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Abstract
Geometric morphometrics is a tool capable of measuring the response
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Introduction Bee population responses to pressures in different

environments can be observed through phenotypic variations

Euglossa cordata (Linnaeus, 1758) is a primitively
social bee (Gardfalo, 1985; Freiria et al.,, 2017), which
pollinates plants of several botanical families, such as
Orchidaceae, Apocynaceae, Bignoniaceae and Solanaceae
(Silva et al., 2007; Lopez-Uribe et al., 2008; Coelho et al.,
2017; Ferreira-Caliman et al., 2018). This species has wide
distribution in the Neotropical region (Moure et al., 2012),
occurring in several ecosystems in Brazil (Nemésio, 2009).
Furthermore, this bee is considered as indicator for dry, open
and anthropic environments (Aguiar & Gaglianone, 2008;
2012; Ferronato et al., 2017).
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(Nunes et al., 2007; Ribeiro et al., 2019). Although it is easy
to obtain samples of Euglossini males, there is not enough
knowledge about morphometric variability of these insects
related to different environmental gradients (e.g. Grassi-Sella
et al., 2018; Ribeiro et al., 2019). This lack of studies may be
related to the idea of variation absence in males of these bees,
associated to haplodiploid characteristic, genetic determination
of Hymenoptera, in which most variation is conserved in females
(Zayed, 2009). Furthermore, genetic studies on FEuglossa
Latreille, 1802 species have reported that environmental
heterogeneity does not result in significant genetic variations
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among populations (Dick et al., 2004; Zimmermann et al., 2011;
Soro et al., 2017). This outcome seems to be related to the high
dispersal capacity of these bees (Pokorny et al., 2015), which
results in gene flow between populations (Cerantola et al., 2011).

However, some studies verified the efficacy of
morphological characters in males to identify morphotypes
and cryptic species of the genus FEuglossa (Francoy et
al., 2012; Quezada-Euan et al, 2015), demonstrating
the importance of using males in morphometric studies.
Geometric morphometrics, the study of shape and size
associated with random factors (Monteiro & Reis, 1999;
Klingenberg, 2015), has been used as a tool for studies on intra
and interpopulation variation in social bees species (Mendes
et al., 2007; Prado-Silva et al., 2016; Combey et al., 2018)
and solitary bees (Ferreira et al., 2011; Neves et al., 2012;
Dellicour et al., 2017; Grassi-Sella et al., 2018). Such studies
have shown the efficacy of that technique on understanding
phenotypic expression of these insect populations associated
to different environmental factors, such as altitude, geographic
distribution, vegetation type and habitat fragmentation.

Considering that the interaction of organisms with
the environment allows morphological variations, without
necessarily causing genetic changes, which is a result
of phenotypic plasticity (Scheiner, 1993; Schlichting &
Wund, 2014), we tested the hypothesis that E. cordata wing
morphometry, as an indicator of response to environmental
pressure, it would vary depending on habitat changes, in the
Atlantic Forest, Savanna and dry forest (Caatinga).

Material and Methods
Study area

The sampling was carried out in five areas of Bahia state,
northeast of Brazil, representing different phytophysiognomies:
Dense Ombrophilous Montane Forest (DMF) and Dense
Ombrophilous Submontane Forest (DSF) in the Atlantic
Forest, Semideciduous Seasonal Forest (SSF) and Savanna
(SAV) on the highlands regions of Chapada Diamantina, and
Arboreal Caatinga (ARC), a dry phytophysiognomy typical
in the northeast of Brazil (Fig 1). The distance between
sampling sites ranges from 3 km (DMF x DSF) to 276 km
(DSF x SAV) (Table 1).

Sampling

The populations of the Atlantic Forest (DMF and DSF)
and Chapada Diamantina (SSF and SAV) were sampled
between 2014-2015, while the population of Caatinga (ARC)
was sampled between 2015-2016. Three hundred and sixty-
two males of E. cordata were used in the analysis (Table 2).

Table 1. Distance (Km) among sampling phytophysiognomies.

SAV DMF DSF SSF
ARC 222 216 219 209
SAV 273 276 17
DMF 03 258
DSF 261

13%m0

o

Fig 1. Phytosionomies sampled in the state of Bahia, Brazil. (DMF: Dense Ombrophilous Montane Forest; DSF:
Dense Ombrophilous Submontane Forest; SSF: Semideciduous Seasonal Forest; SAV: Savanna; ARC: Arboreal

Caatinga).
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Table 2. Number of individuals of Euglossa cordata (L.) analyzed in each phytophysiognomy. (ARC:
Arboreal Caatinga; SAV: Savanna; SSF: Semideciduous Seasonal Forest; DMF: Dense Ombrophilous
Montane Forest; DSF: Dense Ombrophilous Submontane Forest).

Phytophysiognomy Geographical Coordinates Altitude (m) Number of individuals
ARC 11°57°S 39°32°W 235 46
SAV 12°26°S 41°30°W 780 75
SSF 12°29°S 41°21°’W 516 51
DMF 13°53°S 39°27°W 660 93
DSF 13°54°S 39°27°W 500 97
Total 362

The bees were collected using bait traps (benzyl acetate,
B-ionone, methyl cinnamate, eucalyptol, eugenol, methyl
salicate and vanillin), based on the traps described by Aguiar
and Gaglianone (2008).

Methods

The left forewing of each individual was removed, fixed
between two slides of microscopy, and photographed in Leica
stereoscopic microscope (96 dpi resolution). An image bank was
created using the tpsUtil 1.6 software (Rolhf, 2013), that was
opened in tpsDig 2.18 (Rolhf, 2015), in which 18 landmarks
were digitized at the intersections of the wing veins (Fig 2).

2 mm

Fig 2. Landmarks plotted at the intersections of the wing veins of
Euglossa cordata (L.).

Data analysis

A Procrustes superimposition was performed,
eliminating any differences in size, position and orientation
between configurations (Klingenberg, 2015). The Principal
Component Analysis (PCA), an exploratory analysis of data,
was used to observe the variation level of the sample. In
order to evaluate if there were morphometric differences in
the wing shape between populations, it was used Canonical
Variate Analysis (CVA) and a multivariate statistical analysis
(MANOVA). We have used the Procrustes distance, i.e. values
generated from the minimum sum of squares of the distances
between landmarks after the Procrustes superimposition
(Monteiro & Reis, 1999), were used to evaluate the similarity
of the wing shape between populations. These analyzes were
made in MorphoJ 1.06d software (Klingenberg, 2011).

The wing size was estimated from the centroid size,
which is the square root of the sum of of the landmarks
distances relative to the center of gravity (Klingenberg, 2015).
Subsequently, a variance analysis (ANOVA one-away) and
Tukey comparison test were carried out. Pearson’s test was
used to verify if there was correlation between morphometric
variables (wing shape and size) and environmental and
geographic variables of each area (phytophysiognomy type,
altitude, longitude and latitude). These tests were performed
in the PAST 2.17¢ program (Hammer et al., 2001).

Results

In the Principal Components Analysis (PCA),
32 components were generated, of which the first nine
components explained 72.4% of variation. In the Canonical
Variable Analysis (CVA), the first two variables explained
more than 80% of the data variation of wing shape. The first
variable explained 48.5% and separated on the positive axis
DMF and SMF, and on the negative axis SSF and SAV. The
second variable explained 31.6% and separated on the positive
axis SAV and SMF, and on the negative axis ARC and SFF
(Fig 3). The MANOVA indicated low variation in wing
shape between SFF and SAV (p = 0.05), and the difference in
wing shape was statistically significant between the other E.
cordata populations (Wilk’s A = 0.000; p < 0.05).

The Procrustes distance indicated higher wing shape
similarity between ARC and DMF populations, and higher
dissimilarity between ARC and SAV (Table 3). Furthermore,
from the test of permutation with 10.000 replicates associated
to the Procrustes distance, wing shape presented significant
differences between populations (p < 0.05).

Table 3. Procrustes distance generated from the Canonical Variate
Analysis (CVA) between each phytophysiognomy (lower) and p va-
lue of the permutation test (10.000 permutations) (upper).

ARC SAV DMF DSF SSF
ARC 0.0001 0.0167 0.0001 0.0007
SAV 0.0104 0.0001 0.0001 0.0006
DMF 0.0057 0.0092 0.0001 0.0001
DSF 0.0069 0.0077 0.0064 0.0001
SSF 0.0083 0.0074  0.0093 0.0083
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Fig 3. Scatter plot of the five populations of Euglossa cordata (L.) analyzed, generated from the two canonical variables with higher variation

of the Canonical Variate Analysis (CVA).

The difference between means for wing size was
statistically significant (ANOVA one way, f=10.58; p <0.05).
Tukey’s multiple comparison test indicated that the wings of
Atlantic Forest populations differed from the others (DSF x
SSF, DMF x ARC, DMF x SAV, DMF x SSF).

Pearson’s test indicated positive correlation between
wing shape and size with altitude and latitude, and negative
correlation between wing shape and size with longitude and
phytophysiognomy type, with high significance (p < 0.05)
(Table 4).

Table 4. Result of Pearson linear correlation (r) between the
morphometrics variables (wing shape and size), with the geographic
and environmental variables.

Mo\ll':rl;:::zzric Geographic Variables r P

Altitude 0.06 <0.05

Wing Shape Latitude 0.24 <0.05
Longitude -0.28  <0.05

Phytophysiognomy -0.18  <0.05

Altitude 0.23 0.21

Wing Size Latitude 0.58 <0.05
Longitude -0.46  <0.05

Phytophysiognomy -0.31 <0.05

Discussion

Based on wing shape and size analysis, populations
of E. cordata showed morphometric variability. Although
this species has been indicated as tolerant to different

environmental conditions (Aguiar & Gaglianone, 2008;
2012), the occurrence of interpopulation morphometric
variations may reflect different environmental pressures in
each phytophysiognomy, similar to what has been observed
in social bees (Nunes et al., 2007; Combey et al., 2018). On
the other hand, these variations observed in wing shape of E.
cordata between the phytophysiognomies differed from those
reported for populations of Euglossa annectans Dressler,
1982 and Euglossa truncata Rebélo and Moure, 1995
sampled in Atlantic Forest and Savanna in Brazil (Grassi-Sella
et al., 2018). These authors reported the high morphological
similarity between populations with the high dispersal
potential of these bees. The wing shape variability may be
related to factors such as genetic control, sexual selection
and environmental heterogeneity (Dellicour et al., 2017).
Euglossini bees present some ecological requirements that are
scattered in the landscape (Roubik & Hanson, 2004). Thus, it
is possible that interpopulation wing shape variability in E.
cordata reflects the adjustment of populations to fulfill their
ecological requirements on different environments, since life
history traits, such as foraging behavior, influence phenotypic
adjustment (Mendoza-Cuenca & Macias-Ordodiez, 2005).
The higher dissimilarity of £. cordata wing shape was
observed between the populations sampled in caatinga (ARC)
and savanna (SAV), although both are phytophysiognomies
with open and shrub vegetation. The SAV population comes
from an area of 780 m of altitude in the Chapada Diamantina,
north region of Espinhago moutain chain, and is separated
by 222 km from the ARC population, which is situated
at lower altitude (235 m). Furthermore, the geographic
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proximity between SSF (Semideciduous Seasonal Forest)
and SAV areas could explain the low variation in wing shape
between populations from these environments, as indicated
in the MANOVA test, because although they are distinct
phytophysiognomies (forest and savanna), they are close to
each other (~17 km), in the central region of the Chapada
Diamantina. Nunes et al. (2007) pointed out that the Chapada
Diamantina mountains are an important barrier for other bees
as Melipona scutellaris Latreille, 1811, precluding gene flow.

The Procrustes distance indicated that wing shape
in the Caatinga (ARC) and Atlantic Forest (DMF and DSF)
populations had higher similarity. It is possible that
populations from Caatinga still has some connectivity with
populations in the Atlantic Forest, since these two biomes
are neighbors and do not have geographic barriers separating
them, which would facilitate gene flow, similar to what has
been observed in other Euglossa species (Dick et al., 2004;
Zimmermann et al., 2011; Soro et al., 2017).

Wing size showed significant variations between
populations from the Atlantic Forest (DMF and DSF),
with Caatinga (ARC), Semideciduos Seasonal Forest (SSF)
and Savanna (SAV) populations. In insects, size variations
are related to quality and quantity of resources provided in
larval stage (Peruquetti, 2003; Campos et al., 2018). The
variations found in wing size may reflect the different ways
in which floral resources are offered in each environment,
since the dynamics of this supply may vary temporally in
each phytophysiognomy, associated with variables such as
pluviosity and temperature (Morellato et al., 2000; Conceigdo
etal., 2007). Campos et al. (2018) observed seasonal variation
in the size of males and females of Tetrapedia curvitarsis
Friese, 1899, which would be related to the amount of
resources stored in brood cells in different seasons.

The wing shape and size of E. cordata seems to be
traits that vary between habitats, which may explain the
presence of correlation found among these variables with
phytophysiognomy type, latitude, longitude and altitude.
These morphometric variations observed may be related to
different populations responses to the local environmental
characteristics of each phytophysiognomy, because insects
may have plastic morphological adaptations in response to
altitudinal and latitudinal geographical gradients (Baranovska
& Knapp, 2018), or to local variations in landscape elements
(Ribeiro et al., 2019). Grassi-Sella et al. (2018) found a pattern
of morphometric clustering in E. annectans and E. truncata
related to the phytophysiognomy from which the populations
were sampled, being such pattern attributed to phenotypic
plasticity.

Thus, environmental variations resulted in morphological
variability in E. cordata, despite its wide occurrence in
different environments. Genetic studies with these populations
can indicate if the species presents a high interpopulation
variability, which can subsidize conservation actions for these
important pollinators.
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