forests and
shrublands dominated by species such as Mimozyganthus carinatus
(Griseb.) Burkart, 1939 and Larrea divaricate Cav., 1800 (49). Land
use in the region includes extensive livestock farming and the

10.3389/finsc.2025.1651021

cultivation of various crops, including vegetables, fruits, and
grains (50).

Previous research defined an anthropization gradient with three
levels (45). This gradient was established by classifying land cover
into two categories: natural (including forests, shrublands, and
water bodies) and artificial (comprising bare soil, managed
pastures, and crops). The expansion of the agricultural frontier in
this region has resulted in varying levels of anthropization, ranging
from highly modified agricultural landscapes to areas with
minimally disturbed natural environments. Highly anthropized
areas are characterized by replacing natural vegetation with crops
and pastures, while intermediate areas exhibit a mosaic of human
activity and natural vegetation fragments. Low-anthropization areas
largely preserve native ecosystems. In some regions, poor soil
conditions and water scarcity have constrained agricultural
expansion, leading to lower levels of human intervention.

Community-based vector surveillance was employed to capture
triatomines in the study area (42). During fieldwork, each
household owner received a plastic bag to collect triatomines
found inside their homes. After 15 days, the bags were retrieved
to gather the specimens. In the laboratory, the collected triatomines
were taxonomically identified, sexed, photographed, dissected, and
preserved in 70% alcohol. Taxonomic identification followed the
keys of Jurberg et al. (51) and Lent and Wygodzinsky (52). For this
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FIGURE 1

(A) Location of the Dry Chaco Ecoregion in South America (shaded in grey). (B) Study area located in the departments of Cruz del Eje and Ischilin, in the
northwest of Cordoba Province, Argentina. (C) Characterization of anthropogenic environmental disturbance based on supervised land-cover classification
(45). Black points indicate rural dwellings where triatomines were collected. (D) Landscape characterization around each dwelling. Concentric circles
represent the spatial buffers used for landscape metric extraction, with diameters ranging from 200 to 3000 meters
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study, only 155 T. garciabesi and 331 T. guasayana collected at the
beginning of the summer season were considered to minimize
seasonal variation (53).

Landscape fragmentation and the
influence on phenotypic variation

Metrics were analyzed to evaluate the relationship between
landscape features and phenotypic traits. Flight-dispersal traits in
T. garciabesi and T. guasayana are known to be influenced by
anthropization pressures (45). Landscape fragmentation can
increase dispersal time and energy costs, reduce success, and
highlight the importance of patch geometry and matrix suitability
(3, 45, 54). Percentage of natural vegetation cover (PLAND),
number of patches (NP), landscape shape index (LSI), and
aggregation index (AI) were selected to assess their influence on
phenotypic changes. FRAGSTATS v4.2.598 was used to calculate
these metrics based on a natural-anthropic land cover map derived
from supervised classification (45). Landscape metrics were
extracted at 15 scales, represented by buffers with diameters
ranging from 200 to 3000 meters around each dwelling, using
QGIS 3.26.2 (Figure 1).

Geometric morphometrics and asymmetry
assessment

We employed landmark-based geometric morphometrics to
quantify variations in head and wing shapes (55). High-resolution
photographs of the dorsal view of the head and both sides of the
wings of all individuals were captured using a Zeiss SV 11
stereomicroscope paired with an Olympus VG 160 digital camera.
Ten landmarks on the head and eleven on each side of the wings
were digitized using tpsDIG v2.32 (56) (Figure 2). A landmark
recording was performed twice for each individual to evaluate

10.3389/finsc.2025.1651021

digitizing errors. Specimens with damaged structures that
impeded accurate landmark placement were excluded from
the analysis.

Landmark coordinates were reflected to generate mirror images,
obtaining shape and size variables for the head and wings (57).
Generalized Procrustes analysis was then used to superimpose all
configurations (58). For the head, this process allowed the
separation of symmetric and asymmetric variation components
through object symmetry analysis. For the wings, the right and
left configurations were compared, treating each side as a separate
configuration (57).

Statistical analysis

To test for directional asymmetry (DA) and FA while
accounting for measurement error, Procrustes ANOVA was
performed (57). The variation among individuals, corrected for
asymmetry effects, represented the symmetric component. The
variation due to differences between the right and left sides
indicated DA, while the individual x reflection interaction
captured FA, reflecting variability in right-left differences among
individuals. Procrustes superimposition and ANOVA were carried
out using the gpagen and bilat.symmetry functions, respectively,
from the geomorph package in RStudio (59).

Then, Procrustes ANOVA and pairwise comparisons were
performed to assess differences in the shape components of the
head and wings with anthropization levels. These results allowed us
to identify the size and shape variables related to landscape metrics
in the species’ heads and wings. The size and shape variables that
showed significant differences across anthropization levels were
used to develop the models.

From the selection of response variables, Partial Least Squares
(PLS) analyses were conducted to identify the scale at which
fragmentation most effectively explained phenotypic variation.
This was determined by the strength of the relationship between
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FIGURE 2

Representation of type Il morphological landmarks and type | landmarks identified on the head and wings of Triatoma garciabesi and T. guasayana.

(A) Head: 1 and 10, right and left extremities of the clypeus; 2 and 9, the base of the antenniferous tubercle; 3 and 8, the anterior base of the compound
eye; 4 and 7, maximum curvature of the compound eyes; 5 and 6, the posterior base of the compound eyes. (B) Wings: 1, intersection of postcubitus
(Pcu) and Pcu + first anal vein; 2, intersection of Pcu and cubitus (Cu) - Pcu; 3, intersection of Cu and Cu - Pcu; 4, bifurcation of radial (R) and media (M)
veins; 5, intersection of Cu and M - Cu; 6, intersection of M - Cu; 7, on vein M; 8, on the subcostal vein (Sc) at the wing's extreme edge; 9, intersection
of veins R and Cu; 10, intersection of vein M and the extension of veins Cu - Pcu; 11, intersection of Pcu and Cu
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landscape metrics and phenotypic traits, including symmetric and
asymmetric shape components and centroid size variations in both
triatomine species. Before the analysis, each landscape metric was
standardized to have a mean of zero and a standard deviation of
one. Variables that did not show significant effects in the Procrustes
ANOVA or the comparisons across anthropization levels were
excluded from further analyses. This decision was made because
no statistical evidence was found to support a relationship between
morphological changes in shape or size and the landscape
metrics analyzed.

To test the relationship between landscape fragmentation and
changes in shape and size components of flight dispersal traits in
both species of triatomines, we performed two different approaches
due to the differences in dimensions of the response variables. To
avoid multicollinearity between variables, the variance inflation
factors (VIFs) were calculated for each model, discarding the
models with a VIF value > 5 (60). A Procrustes regression
analysis was performed using the function procD.Im from the
geomorph R package for the multidimensional shape components.
This function allowed us to assess statistical hypotheses describing
patterns of shape variations for a set of Procrustes shape variables.
To evaluate statistical significance, a permutation-based Procrustes
ANOVA using residual randomization was employed; this analysis
provides a robust evaluation of effects by generating pseudo-values
through the permutation of residuals relative to the fitted model,
preserving the data structure (61). Additionally, a multi-model
inference approach based on the Akaike information criterion
(AIC) was applied to estimate the effects of predictors and their
relative importance on the response variables (60). AIC scores were
calculated using log-likelihoods, incorporating parameter penalties.
The parameter penalty was based on the model’s number of
parameters and the covariance matrix’s dimensions. This
comprehensive approach allowed for a robust evaluation of model
performance while accounting for the multivariate structure of
the data.

For the unidimensional response variable, the centroid size (CS) of
the study structures. The relationship between CS and the landscape
metrics was tested using a generalized linear model (GLM). A
lognormal distribution function and an identity link were used. The
selection of models was based on AIC by comparing nested models
following a backwards procedure (60). The assumptions of normality,
homogeneity and independence in the residuals were met in all the
models. The significant p-value was set at p < 0.05.

Results

Overall patterns of symmetry and
asymmetry concerning anthropization
levels in Triatoma garciabesi and T.
guasayana

As shown in Table 1, the Procrustes ANOVA results revealed

distinct patterns of symmetry and asymmetry concerning symmetry
(individual factor), DA, and FA in T. garciabesi and T. guasayana.
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In T. garciabesi, the results indicated that the head shape was
statistically significant in FA variation. Symmetry and FA were the
main sources of wing shape and size variation. While in T.
guasayana, head shape, wing shape, and size variation were
statistically significant in symmetry, DA, and FA.

Table 2 presents the summary statistics for the pairwise
comparison of symmetry and asymmetry in head and wing shape
across levels of anthropization for T. garciabesi and T. guasayana.
The results of head shape asymmetry for the first species revealed
differences between intermediate and low levels of anthropization,
with the low level of anthropization exhibiting lower FA values.
Furthermore, the symmetric component of wing shape differed
significantly between intermediate and low levels of anthropization.
Regarding the second species, head shape symmetry displayed
significant differences between high and low anthropization levels
and intermediate and low levels. Head and wing shape asymmetry
also showed significant differences between low and intermediate
levels of anthropization, however, the observed FA differences
between anthropization levels were subtle. Based on these results,
only those terms showing significant effects were analyzed further to
assess whether they varied across levels of anthropization (Table 2).

Effective spatial scales for morphological
responses to landscape fragmentation

Overall, the results obtained from the PLS analyses indicated
different patterns between the species and the shape and size
components. The asymmetric shape (Supplementary Figures STA-
C) and size (Supplementary Figures S1D-F) of the head, as well as
the symmetric shape (Supplementary Figures S1G-I) and the size of
the wing (Figurea S1J-L) of T. garciabesi were associated with
landscape metrics measured at distances ranging from 600 to
3000 meters from the dwellings. Moreover, the comparison
between the effect size of the PLS from 600 to 3000 meters
showed no significant differences, indicating that the shape and
size components were not scale-dependent. The distances at 200
and 400 meters showed no significant association, meaning that the
shape and size components of the head and wings indicate little
relationship with landscape predictors at those scales. Compared to
T. garciabesi, the asymmetric head shape component of T.
guasayana begins to be associated with landscape metrics from
1400 to 3000 meters (Supplementary Figures S2A-C), while the
symmetric component shows an association from 2400 to 3000
meters (Supplementary Figures S2D-F). The comparison between
the effect size of the PLS in both asymmetrical and symmetrical
components of head shape showed no significant differences. There
was no evidence that the landscape metrics had an influence on the
centroid size (CS) of the head (Supplementary Figures S2G-I),
asymmetry (Supplementary Figures S2J-L), and CS of the wing
(Supplementary Figures S2M-0O). Given the flight-dispersal
capacity ranging from 200 to 2000 meters of the triatomines (62,
63) and the results presented in this section, we defined the effect
size at 2000 meters to T. garciabesi and 2400 meters to
T. guasayana.
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TABLE 1 Results of Procrustes ANOVA for the effects of individual, side, and their interaction on the shape of the head and wing and wing size in

Triatoma garciabesi and T. guasayana.

Species Module Factor Df SS F p-value
Individual 94 0.135 1.88 0.079
Side 1 0.001 1.661 0.002**
Head Shape
Individual x side 94 0.071 6.887 0.00017***
Error 190 0.021
Individual 93 0.158 4.443 0.0010**
Side 1 0.0002 0.602 0.083
Triatoma garciabesi Shape
Individual x side 93 0.035 5.497 0.0001**%
Error 188 0.013
Wing
Individual 93 1.05e-05 10.704 0.0001 ***
Side 1 6.90e-09 0.652 0.228
Size
Individual x side 93 3.65e-06 3.725 0.0001 ***
Error 188 1.98e-06
Individual 261 0.28 1.868 0.007**
Side 1 0.0007 1.223 0.0003**
Head Shape
Individual x side 261 0.15 6.97 0.0001***
Error 524 0.043
Individual 287 0.476 4.308 0.0001°*
Side 1 0.0007 1.796 0.004*
Triatoma guasayana Shape
Individual x side 287 0.11 6.891 0.0001°*
Error 576 0.032
Wing
Individual 287 2.98e-05 20.282 0.0001 ***
Side 1 1.76e-07 34.33 0.0001 ***
Size
Individual x side 287 1.45e-05 9.851 0.0001 ***
Error 576 2.95e-06

Df, degrees of freedom; SS, sum of squares; F, Goodall F ratio; Z, Z-score. *p<0.05, **p<0.005, ***p<0.001.

Symmetric and asymmetric morphological
responses to landscape metrics in Triatoma
garciabesi

From the total set of models for T. garciabesi, we selected 16 for
head shape and size and wing shape and size, as these models had a
VIF < 5. Three candidate models for the asymmetric head shape
component and two for the symmetric wing shape component had
AAIC < 3 (Table 3). The top-ranked models for asymmetric head
shape included the effects of landscape configuration (AL LSI) and
composition (NP) measured at 2000 meters. Overall, head shape
asymmetry increased with higher number of patches and landscape
shape index but decreased with aggregation index (Figures 3A-C).
The highest level of asymmetry was observed in the compound eyes,
with greater deformation occurring in landscapes with numerous
patches, higher landscape shape index, and lower aggregation index.
Meanwhile, the best-ranked models for symmetric wing shape
included sex and number of patches as predictor variables
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(Figures 3D, E). Wings were broader and more rounded in
landscapes with fewer patches, whereas in landscapes with
numerous patches, they were narrower and more pointed.

As with the asymmetric component of the head, three models
with AAIC < 3 were selected for the centroid size of the head
(Table 3). The top-ranked models included numer of patches,
aggregation index, landscape shape index, and sex as factors
associated with changes in CS. We observed a positive linear
relationship between CS and number of patches and landscape
shape index, suggesting that head size tends to be larger in
landscapes with numerous patches of complex shapes (Figure 4).
Additionally, there was a negative relationship between head CS
and aggregation index. Regarding the CS of the wing, the top-
ranked models included number of patches, PLAND, and sex as
predictor variables. The model revealed a positive linear
relationship between number of patches and CS, indicating that
wing size tends to be larger in landscapes with numerous patches.
Additionally, female wings were larger than those of males.
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TABLE 2 Pairwise comparisons of shape symmetry and asymmetry in the head and wing of Triatoma garciabesi and T. guasayana across levels of anthropization.

Species Module Shape component  Level of anthropization  Distance between vectors Upper Confidence Limit (UCL 95%) @ p-value
HI 0.77 1.09 0378
Symmetry HL 0.57 0.99 0.678
IL 0.42 0.77 0.731
Head
HI 0.73 1.31 0.719
Asymmetry HL 0.87 1.19 0.357
IL 0.97 0.94 0.037*
Triatoma garciabesi
HI 117 1.25 0.083
Symmetry HL 0.98 1.15 0.174
IL 1.06 0.89 0.006**
Wing
HI 0.56 0.89 0.627
Asymmetry HL 0.66 0.83 0.252
IL 038 0.64 0.703
HI 0.42 0.49 0.163
Symmetry HL 0.53 0.51 0.036*
IL 071 0.40 0.0001*
Head
HI 054 0.60 0.112
Asymmetry HL 0.61 0.62 0.057
IL 0.60 0.48 0.004**
Triatoma guasayana
HI 027 0.65 0.967
Symmetry HL 0.48 0.66 0364
IL 0.44 0.49 0.120
Wing
HI 0.36 0.46 0.286
Asymmetry HL 0.28 0.47 0.728
IL 0.40 0.35 0.015*

Comparison groups between levels of anthropization.

HI, High level vs Intermediate level; HL, High level vs Low level; IL, Intermediate level vs Low level.

*p<0.05, **p<0.005, ***p<0.001.

e 33 pely

T20TS9T'G202osul/6825°0T


https://doi.org/10.3389/finsc.2025.1651021
https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org

Fiad et al.

10.3389/finsc.2025.1651021

TABLE 3 Results of model selection (AAIC) for the effects of landscape metrics and sex on the symmetric and asymmetric head and wing shape
components in Triatoma garciabesi and T. guasayana.

. Response :
Species Module P p-value Model predictors
variable
M4 0 0.21 0.009** AI2000m
Asymmetry M3 1.32 0.18 0.023* LS12000m
M2 224 0.23 0.016** NP2000m
Head
M14 0 0.60 0.0001*** LSI2000m + Sex
CS M15 0.03 0.60 0.0001*** AI2000m + Sex
Triatoma garciabesi
Mi2 0.09 0.60 0.0001*** NP2000m + Sex
M5 0 0.16 0.035* Sex
Symmetry
M2 0.03 0.26 0.04* NP2000m
Wing
Mi12 0 0.54 0.0001*** NP2000m + Sex
CS
Mi18 2.00 0.53 0.0001*** NP2000m + PLAND2000m + Sex
M2 0 0.09 0.0001*** NP2400m
Symmetry
M5 1.09 0.28 0.0001*** Sex
M1 0 0.09 0.04* PLAND 2400m
Head M2 0.01 0.09 0.04* NP2400m
Asymmetry
Triatoma guasayana M4 0.03 0.10 0.028* Al2400m
M3 0.04 0.10 0.027* LS12400m
CS M5 0.01 0.40 0.0001*** Sex
Symmetry M5 0 0.17 0.0001*** Sex
Wing
CS M5 0 0.46 0.0001*** Sex

NP, number of patches; LS, landscape shape index; Al, aggregation index; PLAND, percentage of landscape covered by patches; sex, individual’s sex.

“p<0.05, **p<0.005, ***p<0.001.

However, the model did not reveal a significant relationship
between wing size and PLAND (Figure 4).

Symmetric and asymmetric morphological
responses to landscape metrics in Triatoma
guasayana

The VIF calculated for the models allowed us to select 24
models for head shape and size and 21 for wing shape and size.
Six models with AAIC < 3 were selected for the head shape: two for
the symmetric component and four for the asymmetric component
(Table 3). Only one model was selected for a symmetric wing shape.
The top-ranked model for the symmetric head shape included
number of patches and sex, while the models of asymmetric head
shape contained PLAND, number of patches, aggregation index and
landscape shape index as predicted variables. All the landscape
metrics were measured at 2400 meters in this case. For symmetric
head shape, the models indicated a positive linear relationship with
number of patches (Figure 5A). In landscapes with few patches, the
head shape was elongated in the anteroposterior direction and
wider laterally. In contrast, in landscapes with numerous patches, it
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became more compressed in both the anteroposterior and lateral
directions. Furthermore, we observed differences between sexes in
the symmetric head shape (Figure 5B).

The models revealed a positive linear relationship for asymmetric
head shape with PLAND, number of patches, aggregation index, and
landscape shape index measured at 2400 meters (Figures 5C-F). The
shapes derived from the models exhibited subtle changes in
asymmetry, primarily in the region extending from the clypeus to
the base of the compound eyes. Head asymmetry was low in landscapes
with higher PLAND and aggregation index values and lower number
of patches and landscape shape index values. Conversely, head
asymmetry was greater in landscapes with lower PLAND and
aggregation index values and higher number of patches and
landscape shape index values. In the highest recorded asymmetry
values, slight deformations were observed in the region mentioned
above, shifting towards the right and generating a head with a slight
curvature. Meanwhile, the best-ranked model for symmetric wing
shape included only sex as a predictor variable (Figure 5G).

One head and wing centroid size model with AAIC < 3 was
selected (Table 3). In both the head and wings, sex was the only
predictor variable that explained size variation. Overall, the females
had higher heads and wings than the males (Figures 6A, B).
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Discussion

Our study further supports the hypothesis that the
fragmentation of the landscape acts as a selective pressure on
developmental stability in structures related to flight dispersion
(3). Previous research by Fiad et al. (45) demonstrated that
anthropization influences T. garciabesi and T. guasayana, leading
to phenotypic changes across an anthropization gradient. However,
the relationship between fragmentation and developmental stability
regarding flight dispersal remained unclear. Here, we examine the
direct impact of fragmentation on developmental stability related to
flight dispersion in two Triatominae species. The primary focus of
this study is that habitat fragmentation due to anthropization
gradients influences the variation in flight-related traits differently
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between the two triatomine species studied. These differences can
likely be attributed to their life history characteristics and their
varying sensitivity to changes in their surrounding landscape. The
effects of fragmentation caused by anthropization on morphological
traits such as head and wing structure may be more pronounced in
T. garciabesi than in T. guasayana. For T. garciabesi, the greater
degree of asymmetry in the eyes and head and the greater size of the
head indicate a stronger response to landscape fragmentation,
particularly in environments with numerous habitat patches and
higher landscape complexity. These findings may reflect phenotypic
specialization in response to fragmented habitats, supporting the
hypothesis that landscape fragmentation influences dispersal
decisions by increasing costs. These drive phenotypic
specializations that enhance the ability to cross the matrix and
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travel longer distances (3). In contrast, T. guasayana exhibited less
pronounced morphological changes, possibly indicating lower
sensitivity to habitat fragmentation or a more rigid response to
landscape modifications. This variation between the species
suggests that the degree of landscape alteration can shape species-
specific adaptations, with T. garciabesi demonstrating greater
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sensitivity to environmental pressures. Overall, these results
underline the importance of considering the interplay between
landscape characteristics when studying morphological
adaptations in response to habitat anthropization. This study is
the first to examine how landscape fragmentation shapes
morphological changes in two triatomine species.
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Developmental stability and
morphological adaptation to
fragmented habitats in Triatoma
garciabesi

Our findings reveal that head asymmetry differs significantly
between intermediate and low anthropization levels, suggesting that
specific environmental pressures may influence developmental
stability in particular habitats. Previous studies have detected
shape variations between these levels (45), and our results
indicate that these differences may be driven by FA rather than
symmetrical modifications. This aligns with findings in other
Triatominae species, where increased FA has been associated with
environmental stress during insect development (review in 30).

Several stress factors may contribute to this pattern, including
extreme temperatures, changes in vegetation cover, the quality of
food sources from hosts, and exposure to environmental chemicals
such as insecticides (45, 64-68). Beasley et al. (69) postulated that
the relationship between FA and stress is stronger when the source
of stress is anthropogenic. Furthermore, it has been proposed that
this species is sensitive to vegetation changes and landscape features
(40, 45, 68). In this context, environmental stressors such as changes
in the availability of suitable refuges and/or reduced food sources
for this species due to landscape anthropization could be key
factors. Increasing anthropization in the Arid Chaco has led to
the reduction of large extensions of mature forest and a decline in
avian biodiversity (70-73). This process directly affects T. garciabesi
by reducing the availability of both shelters and bird hosts, which
serve as a crucial blood source for this species. The resulting habitat
degradation could further exacerbate the stress experienced by
individuals in more fragmented environments. These stress
factors, associated with habitat loss and reduced food availability,
may directly impact the developmental stability of specific
morphological structures. Our results indicate that habitat
fragmentation increases FA in T. garciabesi, particularly in the
anteocular region, where asymmetry was greatest in highly
fragmented landscapes. In contrast, compound eyes tended to
remain more symmetrical in those environments. FA-driven
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changes in head morphology involved compression of the
anteocular region, resulting in more compact heads with greater
ocular convexity. These characteristics resembled those described
for macropterous individuals of T. guasayana, which tend to have
shorter anteocular distances and smaller head sizes than
micropterous specimens (23, 24, 74). These changes could suggest
potential flight-related adaptations. Alternatively, such
asymmetrical modifications may reflect developmental instability
rather than true adaptation. Since FA reflects perturbations during
development, it may disrupt the integration between eye shape and
head structure, potentially affecting visual performance and limiting
effective dispersal in fragmented landscapes. This altered head
morphology may partially explain the observed reduction in
population density from low to intermediate and highly
anthropized areas (45).

Beyond the head, we also found significant differences in wing
shape symmetry between intermediate and low anthropization
levels. This suggests that habitat fragmentation may influence this
trait through selective pressures that disrupt the canalization
process (22). Additionally, the relationship between wing
symmetry and patch number suggests an adaptation process to
fragmentation. In highly fragmented landscapes with intermediate
levels of anthropization, an adaptive response may arise, favouring
individuals with traits that enhance long-distance flight. In contrast,
phenotypic characteristics may be better suited for short-range
dispersal in less fragmented environments, corresponding to low
or high anthropization levels. Despite these differences in wing
shape, wing asymmetry remained stable across the fragmentation
gradient. This persistence suggests that wing asymmetry may be
relatively conserved and potentially useful as an indicator of local
environmental adaptation (30). Its maintenance could also be
driven by developmental constraints or functional factors such as
flight, which may restrict morphological variability and regulate
developmental stability (3, 75).

Although the centroid size of the head and wings in T.
garciabesi was associated with landscape metrics, the weak
relationship coefficients suggest these effects are not biologically
significant. Only sex emerged as a relevant factor, indicating sexual
dimorphism in those traits and suggesting that females were larger
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than males. The existence of sexual dimorphism is well-known in
Triatominae (76, 77). According to Cox et al. (78) and Fairbairn
et al. (79), sexual dimorphism may be the result of ecological and
reproductive pressures. In triatomines, it could be related to feeding
habits, population density, habitat, or climatic changes (76, 80, 81).
Some authors have proposed that insects with larger heads and
wings have greater dispersal capacity (3, 82, 83). In the context of
the sexual dimorphism observed in this study, this could enhance
flight performance in mated females.

Landscape fragmentation and
morphological resilience in Triatoma
guasayana

Head shape symmetry in T. guasayana differed significantly
between low and intermediate levels of anthropization, as well as
between low and high levels. Additionally, variations in both the
symmetric and FA components of head shape drove differences
between low and intermediate anthropization levels. In contrast,
differences between low and high anthropization levels were solely
attributed to changes in the FA component. The FA component of
wing shape also differed significantly between low and intermediate
levels of anthropization. Previous studies have reported head and
wing shape differences between these levels of anthropization,
suggesting that such changes may reflect morphological
adaptations to enhance flight dispersal in more fragmented
landscapes (45). However, the weak correlation between
landscape metrics and both the symmetric and FA shape
components suggests that landscape fragmentation might
indirectly influence phenotypic plasticity.

Fragmentation may reduce the variation of local conditions
within patches while increasing variation among patches (4). These
local conditions create patch-specific selective pressures that act on
the phenotypic plasticity of the populations inhabiting them,
potentially altering dispersal propensities (3). The less pronounced
morphological changes observed in T. guasayana compared to T.
garciabesi align with previous findings. Our results, along with those
of Fiad et al. (84, 45), suggest that, in this species, seasonality may play
a more significant role than anthropization metrics in shaping flight-
related traits.

In a study conducted in the arid Chaco of La Rioja province, T.
guasayana was more frequently found in areas with low vegetation
cover near houses (<100 meters) and intermediate vegetation cover
within a 1000 meters radius. Our findings indicate that both the
symmetric and asymmetric components of shape begin to associate
with landscape metrics beyond 2400 meters from houses. This
suggests that these shape components influence dispersal beyond
this distance, to fragmentation metrics such as PLAND, number of
patches, aggregation index, and landscape shape index. These
associations may reflect a direct impact of fragmentation on
developmental stability related to flight dispersal. Wing
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asymmetry mechanically compromises flight performance and
function in insects (85-87).

Triatoma guasayana exhibits a dispersal strategy predominantly
adapted for flight, enabling a greater number of individuals to
traverse the landscape and more frequently invade rural dwellings
(36). Thus, individuals with lower asymmetry in flight-related traits
may have an advantage for dispersal. Individuals of T. guasayana that
develop during winter and emerge as adults in early summer, within a
2400 meters radius around houses, are the most likely to fly and
invade households in the Arid Chaco. In these cases, domestic
animals serve as a key food resource. The availability of such
resources, combined with the surrounding semi-wild environments,
may favour the persistence of wild foci that invade households during
warmer seasons. The relatively lower evidence of developmental
instability within the 2400 meters radius could enable these insects
to explore different environments until suitable ones are identified for
establishment and colony growth. This reflects greater resilience to
environmental pressures associated with anthropization. This pattern
may also explain why, in this area, captures of T. guasayana were
three times higher than those of T. garciabesi, and why their density
index remained similar across anthropization levels (45).

In summary, T. guasayana appears to exhibit greater
morphological stability and adaptability to fragmented
environments compared to T. garciabesi. Its flight-oriented
dispersal strategy and lower developmental instability near human
dwellings may enhance its ability to exploit semi-wild and domestic
ecotones. This resilience may partially explain its higher prevalence
across the anthropization gradient and its potential role as a
persistent vector in rural areas of the Arid Chaco. These findings
have important epidemiological implications, as they suggest that T.
guasayana may maintain high dispersal potential and population
densities even in fragmented landscapes. This, in turn, could facilitate
its role as a bridge vector between sylvatic and domestic
environments, increasing the risk of Chagas disease transmission in
human-occupied areas.

Conclusion

Our results show that habitat fragmentation imposes differential
selective pressures on Triatoma garciabesi and T. guasayana,
leading to divergent dispersal behaviour. T. garciabesi exhibits
higher developmental instability and marked morphological shifts
in fragmented landscapes, suggesting a more plastic and potentially
more energetically costly dispersal syndrome. In contrast, T.
guasayana maintains more stable morphological traits across the
fragmentation gradient, which may reflect a more conservative or
less environmentally responsive dispersal strategy. These species-
specific responses highlight the role of habitat structure in shaping
dispersal-related traits and point out the importance of
incorporating landscape configuration into our understanding of
the adaptive and movement dynamics of these vector species.
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SUPPLEMENTARY FIGURE 1

Effect of landscape metrics, measured at different radius (200 to 3000 m)
around of each visited dwellings, on different morphological traits of Triatoma
garciabesi. Each point in the figure represents the mean Pearson correlation
coefficient (r) of linear regressions, Effect Size (Z) and p-value associated.

SUPPLEMENTARY FIGURE 2

Effect of landscape metrics, measured at different radius (200 to 3000 m)
around of each visited dwellings, on different morphological traits of Triatoma
guasayana. Each point in the figure represents the mean Pearson correlation
coefficient (r) of linear regressions, Effect Size (Z) and p- value associated.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/finsc.2025.1651021/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/finsc.2025.1651021/full#supplementary-material
https://doi.org/10.3389/finsc.2025.1651021
https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org

Fiad et al.

References

1. Fahrig L. Effects of habitat fragmentation on biodiversity. Annu Rev ecol. evolution
systematics. (2003) 34:487-515. doi: 10.1146/annurev.ecolsys.34.011802.132419

2. Arroyo-Rodriguez V, Fahrig L, Tabarelli M, Watling JI, Tischendorf L, Benchimol
M, et al. Designing optimal human-modified landscapes for forest biodiversity
conservation. Ecol Lett. (2020) 23:1404-20. doi: 10.1111/ele.13535

3. Cote ], Bestion E, Jacob S, Travis ], Legrand D, Baguette M. Evolution of dispersal
strategies and dispersal syndromes in fragmented landscapes. Ecography. (2017) 40:56-
73. doi: 10.1111/ecog.02538

4. Fahrig L. Non-optimal animal movement in human-altered landscapes. Funct
Ecol. (2007) 21:1003-15. doi: 10.1111/j.1365-2435.2007.01326.x

5. Wilke AB, Beier JC, Benelli G. Complexity of the relationship between global
warming and urbanization - An obscure future for predicting increases in vector-borne
infectious diseases. Curr Opin Insect Sci. (2019) 35:1-9. doi: 10.1016/j.c0is.2019.06.002

6. Vittor AY, Gilman RH, Tielsch J, Glass G, Shields T, Lozano WS, et al. The effect
of deforestation on the human-biting rate of Anopheles darlingi, the primary vector of
falciparum malaria in the Peruvian Amazon. Am J Trop Med hygiene. (2006) 74:3-11.
doi: 10.4269/ajtmh.2006.74.3

7. Gottdenker NL, Calzada JE, Saldafia A, Carroll R. Association of anthropogenic
land use change and increased abundance of the Chagas disease vector Rhodnius
pallescens in rural landscape of Panama. Am ] Trop Med hygiene. (2011) 84:70-7.
doi: 10.4269/ajtmh.2011.10-0041

8. Hahn MB, Gurley ES, Epstein JH, Islam MS, Patz JA, Daszak P, et al. The role of
landscape composition and configuration on Pteropus giganteus roosting ecology and
Nipah virus spillover risk in Bangladesh. Am J Trop Med Hygiene. (2014) 90:247-55.
doi: 10.4269/ajtmh.13-0256

9. Rocha-Leite G, Bial dos Santos C, Flaqueto A. Influence of the landscape on
dispersal of sylvatic triatomines to anthropic habitats in the Atlantic Forest. J Biogeogr.
(2011) 38:651-63. doi: 10.1111/j.1365-2699.2010.02442.x

10. Valle D, Clark J. Conservation efforts may increase malaria burden in the
Brazilian Amazon. PloS One. (2013) 8:¢57519. doi: 10.1371/journal.pone.0057519

11. Baguette M, Van Dyck H. Landscape connectivity and animal behavior:
functional grain as a key determinant for dispersal. Landscape Ecol. (2007) 22:1117-
29. doi: 10.1007/s10980-007-9108-4

12. Clobert J, Le Galliard JF, Cote J, Meylan S, Massot M. Informed dispersal,
heterogeneity in animal dispersal syndromes and the dynamics of spatially structured
populations. Ecol Lett. (2009) 12:197-209. doi: 10.1111/j.1461-0248.2008.01267.x

13. Matthysen E. Multicausality of dispersal: A review. In: Clobert J, Baguette M,
Benton TG, Bullock JM, editors. Dispersal Ecology and Evolution. Oxford University
Press, Oxford, UK (2012).

14. Cayuela H, Rougemont Q, Prunier JG, Moore ]S, Clobert J, Besnard A, et al.
Demographic and genetic approaches to study dispersal in wild animal populations: A
methodological review. Mol Ecol. (2018) 27:3976-4010. doi: 10.1111/mec.14848

15. Bowler DE, Benton TG. Causes and consequences of animal dispersal strategies:
relating individual behaviour to spatial dynamics. Biological Reviews. Cambridge Philos
Soc. (2005) 80:205-25. doi: 10.1017/51464793104006645

16. Bonte D, Van Dyck H, Bullock JM, Coulon A, Delgado M, Gibbs M, et al. Costs
of dispersal. Biol Rev. (2012) 87:290-312. doi: 10.1111/j.1469-185X.2011.00201.x

17. Ronce O, Clobert J. Dispersal syndromes. In: Clobert ], Baguette M, Benton TG,
Bullock JM, editors. Dispersal ecology and evolution. Oxford University Press, Oxford
(2012).

18. Zera AJ, Denno RF. Physiology and ecology of dispersal polymorphism in
insects. Annu Rev entomol. (1997) 42:207-30. doi: 10.1146/annurev.ento0.42.1.207

19. Hoffmann AA, Parsons PA. Extreme Environmental Change and Evolution.
Cambridge: Cambridge University Press (1997).

20. Hoffmann AA, Hercus MJ. Environmental stress as an evolutionary force.
BioScience. (2000) 50:217-26. doi: 10.1641/0006-3568(2000)050[0217:ESAAEF]2.3.CO;2

21. Badyaev AV, Foresman KR, Young RL. Evolution of morphological integration:
developmental accommodation of stress-induced variation. Am Nat. (2005) 166:382-
95. doi: 10.1086/432559

22. Dujardin JP, Costa J, Bustamante D, Jaramillo N, Catala S. Deciphering
morphology in Triatominae: the evolutionary signals. Acta Tropica. (2009) 110:101-
11. doi: 10.1016/j.actatropica.2008.09.026

23. Hernandez ML, Dujardin JP, Gorla DE, Catala SS. Can body traits, other than

wings, reflect the flight ability of Triatominae bugs? Rev da Sociedade Bras Medicina
Trop. (2015) 48:682-91. doi: 10.1590/0037-8682-0249-2015

24. Hernandez ML, Espinoza J, Gomez M, Gorla D. Morphological changes
associated with brachypterous Triatoma guasayana (Hemiptera, Reduviidae) and
their relationship with flight. Int J Trop Insect Sci. (2020) 40:413-21. doi: 10.1007/
542690-019-00092-9

25. Ribak G, Barkan S, Soroker V. The aerodynamics of flight in an insect flight-mill.
PloS One. (2017) 12:€0186441. doi: 10.1371/journal.pone.0186441

Frontiers in Insect Science

15

10.3389/finsc.2025.1651021

26. Outomuro D, Adams DC, Johansson F. Wing shape allometry and aerodynamics
in calopterygid damselflies: a comparative approach. BMC evolutionary Biol. (2013)
13:118. doi: 10.1186/1471-2148-13-118

27. Palmer AR, Strobeck C. Fluctuating asymmetry: measurement, analysis,
patterns. Annu Rev Ecol Systematics. (1986) 17:391-421. doi: 10.1146/
annurev.es.17.110186.002135

28. Klingenberg CP. Analyzing fluctuating asymmetry with geometric
morphometrics: concepts, methods, and applications. Symmetry. (2015) 7:843-934.
doi: 10.3390/sym7020843

29. Willmore KE, Young NM, Richtsmeier JT. Phenotypic variability: Its
components, measurement and underlying developmental processes. Evolutionary
Biol. (2007) 34:99-120. doi: 10.1007/s11692-007-9008-1

30. Dujardin JP. The body of chagas disease vectors. Pathogens. (2025) 14:98.
doi: 10.3390/pathogens14010098

31. Wisnivesky-Colli C, Schweigmann NJ, Alberti A, Pietrokovsky SM, Conti O,
Montoya S, et al. Sylvatic American trypanosomiasis in Argentina. Trypanosoma cruzi
in mammals from the Chaco Forest in Santiago del Estero. Trans R Soc Trop Med
Hygiene. (1992) 86:38-41. doi: 10.1016/0035-9203(92)90433-D

32. Noireau F, Diosque P, Jansen AM. Trypanosoma cruzi: adaptation to its vectors
and its hosts. Veterinary Res. (2009) 40:26. doi: 10.1051/vetres/2009009

33. Nattero J, Piccinali RV, Macedo Lopes C, Hernandez ML, Abrahan L, Lobbia PA,
et al. Morphometric variability among the species of the Sordida subcomplex
(Hemiptera: Reduviidae: Triatominae): evidence for differentiation across the
distribution range of Triatoma sordida. Parasites Vectors. (2017) 10:412.
doi: 10.1186/s13071-017-2350-y

34. Ceccarelli S, Balsalobre A, Cano ME, Canale DM, Lobbia PA, Stariolo RL, et al.
Analysis of Chagas disease vectors occurrence data: the Argentinean triatomine species
database. Biodiversity Data J. (2020) 8:¢58076. doi: 10.3897/BDJ.8.e58076

35. Canale DM, Cecere MC, Chuit R, Giirtler RE. Peridomestic distribution of
Triatoma garciabesi and Triatoma guasayana in north-west Argentina. Med veterinary
entomol. (2000) 14:383-90. doi: 10.1046/j.1365-2915.2000.00254.x

36. Wisnivesky-Colli C, Giirtler RE, Solarz ND, Schweigmann NJ, Pietrokovsky SM,
Alberti. A, et al. Dispersive flight and house invasion by Triatoma guasayana and
Triatoma sordida in Argentina. Memorias do Instituto Oswaldo Cruz. (1993) 88:27-32.
doi: 10.1590/S0074-02761993000100006

37. Vezzani D, Schweigmann NJ, Pietrokovsky SM, Wisnivesky-Colli C.
Characterization of Triatoma guasayana biotopes in a hardwood forest of Santiago
del Estero, Argentina. Memorias do Instuto Oswaldo Cruz. (2001) 96:459-66.
doi: 10.1590/S0074-02762001000400004

38. Vazquez-Prokopec GM, Cecere MC, Canale DM, Giirtler RE, Kitron U.
Spatiotemporal patterns of reinfestation by Triatoma guasayana (Hemiptera:
Reduviidae) in a rural community of northwestern Argentina. ] Med entomol. (2005)
42:571-81. doi: 10.1093/jmedent/42.4.571

39. Vazquez-Prokopec GM, Cecere MC, Kitron U, Giirtler RE. Environmental and
demographic factors determining the spatial distribution of Triatoma guasayana in
peridomestic and semi-sylvatic habitats of rural northwestern Argentina. Med
veterinary entomol. (2008) 22:273-82. doi: 10.1111/j.1365-2915.2008.00746.x

40. Cavallo MJ, Amelotti I, Gorla DE. Invasion of rural houses by wild Triatominae
in the arid Chaco. J Vector Ecol. (2016) 41:97-102. doi: 10.1111/jvec.12199

41. Carbajal-de-la-Fuente AL, del Pilar Fernandez M, Piccinali RV, Rodriguez-
Planes LI, Duarte R, Giirtler RE. Occurrence of domestic and intrusive triatomines
(Hemiptera: Reduviidae) in sylvatic habitats of the temperate Monte Desert ecoregion
of Argentina. Acta tropica. (2019) 196:37-41. doi: 10.1016/j.actatropica.2019.04.028

42. Cardozo M, Fiad FG, Crocco LB, Gorla DE. Triatominae of the semi-arid Chaco
in central Argentina. Acta Tropica. (2021) 224:106158. doi: 10.1016/
j.actatropica.2021.106158

43. Noireau F, Rojas Cortez M, Jansen AM, Torrico F. Can the wild foci of Triatoma
infestans in Bolivia jeopardize current Chagas disease control efforts? Trends Parasitol.
(2005) 21:7-10. doi: 10.1016/j.pt.2004.10.007

44. Noireau F, Dujardin JP. Biology of Triatominae. In: Telleria J, Tibayrenc M,
editors. American Trypanosomiasis. Amsterdam, Netherlands: Elsevier (2010).

45. Fiad FG, Cardozo M, Nattero J, Gigena GV, Gorla DE, Rodriguez CS.
Association between environmental gradient of anthropization and phenotypic
plasticity in two species of triatomines. Parasites Vectors. (2024) 17:169.
doi: 10.1186/513071-024-06258-w

46. Capitanelli R. Geomorfologia. In: Vazquez J, Miatello R, Roque M, editors.
Geografia Fisica de la Provincia de Cordoba. Ed. Boldt, Buenos Aires (1979).

47. Jarsan B, Gorgas ], Zamora E. Atlas de Suelos de la Repuiblica Argentina.
Cordoba: Sector Provincia de Cordoba. Convenio INTA-PNUD (1989).

48. Cabido M, Zeballos SR, Zak M, Carranza ML, Giorgis MA, Cantero J, et al.
Native woody vegetation in central Argentina: Classification of Chaco and Espinal
forests. . Appl Vegetation Sci. (2018) 21:298-311. doi: 10.1111/avsc.12369

frontiersin.org


https://doi.org/10.1146/annurev.ecolsys.34.011802.132419
https://doi.org/10.1111/ele.13535
https://doi.org/10.1111/ecog.02538
https://doi.org/10.1111/j.1365-2435.2007.01326.x
https://doi.org/10.1016/j.cois.2019.06.002
https://doi.org/10.4269/ajtmh.2006.74.3
https://doi.org/10.4269/ajtmh.2011.10-0041
https://doi.org/10.4269/ajtmh.13-0256
https://doi.org/10.1111/j.1365-2699.2010.02442.x
https://doi.org/10.1371/journal.pone.0057519
https://doi.org/10.1007/s10980-007-9108-4
https://doi.org/10.1111/j.1461-0248.2008.01267.x
https://doi.org/10.1111/mec.14848
https://doi.org/10.1017/S1464793104006645
https://doi.org/10.1111/j.1469-185X.2011.00201.x
https://doi.org/10.1146/annurev.ento.42.1.207
https://doi.org/10.1641/0006-3568(2000)050[0217:ESAAEF]2.3.CO;2
https://doi.org/10.1086/432559
https://doi.org/10.1016/j.actatropica.2008.09.026
https://doi.org/10.1590/0037-8682-0249-2015
https://doi.org/10.1007/s42690-019-00092-9
https://doi.org/10.1007/s42690-019-00092-9
https://doi.org/10.1371/journal.pone.0186441
https://doi.org/10.1186/1471-2148-13-118
https://doi.org/10.1146/annurev.es.17.110186.002135
https://doi.org/10.1146/annurev.es.17.110186.002135
https://doi.org/10.3390/sym7020843
https://doi.org/10.1007/s11692-007-9008-1
https://doi.org/10.3390/pathogens14010098
https://doi.org/10.1016/0035-9203(92)90433-D
https://doi.org/10.1051/vetres/2009009
https://doi.org/10.1186/s13071-017-2350-y
https://doi.org/10.3897/BDJ.8.e58076
https://doi.org/10.1046/j.1365-2915.2000.00254.x
https://doi.org/10.1590/S0074-02761993000100006
https://doi.org/10.1590/S0074-02762001000400004
https://doi.org/10.1093/jmedent/42.4.571
https://doi.org/10.1111/j.1365-2915.2008.00746.x
https://doi.org/10.1111/jvec.12199
https://doi.org/10.1016/j.actatropica.2019.04.028
https://doi.org/10.1016/j.actatropica.2021.106158
https://doi.org/10.1016/j.actatropica.2021.106158
https://doi.org/10.1016/j.pt.2004.10.007
https://doi.org/10.1186/s13071-024-06258-w
https://doi.org/10.1111/avsc.12369
https://doi.org/10.3389/finsc.2025.1651021
https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org

Fiad et al.

49. Cabido MR, Zak MR. Vegetacion del norte de Cordoba. Secretaria de Agricultura
y Recursos Renovables de la Provincia de Cordoba. Cordoba, Argentina: Agencia
Cordoba Ambiente (1999).

50. Preda G. La expansion del capital agrario en el norte de Cordoba:
transformaciones y disputa por el territorio. Rev Cienc Sociales. (2015) 28:55-76.

51. ]urberg J, Galvao C, Lent H, Monteiro F, Macedo Lopes C, Panzera F, et al.
Revalidagdo de Triatoma garciabesi Carcavallo, Cichero, Martinez, Prosen and
Ronderos 1967 (Hemiptera-Reduviidae). Entomologia y Vectores. (1998) 5:107-22.

52. Lent H, Wigodzinsky P. Revision of the Triatominae (Hemiptera, Reduviidae)
and their significance as vector of Chagas’ disease. . Bull Am Museum Natural History.
(1979) 163:123-520.

53. Fiad FG, Cardozo M, Rodriguez CS, Hernandez ML, Crocco LB, Gorla DE.
Ecomorphological variation of the Triatoma guasayana wing shape in semi-arid Chaco
region. Acta Tropica. (2022) 232:106488. doi: 10.1016/j.actatropica.2022.106488

54. Travis JM, Mustin K, Barton KA, Benton TG, Clobert J, Delgado MM, et al.
Modelling dispersal: an eco-evolutionary framework incorporating emigration,
movement, settlement behaviour and the multiple costs involved. Methods Ecol Evol.
(2012) 3:628-41. doi: 10.1111/j.2041-210X.2012.00193.x

55. Bookstein FL. Morphometric tools for landmark data. Cambridge, England:
Cambridge University Press (1997).

56. Rohlf FJ. The tps series of software. Hystrix. (2015) 26:9-12. doi: 10.4404/
hystrix-26.1-11264

57. Klingenberg CP, Barluenga M, Meyer A. Shape analysis of symmetric
structure: Quantifying variation among individuals and asymmetry. Evolution.
(2002) 56:1909-20. doi: 10.1554/0014-3820(2002)056[1909:SA0SSQ]2.0.CO;2

58. Rohlf FJ, Slice D. Extensions of the Procrustes method for the optimal
superimposition of landmarks. Systematic zool. (1990) 39:40-59. doi: 10.2307/2992207

59. Adams DC, Otarola-Castillo E. Ggeomorph: an R package for the collection and
analysis of geometric morphometric shape data. Methods Ecol Evol. (2013) 4:393-9.
doi: 10.1111/2041-210X.12035

60. Zuur A, Ieno EN, Walker N, Saveliev AA, Smith GM. Mixed effects models and
extensions in ecology. New York: R. Springer Verlag (2009).

61. Adams DC, Collyer ML. Phylogenetic ANOVA: group-clade aggregation,
biological challenges, and a refined permutation procedure. Evolution. (2018)
72:1204-15. doi: 10.1111/ev0.13492

62. Schweigmann N, Vallve S, Muscio O, Ghillini N, Alberti A, Wisnivesky-Colli C.
Dispersal flight by Triatoma infestans in an arid area of Argentina. Med Vet Entomol.
(1988) 2:401-404.

63. Schofield CJ, Lehane MJ, McEwen P, Catala SS, Gorla DE. Dispersive flight by
Triatoma infestans under natural climatic conditions in Argentina. Med Vet Entomol.
(1992) 6:51-56. doi:

64. Gutiérrez-Cabrera AE, Montaio RB, Gonzalez L, Ospina-Garcés SM, Cordoba-
Aguilar A. Body shape and fluctuating asymmetry following different feeding sources
and feeding time in a triatomine, Triatoma pallidipennis (Stal 1892). Infection Genet
Evol. (2022) 98. doi: 1016/j.meegid.2021.105199

65. Hernandez ML, Gleiser RM. Changes in fluctuating head asymmetry in natural
populations of triatoma infestans (Hemiptera, reduviidae): how does a vector control
treatment influence the phenotype of nymphs and adults? Neotropical Entomol. (2025)
54:45. doi: 10.1007/s13744-025-01251-z

66. Verly T, Fiad FG, Carbajal de la Fuente AL, Pita S, Piccinali RV, Lobbia PA, et al.
Bug off or bug out: mapping flight secrets of Triatoma garciabesi (Hemiptera:
Reduviidae) through climate, geography, and greenery. Front Insect Sci. (2025)
5:1532298. doi: 10.3389/finsc.2025.1532298

67. Beasley AE, Bonisoli-Alquati A, Mousseau TA. The use of fluctuating asymmetry
as a measure of environmentally induced developmental instability: A meta-analysis.
Ecol Indic. (2013) 30:218-26. doi: 10.1016/j.ecolind.2013.02.024

Frontiers in Insect Science

16

10.3389/finsc.2025.1651021

68. Macchi L, Grau HR, Zelaya PV, Fuentes M, Sofia M. Trade-offs between land use
intensity and avian biodiversity in the dry Chaco of Argentina: A tale of two gradients.
Agriculture Ecosyst Environ. (2013) 174:11-20. doi: 10.1016/j.agee.2013.04.011

69. Vallejos M, Volante JN, Mosciaro MJ, Vale LM, Bustamante ML, Paruelo JM.
Transformation dynamics of the natural cover in the Dry Chaco ecoregion: A plot level
geo-database from 1976 to 2012. ] Arid Environments. (2015) 123:3-11. doi: 10.1016/
j.jaridenv.2014.11.009

70. de la Sancha NU, Boyle SA, McIntyre NE, Brooks D, Yanosky A, Cuellar Soto E,
et al. The disappearing Dry Chaco, one of the last dry forest systems on earth.
Landscape Ecol. (2021) 36:2997-3012. doi: 10.1007/s10980-021-01291-x

71. Bracalenti MA, Miiller OV, Lovino MA, Berbery EH. The agricultural expansion
in South America’s Dry Chaco: regional hydroclimate effects. Hydrol. Earth System Sci.
(2024) 28:3281-303. doi: 10.5194/hess-28-3281-2024

72. Gigena GV, Rodriguez CS, Fiad FG, Hernandez ML, Carbajal-de-la-Fuente AL,
Piccinali RV, et al. Phenotypic variability in traits related to flight dispersal in the wing
dimorphic species Triatoma guasayana. Parasites Vectors. (2023) 16:8. doi: 10.1186/
s13071-022-05570-7

73. Hallgrimsson B, Willmore K, Hall BK. Canalization, developmental stability, and
morphological integration in primate limbs. Am J Phys Anthropol. (2002) 35:131-58.
doi: 10.1002/ajpa.10182

74. Vilaseca C, Méndez MA, Pinto CF, Lemic D, Benitez HA. Unraveling the
morphological variation of Triatoma infestans in the peridomestic habitats of
Chuquisaca Bolivia: a geometric morphometric approach. Insects. (2021) 12:185.
doi: 10.3390/insects12020185

75. Nattero J, Piccinali RV, Fiad FG, Cano F, Carbajal de la Fuente AL. Relationship
between flight muscle dimorphism and wing morphometry in Triatoma infestans (Klug
1834) (Hemiptera, reduviidae, triatominae). Front Ecol Evol. (2023) 11:1211219.
doi: 10.3389/fev0.2023.1211219

76. Cox RM, Skelly SL, John-Alder HB. A comparative test of adaptive hypotheses
for sexual size dimorphism in lizards. Evolution. (2003) 57:1653-69. doi: 10.1111/
j.0014-3820.2003.tb00371.x

77. Fairbairn DJ, Blanckenhorn WU, Szeékely T. Sex, size and gender roles:
evolutionary studies of sexual size dimorphism. USA: Oxford University Press (2007).

78. Dujardin JP, Panzera F, Schofield C. Triatominae as a model of morphological
plasticity under ecological pressure. Memorias do Instituto Oswaldo Cruz. (1999)
94:223-8. doi: 10.1590/50074-02761999000700036

79. Rabinovich JE, Kitron UD, Obed Y, Yoshioka M, Gottdenker N, Chaves LF.
Ecological patterns of blood-feeding by kissing-bugs (Hemiptera: Reduviidae:
Triatominae). Memorias Do Instituto Oswaldo Cruz. (2011) 106:479-94.
doi: 10.1590/S0074-02762011000400016

80. Mikac KM, Douglas J, Spencer JL. Wing shape and size of the western corn
rootworm (Coleoptera: Chrysomelidae) is related to sex and resistance to soybean-
maize crop rotation. J economic entomol. (2013) 106:1517-24. doi: 10.1603/EC13010

81. Lemic D, Benitez HA, Bazok R. Intercontinental effect on sexual shape
dimorphism and allometric relationships in the beetle pest Diabrotica virgifera
virgifera LeConte (Coleoptera: Chrysomelidae). Zoologischer Anzeiger-A J Comp
Zool. (2014) 253:203-6. doi: 10.1016/j.jcz.2014.01.001

82. Fiad FG, Insaurralde JA, Cardozo M, Gorla DE. Supervised land cover
classification using Google Earth Engine in Cordoba, Argentina 2018-2020. Environ
Data Initiative. (2023). doi: 10.6073/pasta/bd835a5be75fb14897679cb2b5d800cc

83. Crespi BJ, Vanderkist BA. Fluctuating asymmetry in vestigial and functional
traits of a haplodiploid insect. Heredity. (1997) 79:624-30. doi: 10.1038/hdy.1997.208

84. McLachlan AJ. Size or symmetry: an experiment to determine which of the two
accounts for mating success in male midges. Ecoscience. (1997) 4:454-9. doi: 10.1080/
11956860.1997.11682423

85. McLachlan AJ. Fluctuating asymmetry in flies, what does it mean? Symmetry.
(2010) 2:1099-107. doi: 10.3390/sym2021099

frontiersin.org


https://doi.org/10.1016/j.actatropica.2022.106488
https://doi.org/10.1111/j.2041-210X.2012.00193.x
https://doi.org/10.4404/hystrix-26.1-11264
https://doi.org/10.4404/hystrix-26.1-11264
https://doi.org/10.1554/0014-3820(2002)056[1909:SAOSSQ]2.0.CO;2
https://doi.org/10.2307/2992207
https://doi.org/10.1111/2041-210X.12035
https://doi.org/10.1111/evo.13492
https://doi.org/1016/j.meegid.2021.105199
https://doi.org/10.1007/s13744-025-01251-z
https://doi.org/10.3389/finsc.2025.1532298
https://doi.org/10.1016/j.ecolind.2013.02.024
https://doi.org/10.1016/j.agee.2013.04.011
https://doi.org/10.1016/j.jaridenv.2014.11.009
https://doi.org/10.1016/j.jaridenv.2014.11.009
https://doi.org/10.1007/s10980-021-01291-x
https://doi.org/10.5194/hess-28-3281-2024
https://doi.org/10.1186/s13071-022-05570-7
https://doi.org/10.1186/s13071-022-05570-7
https://doi.org/10.1002/ajpa.10182
https://doi.org/10.3390/insects12020185
https://doi.org/10.3389/fevo.2023.1211219
https://doi.org/10.1111/j.0014-3820.2003.tb00371.x
https://doi.org/10.1111/j.0014-3820.2003.tb00371.x
https://doi.org/10.1590/S0074-02761999000700036
https://doi.org/10.1590/S0074-02762011000400016
https://doi.org/10.1603/EC13010
https://doi.org/10.1016/j.jcz.2014.01.001
https://doi.org/10.6073/pasta/bd835a5be75fb14897679cb2b5d800cc
https://doi.org/10.1038/hdy.1997.208
https://doi.org/10.1080/11956860.1997.11682423
https://doi.org/10.1080/11956860.1997.11682423
https://doi.org/10.3390/sym2021099
https://doi.org/10.3389/finsc.2025.1651021
https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org

	Breaking symmetry: effects of habitat disturbance on flight-related traits of two Triatominae species
	Background
	Methods
	Study area and insect collection
	Landscape fragmentation and the influence on phenotypic variation
	Geometric morphometrics and asymmetry assessment
	Statistical analysis

	Results
	Overall patterns of symmetry and asymmetry concerning anthropization levels in Triatoma garciabesi and T. guasayana
	Effective spatial scales for morphological responses to landscape fragmentation
	Symmetric and asymmetric morphological responses to landscape metrics in Triatoma garciabesi
	Symmetric and asymmetric morphological responses to landscape metrics in Triatoma guasayana

	Discussion
	Developmental stability and morphological adaptation to fragmented habitats in Triatoma garciabesi
	Landscape fragmentation and morphological resilience in Triatoma guasayana
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References




