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Abstract — Honeybee (Apis mellifera) subspecies usually are distinguished by standard morphometry meth-
ods, based mainly on multivariate analysis of distances and angles. Recently another method of statistical
analysis of shape, geometric morphometrics, has been developed. The new method is based on characteristic
points described by Cartesian coordinates. The two methods were used here to discriminate three honeybee
subspecies (A. m. mellifera, A. m. carnica and A. m. caucasica) according to forewing venation. Forewing
venation was described either by coordinates of 18 vein junctions and centroid size or by 4 distances and
11 angles. All colonies, described by mean of 10 workers, were correctly classified using both methods. In
the case of individual wings discrimination, geometric morphometrics was 84.9% successful and standard
morphometry was 83.8% successful. The results show that geometric morphometrics is marginally more

reliable than standard morphometry for discrimination of honeybee subspecies.
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1. INTRODUCTION

Many geographic races or subspecies of
the honeybee (Apis mellifera L.) occur within
its wide range of natural distribution. They
differ in many traits, both behavioural and
morphological. Originally, discrimination of
subspecies was based on descriptive meth-
ods, but they proved insufficient and were
replaced by morphometric methods (Ruttner,
1988a). Morphometric methods are based on
multiple measurements of many individuals
(Alpatov, 1929). Interpretation of the measure-
ments was difficult without multivariate sta-
tistical methods, which were introduced by
DuPraw (1964). Of the large number of char-
acters used in earlier studies, Ruttner et al.
(1978) chose 42 characters for analysis of
honeybee workers from a wide range of geo-
graphic locations. This set of characters, called
“standard morphometry”, stood the test of
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time and continues to be the method most of-
ten used in a wide range of studies of geo-
graphic variation (Ruttner et al., 2000; Radloff
et al., 2003; Diniz-Filho et al., 2000). The
standard morphometry characters include dis-
tances, angles and discrete classes of pigmen-
tation.

Statistical shape analysis theory has made
significant advances in recent years. The new
method, often called “geometric morphomet-
rics” (Bookstein, 1991), is based on a well-
established theory of shape (Kendall et al.,
1999). Instead of distances and angles it uses
the coordinates of points called landmarks.
The landmarks are superimposed by trans-
lation, scaling and rotation. After superposi-
tion the landmark configurations differ only in
shape, and can be analyzed by multivariate sta-
tistical methods (Zelditch et al., 2004).

Honeybee subspecies can be very pre-
cisely discriminated using molecular methods
(Whitfield et al., 2006), but those methods
are not easily accessible to beekeepers as the
services of molecular laboratories are expen-
sive. Morphometric methods are much more
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available. Currently beekeepers discriminate
European subspecies by measuring only a
few morphological characters, including cu-
bital index, proboscis length, and colour mark-
ing on abdomen (Ruttner, 1988b; Rostecki
et al., 2007). Discrimination could be signif-
icantly improved through the use of all char-
acters of standard morphometry, but manual
measurements of multiple characters are time-
consuming, so beekeepers rarely take advan-
tage of standard morphometry. One solution
is to increase the number of wing measure-
ments because, unlike other body parts, wings
can be measured automatically (Tofilski, 2007,
Steinhage et al., 2007). Automatic measure-
ments of wings are quick and precise (Tofilski,
2007). They require only access to a scanner
and a personal computer. Some beekeepers al-
ready use automatic measurements to deter-
mine the cubital index.

The aim of this study was to compare
the effectiveness of geometric morphometrics
and standard morphometry as methods for
discriminating honeybee subspecies based on
forewing venation. Venation was described ei-
ther by 4 distances and 11 angles or by the co-
ordinates of 18 points and centroid size.

2. MATERIALS AND METHODS

Three honeybee subspecies collected from
queen breeding apiaries in Poland were studied:
Apis mellifera carnica Pollmann, Apis mellifera
caucasica Gorbachev and Apis mellifera mellifera
L. Each subspecies was represented by 300 work-
ers from 30 colonies (10 workers per colony). The
left forewing of each worker (total 900 wings) was
dissected, mounted in glass photographic frames
(Rowi 260) and scanned with a Nikon Coolscan
5000 ED scanner equipped with an SF-210 slide
feeder (image resolution 2400 dpi). For every wing
image the coordinates of 18 vein junctions (Fig. 1A)
were determined automatically using DrawWing
software (Tofilski, 2004). The vein junctions were
used as landmarks for geometric morphometrics.
The landmarks were aligned according to gener-
alized orthogonal least-squares procedures (Rohlf
and Slice, 1990) using tspSuper software (Rohlf,
2004). Centroid size (Zelditch et al., 2004) was used
as estimate of wing size in geometric morphomet-
rics. The centroid size was calculated using land-

marks coordinates measured in millimetres. Stan-
dard morphometry was based on 4 distances and 11
angles. Apart from lengths of cubital veins “a” and
“b” distances “c” and “d” were used, as suggested
by Dedej and Nazzi (1994), to estimate wing width
and length. Those variables were calculated from
the coordinates of the 18 landmarks using trigono-
metric functions. To describe a colony, all variables
were averaged across 10 workers from the colony.

Forward stepwise discriminant function analy-
sis (tolerance = 0.01; F to enter = 1.0) (StatSoft,
2001) was used to determine classification func-
tions, followed by canonical analysis. The discrim-
ination was based on the 18 aligned landmark co-
ordinates and centroid size or 4 distances and 11
angles. The contribution of the different variables
to canonical variables was assessed using standard-
ized coefficients. Differences between subspecies
were tested using MANOVA of partial warp scores
produced by the tpsRelw software package (Rohlf,
2005). Cross validation test was used to verify the
accuracy of both methods. In the cross validation
test half of colonies were used as training set and
the other half of colonies were used as validation
set.

3. RESULTS
3.1. Discrimination of colonies

Using stepwise discriminant function anal-
ysis, 13 of 15 variables were incorporated
into the classification model based on standard
morphometry. Using the same statistical meth-
ods, 22 of 37 variables were included in the
classification model based on geometric mor-
phometrics. Canonical variate analysis based
on both methods separated the subspecies
into three non-overlapping clouds of points
(Fig. 2A, B). The first canonical variable dis-
criminated mainly between A. m. carnica and
A. m. mellifera. The variables that contributed
most to the first canonical variable were dis-
tance b from standard morphometry and co-
ordinate 6Y from geometric morphometrics.
The second canonical variable mainly discrim-
inated between A. m. caucasica and the other
two subspecies. The variables that contributed
most to the second canonical variable were an-
gle B4 from standard morphometry and co-
ordinate 12X from geometric morphometrics.
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Figure 1. Honeybee forewing diagram with the vein
junctions numbered (A), and deformation grids for
three subspecies: A. m. carnica (B), A. m. cauca-
sica (C) and A. m. mellifera (D). Nonlinearity of the
deformation grids indicates differences between the
average wing of the three subspecies and the wing
of a particular subspecies. The circles correspond to
vein junctions, and the arrows attached to them in-
dicate the magnitude and direction of the difference
between the average wing and the wing of a partic-
ular subspecies. Differences between the subspecies
were exaggerated 5 times to make them more visi-
ble.

All colonies were classified correctly using
both the classification functions based on stan-
dard morphometry (Appendix I) and geomet-
ric morphometrics (Appendix II).

Shape of forewing venation differed
significantly between the three subspecies
(MANOVA: Wilks’ Lambda = 0.0115;
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Figure 2. Discrimination of three honeybee sub-
species (A. m. carnica, A. m. caucasica, A. m. mel-
lifera) based on geometric morphometrics (A, C)
and standard morphometry (B, D). Either the means
of 10 workers from one colony (A, B) or single
wings (C, D) were used for discrimination. The hor-
izontal and vertical axes correspond to the first and
second canonical variables, respectively.

F42!134 = 2657, P < 00001) Differences
between the subspecies are illustrated by
deformation grids (Fig. 1B, C, D). The Pro-
crustes distances were 2.68 x 1072 between A.
m. carnica and A. m. caucasica, 2.58 x 1072
between A. m. carnica and A. m. mellifera,
and 1.92 x 1072 between A. m. mellifera
and A. m. caucasica. Within subspecies
A. m. carnica, A. m. caucasica and A. m.
mellifera the Procrustes distances (mean =+
SE) were 1.17 x 1072 + 486 x 1074,
1.60 x 102 + 686 x 10 and
1.48 x 1072 +5.10 x 1074, respectively.

3.2. Discrimination of single wings

Using stepwise discriminant function anal-
ysis, all 15 variables were selected to be in-
cluded in the classification model based on
standard morphometry. Using the same sta-
tistical methods, 29 of 37 variables were se-
lected for inclusion in the classification model
based on geometric morphometrics. Canoni-
cal variate analysis based on both methods
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separated the subspecies, but the clouds of
points representing subspecies overlapped to
some degree (Fig. 2C, D). The classifica-
tion functions based on standard morphome-
try (Appendix III) classified individual wings
less accurately than the functions based on
geometric morphometrics (Appendix IV). The
proportions of individual wings correctly clas-
sified using standard morphometry and geo-
metric morphometrics were 86.3% and 90.6%,
respectively. In cross validation test the pro-
portion of wings correctly classified using
standard morphometry and geometric morpho-
metrics was 83.8% and 84.9%, respectively.
The classification of individual wings was less
precise than the classification based on mean
of 10 wings from one colony.

4. DISCUSSION

The results presented here show that geo-
metric morphometrics yielded marginally bet-
ter discrimination of honeybee subspecies than
standard morphometry. The differences in the
discrimination were found only when it was
based on individual wings. In case of discrim-
ination of colonies no differences were found
because both methods correctly classified all
colonies. Better discrimination of subspecies
based on geometric morphometrics compared
to standard morphometry is not surprising,
as the former used 37 variables as opposed
to the 15 variables of standard morphometry.
When a large number of variables are used,
some of them become redundant because of
the correlations between them. This problem
can be solved by stepwise discriminant analy-
sis, which selects for the classification model
only the variables that contribute significantly
to the discrimination. On the other hand, the
variables used in standard morphometry have
been chosen mainly because they proved effec-
tive in earlier studies (Ruttner, 1988a). Almost
all of those variables contributed significantly
to the discrimination. Only in the classifica-
tion of colonies were two variables (distance
¢ and angle J16, Appendix I) found redun-
dant by stepwise discriminant analysis. There
are a large number of possible angles and dis-
tances calculable using vein junctions, and the

choice of those used in standard morphome-
try is largely arbitrary. Choosing different sets
of angles and distances might produce slightly
different results.

The use of fewer variables might be justi-
fied by the amount of work required to obtain
the data. However, the same amount of time is
required to collect the raw data for both meth-
ods. In this study standard morphometry was
based on 15 variables, but the coordinates of
all 18 vein junctions needed to be known be-
fore the 11 angles and 4 distances could be cal-
culated.

Geometric morphometrics allowed differ-
ences between subspecies to be plotted as vec-
tors and a deformation grid (Fig. 1B, C, D). It
is easier to interpret those plots than to com-
pare many distances and angles. The defor-
mation grid identifies the wing regions that
contribute most to the discrimination. For ex-
ample, in A. m. carnica the cubital index is rel-
atively large, mainly due to differences in the
position of vein junction number 2 (Fig. 2B).

The classification functions presented here
can be used to discriminate subspecies. Un-
fortunately, the classification functions usu-
ally are not published, even when discrimi-
nant function analysis is used (Kauhausen and
Ruttner, 1986; Radloff and Hepburn, 2000).
To assign a colony to one of the three sub-
species, a sample of wings from one colony
should be obtained and 18 landmarks should
be determined. The average configuration of
the landmarks should be calculated and super-
imposed on the reference configuration rep-
resenting mean position of the landmarks in
all subspecies (Appendix VI). The superim-
posed landmarks should be taken together with
the discrimination functions to calculate the
score for each subspecies. The colony should
be assigned to the subspecies with the high-
est score. To confirm the assignment, the Pro-
crustes distance between the tested colony and
the subspecies to which it was assigned should
be calculated. If that distance is significantly
larger than the values presented here, the tested
colony is either a hybrid or does not belong to
any of the three subspecies used in the analy-
sis.

The data presented here represented a lim-
ited number of colonies from breeding apiaries
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in Poland where the purity of subspecies was
controlled using instrumental insemination. In
this situation there is possibility of inbreed-
ing, which could accentuate differences be-
tween subspecies. For the discrimination func-
tions to be made more reliable, data should
be collected from more colonies represent-
ing various geographical locations. The new
method of subspecies discrimination should
be compared with the historical data collected
by Ruttner (1988a) and with studies based
on molecular methods (Cornuet and Garnery,
1991).

It needs to be stressed that, although
standard morphometry of wings alone is
marginally less effective than geometric
morphometrics, standard morphometry pro-
vides good discrimination among subspecies
(Radloff et al., 2003; Diniz-Filho et al., 2000;
Ruttner et al., 2000). In some cases the
traditional method should be preferred for
comparison of results with findings from pre-
vious studies. Even when standard morphome-
try is used, the coordinates of all 18 landmarks
should be preserved for future comparisons,
because the 4 distances and the 11 angles of
standard morphometry can be calculated using
the coordinates of the landmarks, not the other
way round.
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Utilisation de la morphométrie géométrique et
de la morphométrie classique pour discriminer
les sous-especes d’abeilles (Apis mellifera).

Apis mellifera | morphométrie classique / mor-
phométrie géométrique / sous-espece / discrimi-
nation

Zusammenfassung — Die Unterscheidung von
drei Unterarten der Honigbiene anhand von geo-
metrischer Morphometrie und Standardmor-
phometrie. Die Unterarten der Honigbiene (Apis
mellifera) werden liblicherweise unter Verwendung
mit Standardmethoden der Morphometrie unter-
schieden, die liberwiegend auf einer multivaria-

ten Analyse von Abstinden und Winkeln beru-
hen. In letzter Zeit wurde als eine weitere Me-
thode die Geometrische Morphometrie entwickelt,
die eine statistischen Analyse von durch cartesische
Punktkoordinaten charakterisierter Formen verwen-
det. Beide Methoden wurden hier zur Unterschei-
dung von drei Unterarten der Honigbienen (A. m.
mellifera, A. m. carnica und A. m. caucasica) an-
hand der Fliigeladern verwendet. Die Fliigelade-
rung wurde hierbei entweder durch die Koordinaten
von 18 Aderkreuzungspunkten (Abb. 1) und deren
Zentroidgrofe oder durch 4 Abstinde und 11 Flii-
geladerungswinkel beschrieben. Jede Unterart wur-
de durch 300 Arbeiterinnen aus 30 Volkern repri-
sentiert. Alle durch die Mittelwerte von jeweils 20
Arbeiterinnen beschriebene Volker wurden durch
beide Methoden richtig klassifiziert (Abb. 2A, B).
Einzelne Fliigel wurden dagegen von der Geometri-
sche Morphometrie in 83,8 % der Fille erfolgreich
zugeordnet (Abb. 2C), im Falle der Standardmor-
phomerie waren es 84,9 % (Abb. 2D). Die Ergeb-
nisse zeigen, dass die Geometrische Morphometrie
fiir die Unterscheidung von Unterarten nur gering-
fligig zuverldssiger ist als die Standardmorphome-
trie. Die Klassifizierungsfunktionen (Appendix I-
IV) und die Mittelwerte der die Fliigeladerung be-
schreibenden Variablen (Appendix V-VI) konnen
zur Unterscheidung der Unterarten genutzt werden.

Geometrische Morphometrie / Standardmor-
phometrie / Unterscheidung der Unterarten /
Apis mellifera
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Appendix |. Classification functions for discrimination of three honeybee subspecies using mean of 10 forewings from one colony.
The forewings were described by distances and an:

les between vein junctions.

subspecies a b d A4 B4 D7 E9 G18 J10 K19

A. m. carnica 18899.1|  15223.9 -536.1 331.9 119.8] 94.7| 43.2 22.9 -26.9 28.3|
A. m. caucasica 18803.1| 15291.1 -581.7 330.4 118.8] 96.0] 43.1 21.9 -25.9 27 4
A. m. mellifera 18921.3| 15640.5 -597.3 332.5 120.6] 95.2) 38.0] 22.0 -27.2 28.4]
Appendix | (continued)

subspecies L13 N23 026 constant

IA. m. carnica 72.3] 82.7] 29.3| -29600.4

A. m. caucasica 72.5 83.1 28.8| -29342.6|

A. m. mellifera 75.3] 84.5| 29.6| -29751.2

Appendix II. Classification functions for discrimination of three honeybee subspecies using mean of 10 forewings from one colony.
The forewings were described by the coordinates of vein junctions and centroid size (cs).

subspecies 1x 2x 3y 5% 6x By 7x 7y 10x 10y

A. m. carnica -253978| -115566| -195657 -92220| -178295| 324140 77289 294311 61072 -94837
A. m. caucasica -254228| -113132] -194594 -91725| -178602| 324907 78967 296801 62966 -95229
A. m. mellifera -255299| -112018| -193365 -91045| -177039, 320561 77541 297520 62173 -93404
Appendix Il (continued)

subspecies 11x 11y 12x 12y 13x 14y 15y 16x 17y 18x

A. m. carnica 30505 88138 12618| -256408| 190543 -30448 55858 262271 -58345| 368756
A. m. caucasica 28393 91636 16447| -257139| 189415 -31670 56254| 263410 -55909| 370060
A. m. mellifera 30969 90009 13660| -254730 190712 -32329 57650 263774 -56837| 368259
Appendix Il (continued)

subspecies 18y cs constant

\A. m. carnica 143225 1781| -245328

A. m. caucasica 142248 1710| -245289|

A. m. mellifera 145459 1762 -244317

Appendix Ill. Classification functions for discrimination of three honeybee subspecies using single forewing. The forewings were
described by distances and angles between vein junctions.

subspecies a b c d A4 B4 D7 E9 G18 J10

A. m. carnica 4075.34| 3155.16) 615.00)] 155.25 83.30 28.69 17.15 6.32 9.81 4.06
A. m. caucasica 4041.61| 3152.67| 613.02] 140.25 82.94 28.40 17.55 6.27 9.66 4.18
A. m. mellifera 4061.79| 3217.39 631.31 135.87 83.07 28.66 17.45 5.23 9.76 3.92
Appendix [l (continued)

subspecies J16 K19 L13 N23 026 constant

A. m. carnica 14.61 11.67] 6.30 8.94 5.63| -7994.24

A. m. caucasica 14.57| 11.42 6.50) 8.92 5.61| -7904.97

A. m. mellifera 14.65 11.67] 6.73 9.11 5.70| -7992.28

Appendix IV. Classification functions for discrimination of three honeybee subspecies using single forewing. The forewings were
described by the coordinates of vein junctions and centroid size (cs).

subspecies 1x 2x 2y 3y 4x 4y 5x 5y 6x 6y

A. m. carnica -88396.2| -65395.6| 73668.5| -15901.9| -56302.1| 47707.5| -72589.8) 30881.6| -42510.6| 125098.9
/A. m. caucasica -88308.6| -65059.1| 73699.8| -16024.0| -56333.7| 47585.7| -72311.2| 31055.8| -42520.1| 125280.9
A. m. mellifera -88639.9| -64886.0] 73918.4| -15368.5| -56452.3| 48004.1| -72417.3] 30989.6| -42325.0| 124364.6|
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subspecies 7x 7y 8y 2 10x 10y 11x 11y 12x 12y

\A. m. carnica 6972.5| 30361.6| 36842.6) 15680.3] -3412.0 9523.9| -4109.3] 18248.3] -5526.0| -32558.7
\A. m. caucasica 6890.7| 30536.5| 36691.1] 15691.6] -3334.8 9724.0f -4279.7| 18527.9| -5063.9| -32625.1
\A. m. mellifera 6955.8) 30331.7| 36934.4| 15735.7| -3343.4 9724.1| -4028.5| 18385.1| -5567.3| -32461.8
Appendix |V (continued)

subspecies 13x 13y 14x 14y 16y 17x 17y 18x cs constant
\A. m. carnica 6861.9] -33318.8| 43010.6] 60227.6| -49361.7| 91985.6| -42640.4| 42975.2 1230.8| -87421.8
\A. m. caucasica 6769.1| -33260.3| 42814.2| 60145.3] -49173.1| 91785.3| -42139.8) 42901.6| 1219.2| -87010.2
\A. m. mellifera 6781.1] -33360.4| 42988.6] 59905.9| -49487.7| 91822.5| -42874.5| 42687.1 1226.9] -87019.5
Appendix V. Mean values of distances and angles describing forewing.

subspecies a b c d A4 B4 D7 E9 G18 J10

\A. m. carnica 0.626176| 0.202318| 0.883217| 2.010233| 28.09853| 108.5262| 93.9761| 22.52686| 98.93501| 49.45519
\A. m. caucasica | 0.525944| 0.231025| 0.851363| 1.956611| 32.03879| 103.5628| 101.3087| 20.90850| 98.67491| 51.30637
\A. m. mellifera 0.533505| 0.269788| 0.865971| 1.973236| 29.87412| 104.2515 100.8813| 18.64765| 99.93541| 48.31194|
all 0.561875| 0.234377| 0.866851| 1.980027| 30.00381| 105.4468| 98.7220| 20.69434| 99.18178| 49.69117|
Appendix V (continued)

subspecies J16 K19 L13 N23 026

\A. m. carnica 101.1183| 80.90713| 13.92240| 95.33635| 35.40521

\A. m. caucasica 99.4224| 79.20062| 14.55574| 93.85485| 35.42705

\A. m. mellifera 101.7870 82.38411| 14.94815| 95.80810| 37.32251

all 100.7759| 80.83062| 14.47543| 94.99977| 36.05159

Appendix VI. Mean values of aligned coordinates and centroid size (cs) describing forewing.

subspecies 1x 1y 2x 2y 3x 3y 4x 4y 5% Sy

\A. m. carnica -0.355517| -0.060097| -0.322758| -0.064247| -0.237353| 0.077279| -0.232895| -0.012259| -0.228089| -0.157861
IA. m. caucasica | -0.352307| -0.056946| -0.313726| -0.059965| -0.249671| 0.077325| -0.238204| -0.013620| -0.217884| -0.154844
\A. m. mellifera -0.359813| -0.057543| -0.315363| -0.058972| -0.250742| 0.076119| -0.240673| -0.011782| -0.219051| -0.153627
all (reference) -0.355879| -0.058195| -0.317282| -0.061061| -0.245922| 0.076907| -0.237257| -0.012554| -0.221675| -0.155444]
Appendix VI (continued)

subspecies 6x 6y 7x 7y 8x 8y 9x 9y 10x 10y

\A. m. carnica -0.108757| 0.088653| -0.022297| 0.137749| -0.042552| 0.109308| 0.030825| 0.051612| -0.027858| 0.011561
\A. m. caucasica | -0.113698| 0.089778| -0.026700| 0.140994| -0.048968| 0.109797| 0.028678| 0.050614| -0.022371| 0.014001
\A. m. mellifera -0.114157| 0.084405| -0.024146| 0.135741| -0.044180| 0.106542| 0.030564| 0.048958| -0.020365| 0.014147
all (reference) -0.112204| 0.087612| -0.024381| 0.138161| -0.045233| 0.108549| 0.030022| 0.050395| -0.023532| 0.013236
Appendix VI (continued)

subspecies 11x 11y 12x 12y 13x 13y 14x 14y 15x 15y

\A. m. carnica 0.045069| -0.044934| 0.054779| -0.115304| 0.085023| -0.168346| 0.119209| 0.124176| 0.168832| 0.074706|
\A. m. caucasica | 0.048791| -0.045497| 0.059946| -0.117527| 0.089810| -0.170703| 0.112704| 0.126120| 0.168115] 0.072901
\A. m. mellifera 0.049433| -0.042430( 0.057038| -0.113441| 0.087805| -0.165912| 0.119559| 0.120789| 0.168869| 0.071540|
all (reference) 0.047764| -0.044287| 0.057254| -0.115424| 0.087546| -0.168321| 0.117157| 0.123695| 0.168605| 0.073049|
Appendix VI (continued)

subspecies 16x 16y 17x 17y 18x 18y cs

\A. m. carnica 0.308844| 0.003809| 0.373590| -0.004098| 0.391902| -0.051708| 5.832256

IA. m. caucasica | 0.308785| 0.001396| 0.374397| -0.006705| 0.392301| -0.057115| 5.731783

\A. m. mellifera 0.310304| 0.001976| 0.374660| -0.005538| 0.390259| -0.050970| 5.793806

all (reference) 0.309311| 0.002394| 0.374216| -0.005447| 0.391487| -0.053265| 5.785948




