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ABSTRACT

This article describes the use of geometric measurements of continuous, discrete parameters to study 
morphometric variation in the wing cells of two sibling species, Drosophila mercatorum and Drosophila 
paranaensis. To validate the results, the same wing samples were also analyzed using truss networks and 
partial warps, in addition to a comparison with the ellipse method. The use of discriminative measurements 
in conjunction with a Bayesian-based classification method yielded a relatively high number of correct 
classifications for new individuals. These results compared favorably with those obtained using truss 
networks, partial warps and the ellipse method. These findings indicate that continuous curvature and arc 
length measurements may be useful parameters for the morphometric analysis of insect wings and possibly 
other biological structures and shapes.
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INTRODUCTION

Morphological characteristics are an important 
source of information for many areas of biological 
investigation, including systematics and taxonomy. 
Most studies in these areas are done using meristic and 
morphometric characteristics. Meristic characteristics 
are generally countable and informative for species, 
genera and higher taxonomic levels. However, 
in interspecific and populational studies, these 
measurements are not informative and it is therefore 
necessary to obtain information on morphometric 
characteristics [5]. These characteristics are generally 
quantitative phenotypic values obtained from 
continuous measurements and ratios in which classes 
are often defined based on means and standard 
deviation. 

Descriptive and comparative studies of 
morphometric characteristics normally use general 
morphometric analysis based on measurements 

such as distances or angles [2,5,13,17,18,24,26,27]. 
These values are obtained from the distance between 
homologous points or landmarks [19] of a particular 
structure. The values generated can then be used to 
quantify morphological variation. The efficiency of 
this approach depends on the existence and precise 
definition of landmarks for these structures and on 
the association of these homologous points with 
morphological variation. Since landmarks are not 
always easy to find, alternative descriptive algorithms 
that allow the analysis of morphometric variation 
without defining homologous points are being 
increasingly used.  Such algorithms include methods 
based on outline data [22] in which the form (shape + 
size) of the structure is obtained from its contour.

Curvature descriptors
Cesar Jr and Costa [7] and Costa and Cesar Jr 

[8] proposed the use of continuous curvature as an 
alternative method for analyzing morphometric 
characteristics, without the need for landmarks. 
Continuous curvature allows an analysis of the 
shape of the object and the length of its arc, both of 
which are related to the size of the object. Curvature 
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is a particularly important geometric measurement 
that expresses the rate of change of the angle 
between the tangent to the curve and the x-axis [8]. 
This measurement can be used to characterize a 
curve, with low values of curvature along a portion 
of the curve indicating a straight region whereas 
abrupt variation in the curvature corresponds to a 
vertex. In addition, concavity along the curve can 
be determined by the sine of the curvature. Two 
important additional properties of curvature as a 
geometric measurement are that the original curve 
can be reconstructed from the curvature values and 
are invariant for translation and rotation.

Application of curvature analysis
Wing morphology is an important characteristic for 

identifying insect species in taxonomic and systematic 
studies [11,15,16]. Indeed, the morphometric analysis 
of insect wings, mainly in dipterans, has been used 
to clarify the relationship between closely related taxa 
[1,9], to discriminate cryptic species [15,17] and to 
discriminate co-specific populations [12,16].

In this work, we examined the applicability of 
continuous curvature analysis of wing morphology 
for discriminating between Drosophila mercatorum 
and Drosophila paranaensis. These two sibling 
or cryptic species of the Drosophila mercatorum 
subgroup and Drosophila repleta group, respectively, 
are indistinguishable by simple qualitative analysis, 
and only males can be identified morphologically 
based on small differences in their genital apparatus 
(aedeagus) [28].

Figure 1. Digital photograph and description of the cells 
and veins of a Drosophila wing (a). The wing cell outlines 
were enhanced using an image editor.

MATERIAL AND METHODS

Samples
Seventy six female (38 of each species) and 80 male 

(40 of each species) flies from a natural population of each 
of the two species were used. The wings were mounted on 
slides as described by Moraes et al. [15] and digital images 
(300 dpi) were obtained. Wings from male and female flies 
of each species were analyzed separately. The submarginal 
cells of the wings were examined in detail because of their 
elongated shape and because they covered most of the wing; 
the second posterior wing cells were also analyzed to allow 
comparison with results from a previous study with this 
same species [15] (Fig. 1). 

To obtain the desired measurements, the cells were 
grouped in pairs (x,y) corresponding to the pixels of the 
digitized images. Four landmarks, which were generally 
used to delimit regions of interest in the shape being 
studied, were identified manually for each pair, and the 
distance between pairs of landmarks, i.e., the arc, was 
determined (Fig. 2).

Mathematical and computational aspects
From the curve deconstructed on the x and y axes 

(Fig. 3), it was possible to calculate the curvature (k) from 
the first and second order derivatives using the equation

where  and  are first order derivatives and  and   are 
second order derivatives.

Figure 4 shows the curvature before (k) (4a) and after 
(Keq) (4c) standardization with a sigmoid. (4b), which 
was used to amplify the points of lower curvature [8]. 
This standardization was required because the curvature 
tended to be too sensitive at more abrupt variations of 
the original contour. Without this correction, divergent 
curvature values may be obtained for two slightly 
different versions of the same contour point. Note that 
the peaks of the equalized curve in Figure 4 have a more 
uniform height.

Using the approach described above, we obtained 
measurements (Table 1) that were considered jointly with 
other measurements (described below). The abbreviations 
used in this work are shown in Table 1. The measurements 
obtained were:

1) Continuous curvature. The mean value and 
standard deviation were calculated from the continuous 
curvature and the standardized continuous curvature 
(Keq). For each fly species and group (females and males), 
the mean value and the standard deviation were calculated 
and stored for each wing. The same procedure was used to 
calculate the curvature of the arcs between landmarks.

2) Discrete curvature. This measurement was related 
to the angle between vectors determined by successive 
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Figure 2. Standardization  of the submarginal (a) and second posterior (b) wing cell, showing the location of four 
landmarks, the position of the arc length (ca), and the position of the discrete curvature (ang). 

Figure 3. X and Y coordinates (a) and the respective first 
(b) and second (c) order derivatives.

pairs of points or landmarks along the curve, and was 
closely related to the continuous curvature, hence the name 
discrete curvature. The difference was that, whereas the 
continuous curvature expressed the variation in an angle 
within a small (actually infinitesimal) neighborhood of 
a given point, the discrete curvature indicated the rate 
of angle variation between two consecutive landmarks, 
as illustrated in Figure 2. Each vector between two 
landmarks was therefore determined by the coordinates 
of the points (X

a
, Y

a
), (X

b
, Y

b
). The angle was calculated 

based on the vectorial product of the vectors, as follows:

 

Figure 4. Continuous curvature (a), sigmoid transformation to amplify the vertex (b) and standardized/equalized 
continuous version (c).
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3) Arc length. This measure, which expresses the 
accumulated distance between consecutive points 
(Figure 2), was obtained by adding the distances between 
each pair of points along the curve between two given 
landmarks, i.e.,

where l
1
 is the position of landmark 1, l

2
 is the position of 

landmark 2, p
x(i)

 is the i-th position along the x-axis of a 
point between l

1
 and l

2
, and p

y(i)
 is the i-th position along 

the y-axis of a point between l
1
 and l

2
.

4. Area. Since the surface area increased proportionally 
with the size of the wing cells, this parameter was 
normalized by dividing the area by the square of the 
diameter, i.e., the largest distance between any pair 
of points, of the wing cell being studied. The area was 
calculated as the double sum for the specified region:

Bayesian classification
This method is based on probability density functions 

(related to relative frequency histograms), normalized by 
mass probability, for measurements estimated for each 
species [12,27]. Provided that these functions can be 
properly estimated, the Bayesian approach to classification 
is theoretically optimal because it minimizes the number of 
misclassifications. In the general case involving k classes, 
the classification of an object characterized by a specific 
set of measurements is defined by the density function 
with the highest value. The following approaches for the 
estimation of density functions are normally applied:

1) Non-parametric: the density function is obtained 
through procedures used to estimate densities, such as relative 
frequency histograms or convolutions with area-preserving 
kernels, such as a normalized Gaussian distribution (Parzen 
windows approach) [8,10]. 

2) Parametric: in this case, a putative analytical density is 
assumed to apply and involves parameters that are estimated 

Table 1. Measurements made using the technique described in this work and their respective abbreviations.

Measurement Abbreviation

Continuous curvature k or curvature
Equalized continuous curvature Keq or curveq
Equalized continuous curvature of arcs karc (karc1, karc2, karc3, karc4)
Area area or A
Normalized area Na or normarea
Arc length Ca (ca1, ca2, ca3,ca4)
Relative arc length relarc (relarc1, relarc2, relarc3)
Discrete curvature angle or ang. (angle1, angle2, angle3, angle4)

by traditional approaches (maximum likelihood) [10]. In this 
report, we use one-dimensional Gaussian distributions. 

Analysis criteria
The geometric measurements obtained in this work 

were divided into shape (continuous curvature and 
standardized continuous curvature) and size (arc length) 
measurements. The three criteria used to compare the 
methods described here were measures of shape, size 
and a combination of shape and size. This approach 
provided information on the best group of measurements 
for differentiating individuals. These results were 
then divided into two groups of measurements, one for 
submarginal cells and the other for second posterior cells. 
Each cell and criterion was then analyzed by (a) canonical 
variate analysis (for measurements defined by each 
criterion) and (b) probability density functions (based on 
the scores for these variables).

Truss network and “partial warps” methodologies
To allow comparison with other methods reported 

in the literature, the data obtained from the curvature 
measurements were compared with those obtained from 
the same set of female Drosophila wings using truss 
network methods [25] and “partial warps” [4].

Truss network analysis
The truss network method, described by Strauss 

and Bookstein [25], uses the distances between specific 
landmarks. For the wings used here, the landmarks were 
defined in a similar fashion to those used by Klaczko and 
Bitner-Mathé [13] (Fig. 5). The wings were digitized and 
the position of the landmarks were parameterized. The 
distance between the landmarks was calculated using the 
Euclidean distance between the two points.

Partial warps analysis
The partial warps method proposed by Bookstein [4] 

yields information on the shape of the structure from the 
superposition of landmarks. The landmarks used here 
were the same as those defined by the truss network, 
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Table 2. The classification of flies by the curvature 
technique described in this work. 

Cells Group Model % Match

Submarginal 
cells

Females Shape and size 92.1
Shape 89.5
Size 61.8

Males Shape and size 80.0
Shape 77.5
Size 57.5

Second 
posterior cells

Females Shape and size 98.7
Shape 92.1
Size 64.5

Males Shape and size 77.3
Shape 73.9
Size 64.8

Figure 5.  Landmarks (A - H). Truss network: d1(A-D), 
d2(A-B), d3(B-C), d4(C-D), d5(D-E), d6(E-H), d7(A-H), 
d8(B-E), d9(A-E), d10(C-E) and d11(B-D).

and the scores were obtained by energy matrix shape 
deformation. Landmark superposition is done after 
the effects of size, orientation and position have been 
eliminated. The shape variables were studied using the 
invariance principle proposed by Lele and Richtsmeier 
[14], which deals with size, orientation and position. The 
configuration of anatomical landmarks does not vary 
when its components are multiplied by a scale [4] or when 
rotated, translated or scaled [3].

The shapes in question were analyzed after application 
of the generalized orthogonal least-squares method 
described by Rohlf and Slice [23]. In all, nine landmarks 
were defined on female wings (Fig. 5).

Programs used to obtain the measurements.
The measurements and analyses described here, 

including the truss network, were done using the Matlab 
6.5 – Release 13 software. For partial warps, the programs 
TPSDIG [20] and TPSRELW [21] were used to generate 
the files with the position of the landmarks and to obtain 
the scores by the partial warps method. The statistical 
methods used to analyses the partial warps and for to 
measure the wings cells were similar.

RESULTS

Continuous curvature
Of the various measurements obtained from 

wing cells (Table 1), the best differentiation was 
obtained for continuous curvature and arc length. 
Hence, subsequent analyses concentrated on this 
group of measurements, which were obtained from 
the two cells of the wings. Table 2 summarizes the 
results obtained for the classification of individuals 
based on measurements of continuous curvature and 
arc length. Figure 6 shows the results of the analysis 
of submarginal cells in females (Fig. 6, lines 1 and 
2) and males (Fig. 6, lines 3 and 4). Lines 1 and 3 of 
Figure 6 shows the distribution of the measurements 
whereas lines 2 and 4 show the probability density 
functions. Column A shows the measurements for 
shape and size, column B shows the measurements 
for shape and column C shows the measurements 
for size. Figure 7 shows the results for the second 
posterior cells (presented using the same arrangement 
as in Figure 6).     

Comparative analyses
Truss network

The landmark pairs (d1 to d11), which define the 
straight lines used in the truss network analysis, are 
shown in Figure 5. An analysis of canonical variables 
applied to the measurements obtained yielded a 

density probability function for the first canonical 
variable, and it was possible to discriminate among 
individuals by using the Bayesian classifier. The 
percentage of reclassified individuals is shown in 
Table 3. The values for the first canonical variable 
and its respective density probability function are 
shown in Figure 8.

Partial warps
The results obtained by partial warps analysis      

[4] of the landmarks of female Drosophila wings 
are shown in Table 4, along with the respective 
percentages of reclassified individuals. Figure 9 
shows a statistical test of canonical variable analysis 
used to determine the variability between species 
based on the first canonical variable and the respective 
density probability function. Table 5 summarizes the 
percentage of correct classifications obtained from the 
analysis of D. mercatorum and D. paranaensis wings 
by the curvature technique used here compared to 
other methods reported in the literature. 
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Figure 8. The first canonical variable and the adjusted 
density probability function for each group of individuals 
studied.

Figure 9. The first canonical variable and the adjusted 
density probability function for each group of female 
wings.

Table 3. The number of D. mercatorum and D. paranaensis 
females reclassified using the first canonical variable 
and a Bayesian classifier for the density probability 
function. Overall, 88.2% of the individuals were classified 
correctly.

Species D. mercatorum D. paranaensis

D. mercatorum 32 6

D. paranaensis 3 35

Table 4. The number of D. mercatorum and D. paranaensis 
females identified using the partial warps scores for wings 
based on the Bayesian classification of the first canonical 
variable. Overall, 93.4% of the individuals were classified 
correctly.

Species D. mercatorum D. paranaensis

D. mercatorum 35 3

D. paranaensis 2 36

Table 5. Percentages of correctly classified D. mercatorum and D. paranaensis based on different methods applied to the 
same set of wings. 

Method        % match
Males                    Females

Curvature Second posterior cell1 77.3 98.7
Submarginal cell1 80.0 92.1

Partial warps2 93.4
Truss network2 88.2
Ellipse method3 84.5 98.0

Results obtained by: 1curvature analysis, 2other methods, and 3reported by Moraes et al. [15].

DISCUSSION

General morphometric methods [6,17,19] have 
shown that morphological markers can be used 
to discriminate between species. In this work, 
we initially considered the shape of wing cells, 
particuarly the submarginal cell, which has an 
elongated shape and spans a large part of the wing. 
Another region, the second posterior region, was also 
examined because a previous report had also studied 
this region in the same Drosophila species [15]. The 
results obtained for the second posterior region were 
better than those for the submarginal cell. Overall, 
the curvature method described here was easy to use, 
regardless of the region being analyzed.

Various mathematical tests were used to select 
the measurements that could differentiate the 
species. With Bayesian analysis, the percentage of 
correct classification based on the shape and size 
of the second posterior cell was 99% for females 
and 80% for males. Our findings indicate that it is 
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possible to discriminate between D. mercatorum 
and D. paranaensis by measuring their wing cells, 
although it remains unclear why male wings were 
less discriminant than female wings.

To allow a comparison of these results with those 
obtained by other methods,  the same wings from 
females of the two species were analyzed using truss 
networks and partial warps. Both of the latter two 
methods yielded significant reclassification rates 
that were  slightly lower than that obtained by the 
curvature method described here, especially for the 
second posterior cell. However, comparison with the 
ellipses method showed that the results were similar. 
In this case, the advantage of the curvature method 
is that the structure being analyzed does not need to 
be adjusted geometrically to the ellipse. The main 
advantage of the curvature technique for analyzing 
shapes is the ease with which measurements can be 
obtained, without the need for landmarks to delimit 
specific regions of the organisms or structures 
being studied.

In conclusion, the continuous curvature approach 
used here, including the analysis of the arc segments 
between pairs of specific points, provided valuable 
information about the shapes being studied and 
efficiently discriminated between cryptic Drosophila 
species. These findings indicate that continuous 
curvature and arc length measurements are applicable 
to the morphometric analysis of insect wings and 
possibly also other biological structures and shapes.
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