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INTRODUCTION

 

Honeybee wings are one of the most frequently measured insect body parts. These measurements
are most often used to distinguish between honeybee subspecies (Ruttner, 1988a). This discrimi-
nation is required in honeybee breeding in order to preserve the morphological characteristics of
selection lines (Ruttner, 1988b), with breeding programs often being related to conserving honeybee
biodiversity (Rortais et al., 2004). Discrimination between subspecies is essential for monitoring
and controlling Africanized honeybees on the American continents (Strauss and Houck, 1994).
There is also a growing number of studies using honeybee wing measurements, not only in
biogeography but also genetics (Brückner, 1976), development (Smith et al., 1997) and ecology
(Higginson and Barnard, 2004). 

The process of measuring of honeybee wings is tedious and time consuming. In subspecies
discrimination studies, the measurement of a single individual is not enough to obtain 100 per cent
accuracy (Daly and Balling, 1978). Usually, more than 10 workers from one colony are used. In
biogeography studies, it is recommended that measurement of 10 workers from five to six colonies
per apiary be taken (Radloff et al., 2003). Also, the number of wing measurements per individual
is large, usually ranging from 15 (Ruttner, 1988a) to 38 (Smith et al., 1997). 
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WING MOUNTING

 

Before a wing can be measured it needs to be mounted. Mounting allows the wing to be flattened
and positioned on a plane perpendicular to the optic axis of the measuring instrument or image
acquisition system. The mounted wing can also be easily labelled and stored. 

Specimens are usually mounted on microscopic slides or glass photographic slide frames. Wings
mounted on microscopic slides are fixed in place by Canada balsam (Adsavakulchai et al., 1999;
Weeks et al., 1999b), Euparal (Batra, 1988; Smith et al., 1997) or transparent tape (Yu et al., 1992;
Kokko et al., 1996). Using mounting substances is tedious and their optical properties deteriorate
with time. Mounting with the use of transparent plastic tape is quick; however, the optical quality
of images obtained from such preparations is markedly reduced. 

The optimal solution seems to be mounting the wings in photographic glass frames. These do
not reduce optical properties because the wing is kept in place by the glass and no mounting
medium is required. Moreover, mounting is quick and easy and remounting is possible if the wing
needs to be cleaned of dust or dirt. Wings mounted this way are ready for scanning, projecting
with a slide projector or photographing under a microscope. If numerous samples of worker front
wings are taken from a single colony, they can be mounted in one slide frame. On the other hand,
if right and left wings are required (e.g. in fluctuating asymmetry studies), all the wings of a single
individual can be mounted in one slide frame. The position of the wings in the frame can provide
information as to whether it is the left or right wing. A slight problem is that the smaller hind
wings, which are thinner than the front wings, tend to slide down because the glass plates are
pushed away by the front wings. This problem can be solved by using a small amount of water-
soluble glue. This should be applied at the wing base, which provides little information for the
automatic identification of species. 

 

IMAGE ACQUISITION

 

In most contemporary studies, a wing image is acquired before measurements are made. In earlier
studies, PAL or NTSC video cameras were mainly used to obtain the images. These required a
frame grabber that converted an analog video signal into a digital image. Resolutions obtained by
PAL or NTSC video cameras can be relatively low (often less than 0.5 Mpixel). This can be
improved by the use of digital still cameras, which produce images of up to 12 Mpixels. The
cameras can be connected to various microscopes or lenses to obtain an image of the appropriate
magnification and quality. They are versatile and can take wing images even in the case of live
insects and museum specimens, when wings cannot be detached from the insect's body (Houle et
al., 2003). Another advantage of these cameras is fast image acquisition, which can be important
in the case of live insects anaesthetized for only a short time. 

When the wing can be detached from an insect's body and mounted in a photographic slide
frame, scanners might be preferred. These are easily accessible and available in a wide range of
prices – from inexpensive flatbed scanners with a slide adapter to more expensive high-resolution
photographic slide scanners. There are attachments to some of the scanners allowing the automatic
scanning of multiple frames, making image acquisition faster and requiring less human intervention.
The resolution of a photographic slide scanner can be up to 4000 dpi (equivalent of about 22 Mpixels
when a whole slide frame is scanned), which is more than most digital cameras produce. When
scanners are used, scaling is not required because the resolution of the image (in dpi) is known.
Images obtained by scanning have a uniform background, which makes wing detection and analysis
easier (Weeks and Gaston, 1997). Producing a uniform background with a microscope is much
more difficult and requires a precisely aligned light source. 

 

8205_book.fm  Page 290  Tuesday, June 12, 2007  2:25 PM

© 2007 by Systematics Association with the exception of chapters 1 and 10, the Department of Palaeontology, the Natural History Museum, London.



 

Automatic Measurement of Honeybee Wings

 

291

 

WING MEASUREMENTS 

 

The first large-scale measurements of honeybee wings were undertaken by Alpatov (1929). At that
time microscopes equipped with ocular micrometers were used. DuPraw (1964) used a microscope-
slide projector to obtain a wing image on a piece of paper, which he pricked with a pin to mark the
vein junctions. He then measured angles and distances in the traditional way with a ruler and protractor. 

Daly et al. (1982) combined the projector with a digitizer tablet. In doing this they were able
to indicate the landmarks that were automatically recorded by the computer. This procedure
increased the speed of measurements, their precision and their repeatability, and eliminated errors
related to data input or calculations. 

A more sophisticated system was described by Batra (1988). In this system wing images were
obtained through the use of a microscope equipped with a camera. This system required substantial
user intervention, but allowed the automatic detection of 16 vein junctions. It was based on specific
and expensive hardware, which reduced its accessibility. 

In most recent studies wing images acquired by a camera or scanner are transferred to the
computer and analysed using data acquisition software. Either specialized honeybee wing measure-
ment software (e.g. Beemorph; see Talbot, 2002) or general-purpose data acquisition software (e.g.
tpsDig; see Rohlf, 2005) can be used. Usually, a computer mouse is used to indicate the vein
junctions on a computer screen and the data acquisition software provides the coordinates, which
can be used to calculate distances and angles. 

 

IMAGE ANALYSIS 

 

Despite several attempts to automate honeybee wing measurements, the methods currently in use
are, to a large extent, manual. This is surprising because image analysis allows the automatic
detection of vein junctions on which the measurements are based (Batra, 1988; Steinhage et al.,
1997). One of the computer programs specialized in the image analysis of insect wings is 

 

DrawWing

 

(Tofilski, 2004). It is particularly suitable for automatically measuring wings because it is able to
recognize and position wings in an image. 

 

DrawWing

 

 software is able to recognize all vein junctions
of the honeybee forewing, which allows for fully automatic measurements. The image analysis of
honeybee wings is performed in two main steps: the first step is the detection of the wing outline
and the second step is the detection of the wing venation. 

 

D

 

ETECTION

 

 

 

OF

 

 

 

THE

 

 W

 

ING

 

 O

 

UTLINE

 

 

 

In a fully automated measurement system, wings need to be detected in an image without user
intervention. The process of wing detection is based on the image histogram, which represents the
number of pixels at each greyscale value within the image. This works very well if the wings are
darker and presented against a relatively uniform light background (Figure 17.1), which is always
the case if the image has been obtained by a scanner.  

 

FIGURE 17.1

 

The front wing of a worker honeybee. 
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If the background is uniform, the image histogram is markedly bimodal. The first mode
corresponds to wing pixels and the second mode corresponds to the background. The colour
corresponding to the minimum between the maxima is used as a threshold for conversion of the
greyscale image to black and white. At this stage wings (and some other dark artefacts) are
represented as black objects. Outlines of all the objects are detected by contour tracing (Rohlf,
1990) and their size and shape are analysed to decide whether or not they are potential wings. Only
the potential wings are subjected to further processing. 

In order to remove artefacts (e.g. hairs or dust particles) from the wing edge, the outline is
smoothed. The smoothing is achieved by contour dilation equal to earlier erosion. The smoothing
algorithm removes only the thin protrusions of the outline and minimally affects the wing shape. 

On the honeybee wing outline there are three characteristic points: anterior, posterior and apex
(Figure 17.2). The anterior and posterior points demarcate the wing width. The tangents to the
wing outline at those two points are parallel to each other and perpendicular to the line crossing
the points. The anterior and posterior points are automatically detected by examining outline points
in pairs until they meet the aforementioned criteria. There are two extrema of the outline on opposite
sides of the wing width. The apex point is the extremum at which the outline curvature is smaller.
Finally, the wing is rotated in software and cropped from the original image. The resulting image
is called a 'standard wing image' (Figure 17.3).

In order to avoid negative coordinates, the origin of the Cartesian coordinate system is defined
by the bottom and left extreme of the wing outline. Traditionally, right wings are depicted in the
drawings and images (Mason, 1986). However, if the right wing is presented in the Cartesian
coordinates system, zero on the 

 

x

 

-axis has to be assigned to the wing base. It is better to avoid this
because the wing base is not very well defined. When the wing is detached from the body, it can
break off in different places. Moreover, the wing base can be invisible when wing images are
acquired from live specimens. Therefore, in a standard wing image, left wings are depicted. Then
the zero on the 

 

x

 

-axis is defined by the wing apex, which is always visible. Right wings are flipped

 

FIGURE 17.2

 

The wing outline with three characteristic points marked: A: anterior point, B: posterior point
and C: apex point. Tangents to the outline at the anterior and posterior points are perpendicular to the line
crossing the points. The anterior and posterior points demarcate the wing width, which can be used for wing
positioning and scaling. There are two extrema of the outline on opposite sides of the wing width. The apex
point is the extremum at which the outline curvature is smaller. 

 

FIGURE 17.3

 

The standard wing image produced by 

 

DrawWing

 

 from the image depicted in Figure 17.2.
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C
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horizontally before they are presented in the standard wing image. Multiple standard wing images
are produced if the input image contains more than one wing. 

 

D

 

ETECTION

 

 

 

OF

 

 J

 

UNCTIONS

 

 

 

The veins are darker than the membranous parts of the wing, but the intensity of their colour varies.
This makes it difficult to choose the optimal threshold for extracting the venation outline. In this
case, the method used to detect the wing outline is not always satisfactory and a more complex
method needs to be used. A gradient for the image (Shen and Castan, 1992) can be calculated and
the gradient's maxima found. The maxima at which the gradient is relatively high correspond to
the veins' edges. The median of the maxima can then be used as the threshold. Pixels darker than
the threshold are considered 'veins' and their outline (Figure 17.4) is found by contour tracing
(Rohlf, 1990). The vein outline is reduced to its skeleton using a thinning algorithm (Rohlf, 1990).
The skeleton pixels with three of four neighbours are vein junctions. The junctions are compared
with the expected junctions from a typical honeybee wing. Junctions that fit those expected are
reported to the user. In order to avoid misidentification, both coordinates of the junctions and
tangents at which veins approach the junction are used in the comparison. Apart from the list of
vein junctions, a wing diagram is produced (Figure 17.5). It depicts the wing in the same position
as the standard wing image but only the wing outline and skeleton of venation are visible. 

 

RELIABILITY AND PRECISION OF THE 
AUTOMATIC MEASUREMENTS 

 

As a rule, differences between wings of individuals belonging to the same species are small. For
example, venation of two honeybee subspecies – 

 

Apis mellifera carnica

 

 and 

 

A. m. ligustica

 

 – differs
mainly by lengths of a cubital vein, which are 0.56 and 0.59 mm, respectively (Nazzi, 1992). This
difference is small in comparison with precision of the venation measurements: 0.023 mm for the
ocular micrometer and 0.007 mm for the tablet (Daly et al., 1982). The measurements of the wing
length and width proved to be even less precise (Dedej and Nazzi, 1994). Therefore, the precision
is one of the most important characteristics of any automated wing-measurement method. Other
important factors are reliability and the speed of measurement. 

 

FIGURE 17.4

 

The honeybee front wing after extraction of venation outline. 

 

FIGURE 17.5

 

The wing diagram depicting only the wing outline and the venation skeleton.
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In order to test reliability of the 

 

DrawWing

 

 software, measurements from 300 honeybee workers
were used. Their wings were torn off and mounted in glass photographic frames (Rowi 260). In
every frame all wings of one worker were mounted (two front wings and two hind wings). Images
of the wings were obtained using a Nikon Coolscan 5000 ED scanner equipped with SF-210 slide
feeder. The original resolution of the images was 4000 dpi. However, this was converted to 2400
dpi before analysis. The images were analysed by 

 

DrawWing

 

 software and the number of correctly
recognized front wings was counted. Correctly recognized wings were checked if all vein junctions
were detected. 

In order to compare precision and speed of the automatic and manual wing measurement, 40
front wings of honeybee workers were used. Three images were produced for every wing and the
positions of 18 landmarks determined. All landmarks were vein junctions. These landmarks were
either manually pointed with a computer mouse using tpsDig2 software (Rohlf, 2005), or determined
automatically by 

 

DrawWing

 

. Manual measurements were made by three different inexperienced
persons. Procrustes superimposition was used to align the junctions found on three images of the
same wing. The precision was measured as the mean distance between the three junctions and their
centroid (Arnqvist and Martensson, 1998). The results are reported as mean 

 

±

 

 standard deviation.

 

R

 

ESULTS

 

 

 

Out of 600 front wings in the 300 images, 552 wings (92.0%) were correctly detected and saved
as standard wing images. In the standard wing images, out of 9936 expected vein junctions, 9894
(99.6%) were detected. The automatic measurements proved to be significantly more precise than
the manual measurements (Mann–Whitney test: 

 

Z

 

 = –27.38, 

 

N

 

1

 

 = 720, 

 

N

 

2

 

 = 2160, 

 

p

 

 < 0.001; Table
17.1). The mean precision of the automatic and manual measurements was 5.20 

 

±

 

 4.44 and 9.37

 

±

 

 5.22 

 

μ

 

m, respectively. In the 2400-dpi images, those values correspond to 0.49 

 

±

 

 0.42 and 0.88

 

±

 

 0.49 pixels, respectively. There were significant differences between precision of measurements
performed by three different manual data collectors (Kruskal–Wallis test: 

 

H

 

 = 283, df = 2, 

 

N

 

 =
2160, 

 

p

 

 < 0.001; Table 17.1). The automatic measurements were also much faster than the manual
measurements (Mann–Whitney test: 

 

Z

 

 = –9.47, 

 

N

 

1

 

 = 40, 

 

N

 

2

 

 = 120, 

 

p

 

 < 0.001). The time required
to analyse one wing automatically and manually was 6.4 

 

±

 

 0.83 and 68.8 

 

±

 

 18.40 s, respectively.

 

D

 

ISCUSSION

 

 

 

The detection rate of the front wings of honeybee workers was satisfactory, but it can be improved
further. The main reason for the detection failures was damages of the wing edge, which led to
incorrect detection of wing width. This problem can be solved to some degree by changing the
algorithm of the wing width search; however, if the wing edge is damaged at the anterior or posterior
point (Figure 17.2), correct detection of the wing width is impossible. In a few cases, there were
also problems with artefacts near the wing base arising from tearing the wings off the thorax. This
problem could be avoided by cutting the wings off with scissors. The detection of vein junctions
was much better than the detection of wings – close to 100 per cent. The problems with the vein
junctions' detections were mainly caused by unusual shapes of the venation. 

These results show clearly that the automatic measurements are more precise and much faster
than the manual measurements. This test used only one scanner, but it is probable that differences
between scanners will be much smaller than the differences between persons. This is important
when results from different studies are compared. The precision of automatic measurements is
close to the limits set by resolution of the images. In order to increase the precision further, images
of higher resolution need to be used, but this requires changes to the software, which is optimized
for 2400-dpi images. 
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WING-BASED SPECIES DISCRIMINATION 

 

Wings seem to be the best morphological structure for the automatic identification of insects. They
differ much more between species than within species (Matias et al., 2001; Baylac et al., 2003).
Even within species the variation is large enough to distinguish subspecies (Daly and Balling, 1978;
Ruttner, 1988a). There is no problem with the positioning of wings in three dimensions because
they are flat and can be considered as two dimensional (Weeks and Gaston, 1997). High-quality
wing images can be obtained using relatively inexpensive scanners, which allows the process to
be semi-automated. 

When wings of different species are compared there is a need for scaling and rotating them
to a standard position (Lane, 1981; Albrecht and Kaila, 1997). The wing outline can be used for
the positioning because, unlike venation, its shape is similar in all species of insects. The outline
is always rounded at the apex and narrower at the wing base, which can be used for wing detection
and positioning. The width of such outline can be chosen as a baseline and the two-point registration
(Bookstein, 1991) can be used to produce a standard wing image and wing diagram by a combi-
nation of scaling, translating and rotating. Ideally, the baseline should be positioned along the
longest wing diameter and across the wing centroid (Zelditch et al., 2004). However, this is difficult
to achieve because one side (the wing base) of the longest diameter is not well defined and can
be invisible. 

Both the standard wing image and the wing diagram can be important elements of an automatic
species discrimination system. In comparison with unprocessed images, these are a better form of

 

TABLE 17.1 
Precision

 

a

 

 of Automatic and Manual Measurements of Honeybee Wing Venation

 

Junction
no. Automatic 

 

Manual 

A B C Mean 

 

0 4.31 

 

±

 

 3.68 6.94 

 

±

 

 3.54 8.26 

 

±

 

 4.59 10.57 

 

±

 

 4.57 8.59 

 

±

 

 4.23 
1 4.70 

 

±

 

 4.14 6.30 

 

±

 

 3.57 9.54 

 

±

 

 4.66 10.49 

 

±

 

 5.79 8.78 

 

±

 

 4.68 
2 5.69 

 

±

 

 3.30 7.42 

 

±

 

 3.80 9.06 

 

±

 

 5.25 10.83 

 

±

 

 5.87 9.10 

 

±

 

 4.98 
3 3.70 

 

±

 

 2.69 6.90 

 

±

 

 3.71 8.51 

 

±

 

 4.53 10.56 

 

±

 

 5.54 8.66 

 

±

 

 4.59 
4 5.94 

 

±

 

 3.78 7.67 

 

±

 

 3.59 9.85 

 

±

 

 5.08 12.19 

 

±

 

 5.68 9.91 

 

±

 

 4.78 
5 4.08 

 

±

 

 2.59 6.75 

 

±

 

 3.88 8.87 

 

±

 

 5.05 10.50 

 

±

 

 5.54 8.71 

 

±

 

 4.83 
6 5.77 

 

±

 

 3.58 9.19 

 

±

 

 5.71 15.90 

 

±

 

 9.17 12.32 

 

±

 

 6.37 12.47 

 

±

 

 7.08 
7 3.83 

 

±

 

 2.34 6.92 

 

±

 

 4.16 8.83 

 

±

 

 4.94 9.89 

 

±

 

 5.56 8.55 

 

±

 

 4.89 
8 4.07 

 

±

 

 3.04 6.42 

 

±

 

 4.00 7.64 

 

±

 

 3.57 10.55 

 

±

 

 5.18 8.20 

 

±

 

 4.25 
9 4.01 

 

±

 

 2.34 7.04 

 

±

 

 6.46 8.36 

 

±

 

 7.37 12.10 

 

±

 

 6.54 9.17 

 

±

 

 6.79 
10 4.67 

 

±

 

 3.26 7.14 

 

±

 

 3.84 8.44 

 

±

 

 4.46 11.10 

 

±

 

 5.94 8.89 

 

±

 

 4.75 
11 5.11 

 

±

 

 4.30 7.85 

 

±

 

 4.03 8.46 

 

±

 

 4.91 10.80 

 

±

 

 5.65 9.03 

 

±

 

 4.87 
12 5.94 

 

±

 

 4.33 6.30 

 

±

 

 3.26 8.38 

 

±

 

 5.08 10.60 

 

±

 

 5.22 8.43 

 

±

 

 4.52 
13 11.21 

 

±

 

 13.28 12.26 

 

±

 

 7.08 19.54 

 

±

 

 11.08 14.76 

 

±

 

 8.19 15.52 

 

±

 

 8.78 
14 5.33 

 

±

 

 5.66 8.64 

 

±

 

 5.84 8.28 

 

± 4.41 10.60 ± 5.68 9.17 ± 5.31 
15 5.11 ± 7.38 6.94 ± 3.83 7.83 ± 4.23 10.12 ± 6.17 8.30 ± 4.74 
16 5.81 ± 7.64 6.85 ± 4.24 9.02 ± 5.01 9.76 ± 5.18 8.54 ± 4.81 
17 4.28 ± 2.60 7.57 ± 4.08 8.92 ± 5.38 9.40 ± 5.57 8.63 ± 5.01 

Mean 5.20 ± 4.44 7.50 ± 4.37 9.65 ± 5.49 10.95 ± 5.79 9.37 ± 5.22 

Note: The manual measurements were performed by three persons (A, B and C). The veins' junctions are
numbered according to Figure 17.5. 

a In microns; mean ± SD.
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storage and medium of exchange for information about wings. They contain only relevant infor-
mation, which reduces both storage space and retrieval time. The standard wing image can be used
by pixel-based species identification systems that, instead of extracting characteristic points from
the image, use the intensity of all pixels (Weeks et al., 1997; Roth et al., 1999a; MacLeod et al.,
in press). In those systems, the position of a wing in the image is essential for the correct
discrimination of species. The manual positioning of wings has proven to be time consuming and
imprecise (Weeks et al., 1999a, 1999b). 

FUTURE PROSPECTS 

The system described here has been tested on honeybee wings; however, it should work with other
species of insects as well. The detection of a wing outline is based on properties common to the
wings of all insects; therefore, DrawWing should generate the standard wing image, even for
butterfly wings. If wings are membranous with clearly visible veins, a wing diagram can also be
produced. Extraction of the standard wing image was also tested on three species of wasps and the
results were satisfactory (unpublished data). The earlier version of this software was already able
to produce wing diagram of various species (Tofilski, 2004). Only the detection of junctions in the
wing of a particular species requires a list of expected junction coordinates for this species. 

It has been shown that insects' wings can be used to discriminate between species (Weeks and
Gaston, 1997). Methods based on wing outline (Rohlf and Archie, 1984), vein junctions (Schröder
et al., 2002) and all image pixels (Weeks et al., 1997; Roth et al., 1999a) have proven successful.
Various statistical methods of species discrimination have been described as well (Strauss and
Houck, 1994; Roth et al., 1999b). However, there are relatively few tools for efficient data acqui-
sition and wing visualization. DrawWing proved to be successful in this area. It will be developed
further to become a general-purpose tool for the processing of insect wing images. 
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