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Abstract
The occurrence of cryptic species among economically important fruit flies strongly affects the development 
of management tactics for these pests. Tools for studying cryptic species not only facilitate evolutionary 
and systematic studies, but they also provide support for fruit fly management and quarantine activities. 
Previous studies have shown that the South American fruit fly, Anastrepha fraterculus, is a complex of cryptic 
species, but few studies have been performed on the morphology of its immature stages. An analysis of man-
dible shape and linear morphometric variability was applied to third-instar larvae of five morphotypes of the 
A. fraterculus complex: Mexican, Andean, Ecuadorian, Peruvian and Brazilian-1. Outline geometric mor-
phometry was used to study the mouth hook shape and linear morphometry analysis was performed using 
24 linear measurements of the body, cephalopharyngeal skeleton, mouth hook and hypopharyngeal sclerite. 
Different morphotypes were grouped accurately using canonical discriminant analyses of both the geomet-
ric and linear morphometry. The shape of the mandible differed among the morphotypes, and the anterior 
spiracle length, number of tubules of the anterior spiracle, length and height of the mouth hook and length 
of the cephalopharyngeal skeleton were the most significant variables in the linear morphometric analysis. 
Third-instar larvae provide useful characters for studies of cryptic species in the A. fraterculus complex.
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Introduction

Some species within the Tephritidae family are among the most important pests for agri-
culture because of their direct effects on fruit production and the quarantine restrictions 
imposed to prevent the transfer of foreign species from one region to another (Schutze 
et al. 2012, Norrbom et al. 2013). In this family, there are species of agricultural impor-
tance that are, in reality, complexes of cryptic species (Kitthawee and Dujardin 2010, 
Hernández-Ortiz et al. 2012, Ruiz-Arce et al. 2012, Schutze et al. 2012, Krosch et al. 
2013, Vaníčková et al. 2014). The occurrence of cryptic species among economically 
important fruit flies strongly affects the development of management tactics for these 
pests. Their economic importance is variable from one region to another, which makes 
the establishment of management practices more difficult. Detailed knowledge of the 
biology and taxonomy of these species is essential for the application of methods such 
as the sterile insect technique (SIT), the use of pheromones, the determination of pest-
free or low-prevalence areas and quarantine measures or risk analysis (Frías et al. 2006, 
Schutze et al. 2012, Krosh et al. 2013, Norrbom et al. 2013, Perre et al. 2014).

The definition and determination of species is one of the most important topics 
in modern systematics. Traditionally, the description of species has been based on the 
study of morphological characteristics. In recent decades, other biological, ecological, 
genetic and evolutionary tools have been integrated with morphology to find new 
species, particularly within cryptic species complexes (Baylac et al. 2003, Bickford et 
al. 2007, Wiens 2007, de Queiroz 2007, Yeates et al. 2011, Krosh et al. 2013). Tools 
for studying cryptic species not only facilitate evolutionary and systematic studies, but 
they also provide support for fruit fly management and quarantine activities.

The South American fruit fly, Anastrepha fraterculus (Wiedemann), is a species of 
great economic importance within the genus and is subject to quarantine restrictions. 
It is widely distributed in America and is associated with a large number of host fruits 
(Hernández-Ortiz et al. 2012, Norrbom et al. 2013). In fact, this nominal species com-
prises a cryptic species complex, as has been demonstrated by genetic (Steck 1991, Steck 
and Sheppard 1993, Smith-Caldas et al. 2001) and cytogenetic (Selivon et al. 2004, 
2005, Goday et al. 2006) studies, reproductive isolation tests (Selivon et al. 1999, Vera 
et al. 2006, Cáceres et al. 2009, Devescovi et al. 2014), chemo-taxonomy (Cáceres et al. 
2009, Břízová et al. 2013, Vaníčková et al. 2015) and morphological (Selivon and Per-
ondini 1998, Selivon et al. 2005, Hernández-Ortiz et al. 2004, 2012) analysis. Based on 
adult morphology, Hernández-Ortiz et al. (2012) identified seven morphotypes within 
this complex: Mexican, Andean, Venezuelan, Peruvian, and three morphotypes from 
the Brazilian territory, one of which extends to Argentina. In addition to these, Hernán-
dez-Ortiz et al. (2015) recently identified the Ecuadorian morphotype.
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Studies of the immature stages may be informative for the definition of species 
limits as well as for studies of phylogeny and evolution (Norrbom et al. 1999, Du-
jardin et al. 2014). In addition, in the case of fruit flies these studies could be im-
portant for quarantine actions because this is the stage that damages fruits (Steck et 
al. 1990, Frías et al. 2008, Dutra et al. 2012) and the one that is mostly intercepted 
during trade. According to Frías et al. (2008), larvae of only 7% of Tephritidae spe-
cies have been described in 17% of the genera. Studies on the larval morphology of 
Anastrepha have been performed by Steck and Malavasi (1988), Steck and Wharton 
(1988), Carroll and Wharton (1989), Steck et al. (1990), Frías et al. (2006, 2008, 
2009) and Dutra et al. (2012). However, previous studies have barely covered the 
morphological descriptions of the studied species, except that of Steck et al. (1990), 
who used multivariate analysis to find traits which could separate 13 species. Frías et al. 
(2006, 2008) also studied larval differentiation among the genera Anastrepha, Ceratitis, 
Bactrocera, Rhagoletis and Toxotrypana; further, they differentiated the larvae of some 
species of Rhagoletis that occur in Chile. In larvae of fruit flies, only allometric studies 
have been performed. These studies have shown that several structures, such as the 
cephalopharyngeal skeleton and the mouth hook may have taxonomical importance 
for the group. However, the results have not been completely satisfactory.

The study of larvae would benefit from more sophisticated tools for measuring 
the extant morphologic variability, as could be the case of shape analysis of certain 
structures, since forms are among the features that show differences in the speciation 
processes (Jirakanjanakit et al. 2008, Schutze et al. 2012, Dujardin et al. 2014). Shape 
analysis through the study of outlines has been successfully applied to delimit cryp-
tic species of mosquitoes and ticks (Dujardin et al. 2014) and to study the effect of 
hybridization in mandibles of stag beetles (Tatsuta et al. 2011). However, in spite of 
its capacity to detect minimal morphological variation, measurement errors can be in-
troduced in geometric morphometric studies due to observer error, common in many 
works, photographing and collecting landmarks (Dujardin et al. 2010, Toro et al. 
2010). Several solutions to this have been proposed (Arnqvist and Martensson 1998) 
with modern techniques of digital photography providing an adequate resolution for 
these liabilities (Dujardin et al. 2010).

The aim of this study was to perform a comparative analysis of third instar larvae 
of representatives of five morphotypes of the A. fraterculus complex (Mexican, Andean, 
Peruvian, Brazilian-1 and Ecuadorian). Through the use of geometric morphometry 
of the shape of the mouth hook and linear morphometry of larvae, we tested several 
variables and determined their usefulness in the differentiation of these morphotypes.

Methods

Biological material. The taxonomic identity of all larvae used in this study was fully 
known from associated reared adults and the diagnoses developed by Hernández-Ortiz 
et al. (2004, 2012, 2015) (Table 1). The samples from Mexico and Ecuador derived 
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from natural populations. The samples from Colombia and Brazil came from colonies 
reared for a few generations on host fruit in laboratory conditions. The sample from 
Peru came from a laboratory colony maintained on an artificial diet since 2002 at the 
laboratories of the International Atomic Energy Agency, in Seibersdorf, Austria. The 
sample of the Brazilian-1 morphotype was collected in the field and identified by one 
of the co-authors (DS) in the same location at which previous genetic, cytogenetic and 
morphometric studies were conducted with adults of this morphotype (Yamada and 
Selivon 2001). For each population we studied a total of 20 individuals.

Preparation of larvae. Larvae were prepared following methods described by Frías 
et al. (2006) as follows: third-instar larvae were killed in boiling water for one minute 
in groups of up to 20 individuals and then put in a 75% alcohol solution for stor-
age. Larvae specimens were photographed in dorsal view before proceeding with their 
preparation. Next, the larvae were left for one night in a 10% KOH solution, and 
the internal body content was withdrawn. Later, the cephalopharyngeal skeleton was 
carefully separated, removing the adhering tissue as much as possible. This structure 
was positioned in lateral view on a concave glass slide, slightly immersed in glycerin, 
covered and photographed. Digital images were also taken of the anterior spiracles by 
placing the cuticle on a glass slide with glycerin. The larval cuticle and the cephalo-
pharyngeal skeleton were stored in Eppendorf tubes with glycerin and deposited in the 
Museum of the Laboratory of Entomology at the University of Tolima.

The left mouth hook was carefully separated, and the remaining tissue was re-
moved as much as possible. Permanent slides were made with Canada balsam, putting 
the mandible in lateral view, and were deposited in the Museum of the Laboratory 
of Entomology at the University of Tolima. The mounting were done placing small 
amounts of Canada balsam each time to keep the mouth hooks in the best position to 
minimize the error.

Image capture. All pictures were taken with a Moticam10 digital camera, cou-
pled to an Advance Optical stereoscopic microscope for digital images of the body, 
and a Carl Zeiss Primo Star Trinocular microscope was used for pictures of the 
mouthparts. In both cases, the camera had a 10X lens. The cephalopharyngeal skel-
eton and the anterior spiracle were photographed with a 10X objective, and the 

Table 1. Data on collection of third-instar larvae of five morphotypes of the Anastrepha fraterculus complex.

Morphhotype Country State Municipality Host Latitude Longitude Altitude

Andean Colombia Boyaca Duitama Guava feijoa 
(Acca sellowiana) 5°49'29,9"N 73°04'29,7"W 2569

Brazil sp1 Brazil São Paulo Itaquera Guava (Psidium 
guajaba) 23°30'S 46°40'W 700

Ecuadorian Ecuador Pichincha Quito
Custard apple 

(Annona 
cherimola)

00°06'47"S 78°25'33"W 1861

Mexican Mexico Veracruz Teocelo Guava 19°23'8"N 96°58'20"W 1190
Peruvian Peru Lima La Molina Custard apple 12°00'03"S 76°57´00"W 255
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hypopharyngeal sclerite and mouth hook were photographed with a 40X objective. 
All digital images were taken at high resolution (3,664 × 2,748 pixels). The mouth 
hook at 400× magnification resulted in a 3D figure with blurred edges; therefore, 
multiple shots (between six and 10) were taken at different focal planes and later as-
sembled with the software Helicon Focus 6.0.18 (2013). All the images were edited 
with Adobe Photoshop CS5 Extended 12.0 x64 (Adobe 2010). The third dimension 
can be ignored in geometric morphometry when it is not important compared to the 
other two, and if the imaged structure is in approximately the same position and of 
good quality (Zelditch et al. 2004, Dujardin et al. 2014). These methods minimized 
the variability of the data.

Outline Geometric Morphometry. The assessment of the shape variation of the 
mouth hook among the samples was performed using an elliptical Fourier analysis 
(EFA) (Tatsuta et al. 2011, Dujardin et al. 2014), for which points were marked on 
the image, making a complete outline description. Several modules of the CLIC soft-
ware, version 84 (Dujardin 2013) were used in the analyses. The COO module was 
used for collecting the outlines, TET for concatenating the files, FOG for analysis 
and validation of classifications, and PAD to estimate the repeatability of the size and 
shape. Landmark captures were performed four times by a single observer (NA Canal) 
following Dujardin et al. (2010).

Linear morphometry. Samples were compared with a discriminant function analysis 
(DFA) applied over either linear measures between two points or the ratio between 
them. Measurements suggested by Steck and Wharton (1989), Steck et al. (1990) and 
Frías et al. (2006, 2008) were followed, and additional variables were included, which 
were deduced from the geometric morphometry study. We follow the terminology 
used by White et al. (1999) and Frías et al. (2008).

The mouth hook morphology was observed carefully. Its shows a medial nub in 
the ventral curve, where the cuticle and muscles attaches, with a front and a rear notch-
es next to it that extend to the top; a posterior apodema, like a neck, is also found. 
The anterior part of the dorsal apodema could be found where the slope turns greater 
(Figure 1).

All measurements were done on the digitized images of the structures. After vari-
ables were defined, measurements were performed three times by a single observer (NA 
Canal), but no differences in outcomes were found. Twenty-four variables were used, 
15 of which corresponded to linear measurements, and nine to the ratios between vari-
ous pairs (Figure 2).

Abbreviations of the variables used are as follows

BL: body length; BW: body width at the sixth abdominal tergite; CSL: cephalopharyn-
geal skeleton length, from the anterior apex of the mandible to the end of the ventral 
cornua, at lower end of the dorsal cornua; HSL: hypopharyngeal sclerite length, from 
mouth hook joint to the rear distal point; and HSH: height of the hypopharyngeal 
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Figure 1. Lateral view of mouth hook of the third instar larvae of Anastrepha fraterculus complex.

Figure 2. Linear variables measured in the third-instar larvae of the Anastrepha fraterculus complex. 
A cephalopharyngeal skeleton B mouth hook C hypopharyngeal sclerite D anterior spiracle. Variables 
are defined in the text.
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sclerite at the anterior base of the hypopharyngeal bridge, perpendicular to the upper 
edge. The measurements of the mouth hook were M1: length from the apex to the 
ventral apodeme, M2: length from the apex to the dorsal most tip of neck, M3: length 
from the apex to the anterior base of the dorsal apodeme, M4: height from the apex of 
the ventral apodeme to the anterior base of the dorsal apodeme, M5: depth of ventral 
concavity from line M1 to tip of nub, M6: thickness of mouthhook at posterior base of 
nub by the posterior notch, M7: distance between the posterior base of nub and dorsal 
most tip of neck, and M8: width of the ventral apodeme at the base of the neck, in a 
line parallel to M1. ASL: width of the left anterior spiracle between the apices of the 
most extreme tubules, AST: number of tubules of the anterior spiracles, X1: BL/BW, 
X2: M1/M4, X3: M2/M4, X4: M1/M5, X5: M2/M5, X6: M3/M4, X7: CSL/HSL, 
X8: CSL/M3, and X9: CSL/M1.

Data analysis. The shape of the mouth hook was studied with an outline analysis 
in a two-dimensional plane, for which an EFA (Tatsuta et al. 2011, Dujardin et al. 
2014) was used. Briefly, the outline curve was decomposed into a series of ellipses 
based on their sine and cosine; each one was referred to as a harmonic, and each 
harmonic was represented by four coefficients (Fourier coefficients). Based on the 
coefficients of the first harmonic, the rest of the coefficients were standardized to 
be used in later analyses. EFAs require doing principal components analysis (PCA) 
on the standardized coefficients. Based on the first principal components obtained, 
a DFA was performed, and afterwards, each individual was reclassified through a 
Jackknife procedure.

For the linear morphometry, a multivariate analysis was performed. The mean and 
standard deviations were calculated, and normality and homogeneity of variance tests 
were run for each of the variables. To assess the probability of individuals being clas-
sified into the predicted groups defined by the morphotypes and the contribution of 
each of the variables for group discrimination, a DFA was performed on the complete 
dataset, with the forward stepwise method. A canonical analysis was done to determine 
the canonical variables and their significance through a Chi-squared test. All analyses 
were performed using Statistica 12 (StatSoft 2014).

Results

Mouth hook shape. The discriminant function analysis showed that all the samples stud-
ied differed in the shape of the mouth hook (Figure 3). The analysis of reclassifica-
tion of the individuals correctly included 100% of the individuals into the expected 
morphotype. The allometric analysis showed a 0% influence of the size on Canonical 
Factor 1, and a 3% influence on Canonical Factor 2, indicating that the size of the 
individuals did not influence the results on the shape of the mouth hook (Figure 4).

The mouth shape outlines for each individual were aligned, rotated and grouped 
to build the representative shapes of the morphotypes (Figure 5). The morphotypes 
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Figure 3. Grouping analysis of five morphotypes of the Anastrepha fraterculus complex, according to the 
shape of the mouth hook of third-instar larvae based on the values of the first two canonical factors in 
the discriminant analysis. The contribution of the first factor was 44%, and that of the second was 27%.

Figure 4. Allometric study indicating the influence of the mouth hook size in grouping five morphotypes 
of the Anastrepha fraterculus complex, studied with an elliptical Fourier analysis.
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showed variability mainly over the dorsal and ventral apodemes and, less noticeably, 
over the width of the middle part.

Size variability of the individuals. The variability of the individual sizes was studied 
through the morphometry of the larvae. The DFA included all 18 variables of the 
model (excluding CSL, M2, X4, X6, X7, and X8); 10 of the variables resulted in statis-
tically significant differences for the segregation of the morphotypes (Wilks’ Lambda: 
0.005 approx. F(72,309)=12.224, p<0.0001) (Table 2). The statistically significant 
variables were the body length and width of the larvae, three measurements of the 
mouth hook, the hypopharyngeal sclerite, and the size and number of the anterior 
spiracle tubules. The average body length (BL) was greater in the Peruvian, Ecuadorian 
and Mexican morphotypes, and body width (BW) was greater in the Andean morpho-
type; the ratio between these two measurements (X1) was lower in the Andean popula-
tion. The HSL was, on average, longer in the Andean and Ecuadorian morphotypes. 
The mouth hook length between the apex and the ventral apodeme (M1) was shorter 
for the Peruvian morphotype; the mean width in the middle part of the mouth hook 
(M6) was greater for individuals of the Ecuadorian morphotype and smallest for the 
Peruvian morphotypes. The average basal width of the ventral apodeme (M8) was nar-
rower in specimens of the Brazilian-1 and Peruvian morphotypes. The anterior spiracle 

Figure 5. Representative outline of the mouth hook shape in third-instar larvae of five morphotypes of 
the Anastrepha fraterculus complex, obtained through an elliptical Fourier analysis.
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was longer in specimens of the Andean morphotype, and the number of spiracle tu-
bules was smaller in the Brazilian-1 and Peruvian morphotypes. The X9 ratio between 
the CSL and the length of the mouth hook from the apex to the ventral apodeme 
(M1) was greater for Peruvian individuals and smaller for Mexican individuals (Table 
3). The standard deviations of the measurements were low (Table 3), indicating that 
accuracy of measurements was high and repeatable.

The canonical analysis resulted in four canonical roots, and the Chi-squared test 
showed statistical significance for all the roots. CV-1 had 51.6% of the discrimina-
tion power, CV-2 had 24.2%, CV-3 had 19.3% and CV-4 had 4.9%. In the first 
root, variables with major contribution to the separation of the groups were the 
anterior spiracle length (ASL) and the number of tubules of the anterior spiracle 
(AST), followed in importance by the hypopharyngeal sclerite length (HSL), body 
width (BW), and dimensions of the mouth hook M3 (length from the apex to the 
most distal and dorsal point) and M8 (width of the ventral apodeme). The most 
important variables for CV-2 were the ASL, BL/BW (X1) and mouth hook length/
width (X2), followed by the BL and HSL (Table 4). The 3D graph of the morpho-
type centroids, including the first three canonical roots, shows the separation of the 
different populations (Figure 6).

Table 2. Independent contribution to the discriminant model of each of the variables measured from third-
instar larvae of five morphotypes of the Anastrepha fraterculus complex. * < 0.05 = statistically significant.

Variables Wilks’ Lammbda F-remove (4.78) p-value

ASD 0.006756 6.85482 <0.0001*
M5 0.005493 1.92970 0.113783
ASL 0.008777 14.74068 <0.0001*
X9 0.006039 4.05858 0.004*
M6 0.005942 3.67924 0.008*
X1 0.006071 4.18342 0.004*
M3 0.005450 1.76149 0.145094
X3 0.005190 0.74581 0.563734
M1 0.005842 3.29114 0.015*
HSL 0.005989 3.86235 0.006*
HSH 0.005509 1.99152 0.103994
X2 0.005472 1.84521 0.128604
M8 0.006221 4.76893 0.001*
M4 0.005597 2.33372 0.062912
M7 0.005471 1.84152 0.129291
BL 0.006709 6.67357 0.0001*
BW 0.006513 5.90854 0.0003*
X5 0.005293 1.14799 0.340365
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Table 4. Correlation between the variables and canonical roots from the discriminant analysis for 24 
measurements of third-instar larvae of five morphotypes of the Anastrepha fraterculus complex.

Variable Root 1 Root 2 Root 3 Root 4
ASD -0.545921 -0.100158 -0.344710 0.172453
M5 0.041755 -0.071879 -0.653270 0.146808
ASL -0.513976 0.354166 -0.104138 -0.004608
X9 0.036323 -0.175930 0.385942 0.368080
M6 -0.119046 -0.177843 -0.293162 -0.329549
X1 0.159367 -0.335778 0.090498 -0.231802
M3 -0.183020 -0.159496 -0.634346 0.078811
X3 -0.118893 0.134014 -0.037045 -0.103410
M1 -0.106642 0.111731 -0.475412 -0.141087
HSL -0.254104 -0.211098 -0.239891 -0.017785
HSH -0.071814 0.014497 0.099759 0.055553
X2 -0.103959 0.305811 -0.053167 -0.234816
M8 -0.189002 -0.150179 -0.247975 0.111262
M4 -0.038899 -0.119367 -0.407167 0.016389
M7 -0.077578 -0.007283 -0.429200 0.136471
BL -0.075040 -0.250882 -0.204123 0.306914
BW -0.182774 0.132194 -0.198878 0.344580
X5 -0.177914 0.039586 0.090199 -0.187916

Eigenvalue 6.9315 3.239 2.599 0.653
Cumulative proportion 0.5164 0.758 0.951 1.000

Figure 6. 3D scatterplot of discriminant function analysis applied to the centroid values of 24 measure-
ments in third-instar larvae of five morphotypes of the Anastrepha fraterculus complex.
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The prediction model indicated that 96% of the individuals were correctly placed 
in their respective morphotypes; all of the Andean and Ecuadorian specimens were 
properly classified, and only two individuals from Brazilian-1, one from Mexico and 
one from Peru were incorrectly classified (Table 5).

Discussion

The results obtained from our study of the mouth hook shape of the third-instar larvae 
established that variation exists in the shape of this structure that usefully separates 
the five morphotypes. Moreover, it was possible to confirm the presence of variability 
in the dorsal and ventral apodeme areas. Geometric morphometry is a sensitive tool 
to study the presence of cryptic species (Adams et al. 2004, Dujardin 2008, Dujardin 
et al. 2010, 2014), and recently, outline geometric morphometry has facilitated the 
study of complex structures, for example, in immature stages of insects (Dujardin et 
al. 2014). To the extent of our knowledge, this is the first study to use outline-based 
morphometrics for immature stages of tephritid fruit flies.

Geometric morphometry has been used for differentiation of fruit flies (Kitthawee 
and Dujardin 2010, Yee et al. 2011, Schutze et al. 2012, Perre et al. 2014, Hernández-
Ortiz et al. 2015), in all cases on adult structures, leading to the possibility of differen-
tiating formal species or cryptic species complexes. Unfortunately, geometric morpho-
metry does not generate characters that can be used in traditional taxonomic keys, and 
further studies are needed to determine how to use this information (Dujardin et al. 
2010). An alternative is, for example, the development of automatic systems for iden-
tification, as suggested by Faria et al. (2014), based on the geometric morphology of 
adults from several species of Anastrepha. The results obtained from our study suggest 
that the methods proposed here could be used for developing an identification system 
of this type that extends to larvae.

The results of the linear morphometry were also highly satisfactory, reaching a 
96% accuracy of the predicted classification for the studied individuals. According to 
what was previously reported regarding size variation of insects through generations 

Table 5. Classification matrix of individuals according to a predictive model of third-instar larvae of five 
morphotypes of the Anastrepha fraterculus complex. Rows: Observed classifications; Columns: Predicted 
classifications. Same probabilities for all the groups.

Group Percent Andean Brasil sp1 Peruvian Ecuador Mexico
Andean 100.0000 20 0 0 0 0

BrasilSp1 90.0000 0 18 2 0 0
Peruvian 95.0000 0 1 19 0 0

Ecuadorian 100.0000 0 0 0 20 0
Mexican 95.0000 0 1 0 0 19

Total 96.0000 20 20 21 20 19
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of laboratory rearing (Jaramillo et al. 2002, Jirakanjanakit et al. 2008), it is possible 
that these results were especially influenced by the long breeding of the Peruvian 
morphotype. Repeatability of results could be supposed based on the low variance of 
the variables.

Steck et al. (1990) used morphometric and morphological variables to differenti-
ate 13 species of Anastrepha based on the study of third-instar larvae. The accuracy of 
the key produced was high for species differentiation, despite the high variability in 
some of the species. Samples of the nominal species A. fraterculus from various parts 
of Latin America were included in that study, and the authors found that it was one 
of the species with highest variability in the characters analyzed. Currently it is well 
known that, in reality, the authors studied different cryptic species, hence the diffi-
culty in identifying A. fraterculus species. However, these authors could establish dif-
ferences between species through normalization of variables by transformation and 
construction of linear discriminant functions. Our study included new variables to 
differentiate the cryptic species of A. fraterculus, which could complement the study 
of Steck et al. (1990) for recognizing species, by including additional morphological 
characters.

Still these techniques have some difficulties. The most common errors made in this 
analysis result from poor mounting of structures, digital imaging and determination 
of landmarks (Dujardin et al. 2010). The principal error in our study could be in the 
imprecision of the landmarks; however, after some testing, our approach resulted in 
a minimized error and in a consistent and reliable data for analysis. Outcomes of the 
classification of individuals and the low variance on linear variables of the model sup-
ported this conclusion.

Specimens studied here derive from different sources, either from wild samples 
reared on natural hosts or from lab strains reared on artificial diets, however we do not 
know the effects of this on the measured structures, and further studies are needed. 
Some authors have suggested that developmental conditions affect the size of insects 
(Jaramillo et al. 2002, Schutze et al. 2012). Jaramillo et al. (2002) and Jirakanjanakit 
et al. (2008) found variability in the head and wing size of insects reared in the labora-
tory for several generations, but not in the shape until after at least 10 generations. Our 
sample of the Peruvian morphotype came from a colony artificially reared since 2002, 
and may deviate from wild specimens. However the low values resulting from the al-
lometric studies (CV-1=0%, CV-2=3%, Figure 4) confirm that our results are due to 
the shape but not the size of the individuals.

In many cases, the use of morphological characters of immature stages of insects for 
phylogenetic studies has helped to improve the understanding of relationships among 
groups (see revision in Meier and Lim 2009). Even though, immature stages have been 
widely ignored in studies of taxonomy, systematics and phylogeny, perhaps due to the 
difficulty of associating them with the adults and of determining stable morphological 
characters for them (Meier and Lim 2009). We suggest that further effort should be 
made in rearing specimens and revising methods and characters.
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Conclusions

Outline geometric morphometry and linear morphometry proved to be useful tools for 
the study of cryptic species of the A. fraterculus complex. The results obtained from this 
work with third-instar larvae should be expanded to include additional populations to 
strengthen the dataset and advance our tools to study cryptic species of economically 
important fruit flies.
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