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Abstract — There are two endemic subspecies of western honey bees (Apis mellifera L.) in the Republic of South
Africa (RSA), A.m. capensis and A.m. scutellata. They have traditionally been identified using morphometric
characteristics, but geometric morphometric data from honey bee wings are easier to collect, possibly making them a
useful alternative for identifying these subspecies. We compared the accuracy of both morphometric and geometric
morphometric methods using linear discriminant and classification and regression tree analyses. We found that using
geometric wing shape data from both forewings and hindwings resulted in a lower classification accuracy (73.7%)
than did using models derived from the full set of standard morphometric data (97% accurate) in cross-validation.
Tergite color and average ovariole number were the most important features for discriminating between the two
subspecies. Finally, we used Kreiger interpolation to construct maps illustrating probable distributions of A.m.

capensis and A.m. scutellata in the RSA.

Apis mellifera capensis | Apis mellifera scutellata /| Morphometrics / Wing geometry / Discrimination

1. INTRODUCTION

Apis mellifera scutellata (Lepeletier 1836), the
African or Savannah honey bee, and Apis mellifera
capensis (Eschscholtz 1822), the Cape honey bee,
are two western honey bee subspecies native to the
Republic of South Africa (RSA) (Hepburn 2002)
where their natural distributions overlap to create a
stable hybrid zone (Crewe et al. 1994; Hepburn et al.
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1998). These two subspecies are considered pests in
some regions where they are not endemic (Allsopp
2003; Beekman et al. 2012; Dietemann et al. 2006;
Schneider et al. 2003).

Apis mellifera capensis is native to the Fynbos
ecoregion of RSA (Du Preez 2014). Its natural
distribution is bound by mountain ranges and the
natural distribution of A.m. scutellata to the north
(Hepburn and Crewe 1991) and the Atlantic and
Indian Oceans to the south. Apis mellifera capensis
possess a unique phenotype whereby workers can
produce diploid female offspring without mating
(Onions 1912; Lattorff et al. 2005). This trait, known
as thelytoky, enables A.m. capensis workers to act
as social parasites when introduced into apiaries
housing colonies of other honey bee subspecies
(Velthuis et al. 1990). In this scenario, A.m. capensis
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workers can drift to other colonies where they re-
produce and drain colony resources without benefit-
ing the host (Hepburn and Allsopp 1994; Greeff
1997). Host colonies eventually die, at which point
the remaining A.m. capensis workers disperse to
other colonies (Allsopp 1998; Neumann et al.
2001). The ability of A.m. capensis to parasitize
colonies of other subspecies of honey bees makes
it a potential threat to manage honey bee populations
outside of its native range.

Apis mellifera scutellata is native to south and
south-central Africa, where it is the primary subspe-
cies used for honey production because it outcom-
petes other introduced subspecies in that region
(Johannsmeier 2001). It was introduced into Brazil
in the late 1950s in an effort to increase honey
production there (Schneider et al. 2003). Since that
time, the feral population (called “Afiican,” “Afri-
canized,” or “killer”” honey bees) has spread through-
out South and Central America and into the south-
western United States of America (USA) and parts of
FL, USA. It has become the subspecies of choice for
beekeepers in South and Central America (Schneider
et al. 2003). In these areas, the bees out-compete
European subspecies as producers of honey and
providers of pollination services (Winston 1993).
Apis mellifera scutellata is considered an invasive
pest in North America, however, because of its pro-
nounced defensive behavior and general lack of
productivity in temperate climates (Schneider et al.
2003; Guzman-Novoa and Page 1994). In North
America, extensive efforts have been made to iden-
tify, monitor, and control the use of this subspecies in
managed colonies (Rinderer et al. 1993, 1983).

Monitoring for either of these two subspecies is
problematic in regions where they co-occur because
they are difficult to distinguish from one another
qualitatively (Ruttner 1988). Both bee subspecies
have been classified historically using morphometric
techniques outlined by Ruttner (1988), hereafter
referred “standard morphometrics.” Standard mor-
phometrics involves quantifying various external
features of each specimen, such as wing length or
number of hamuli, and using those measurements in
multivariate analyses to identify populations of the
bees. Some internal features, namely ovariole num-
ber and spermathecal size, also have been used in
comparative studies of A.m. capensis and A.m.
scutellata . Ruttner used principal component
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analysis and clustering techniques to analyze the
standard morphometrics data and establish two sep-
arate populations in RSA (Ruttner 1988). Hepburn
et al. (1998) went further by using jackknifed linear
discriminant analysis to estimate probability scores
for each colony in order to classify some colonies as
hybrids of the two subspecies.

Developing models that can discriminate be-
tween these two honey bee subspecies using stan-
dard morphometric data is laborious and time
consuming due to the challenges associated with
dissecting and measuring the various anatomical
features of the bees. The purpose of our study was
to attempt to overcome these difficulties using
geometric morphometric data collected from wing
vein intersections as landmarks (wing geometry).

Wing geometry has been used before to dis-
criminate between several other subspecies of
honey bees, namely A.m. intermissa, A.m.
sahariensis, A.m. carnica, A.m. ligustica, A.m.
mellifera, A.m. scutellata, A.m. carnica, A.m.
caucasica, and Africanized honey bees (Barour
and Baylac 2016; Francoy et al. 2008; Tofilski
2008). This approach works by laying morpho-
logically common characteristics, forewings in
this case, on a Cartesian plane. The resulting x—
v coordinates of common landmarks, such as the
wing vein intersections, are used in lieu of tradi-
tional morphometric data after being rotated,
resized and aligned (Slice 2007). Both types of
morphometric data, standard and wing geometry,
can be analyzed similarly and used for subspecies
identification purposes (Meixner et al. 2013).

Linear discriminant analysis (LDA) and classi-
fication and regression tree (CART) analysis are
two ways of analyzing morphometric data that
were tested in the present study. LDA produces a
function, or equation, that can be used to give each
colony a score based on the morphometric data
measured. The benefit of LDA is that the score
given by a discriminant function can be converted
into a probability score showing the likelihood
that a sample belongs to a given group, allowing
the identification of specimens that fall between
groups. LDA was used to develop the Universal
System for Detecting Africanization Through
Identification Based on Morphology (USDA-ID)
and the Fast Africanized Bee Identification Sys-
tem (FABIS), two methods used to discriminate
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Table 1. Sampling information for each apiary in the Republic of South Africa from which A.m. scutellata and A.m.

capensis samples were collected

City number City Sample size of apiaries ~ Sample size of colonies Collection date
1 Beaufort West 3 9 5 May 2014
2 Bloemfontein 3 9 2 May 2014
3 Bredasdorp 3 9 2 May 2014
4 Cape Town 3 9 10 Jan 12, 8 Jan 12, 3 May 12
5 Citrusdaal 3 9 5 Apr 2014
6 East London 3 9 23 Apr 13,24 Apr 13
7 George 3 9 30 Apr 2014
8 Graaff-Reinet 3 9 4 May 2014
9 Grahamstown 2 6 27 Apr 2013
10 Klawer 3 9 8 May 2014
11 Knysna 2 6 1 May 2013
12 Kroonstad 3 9 1 May 2014
13 Laingsburg 3 9 19 Apr 2014
14 Langebaan 3 9 27 Apr 2013
15 Modderfontein 1 3 28 Apr 2013
16 Moorreesburg 3 9 22 Mar 2014
17 Oudtshoorn 3 9 29 Apr 2014
18 Plettenburg Bay 2 6 30 Apr 2013
19 Port Elizabeth 1 3 29 Apr 2013
20 Pretoria 2 6 30 Apr 2014
21 Riversdale 3 9 1 May 2014
22 Springbok 3 9 8 May 2014
23 St. Francis 1 3 30 Apr 2013
24 Stellenbosch 3 9 28 Apr 2013
25 Swellendam 3 9 2 May 2014
26 Touwsriver 3 9 18 Apr 2014
27 Upington 3 9 9 May 14, 10 May 14
28 Vryburg 1 3 11 May 2014
29 Worcester 3 9 5 May 2014
Total 75 225

between A.m. scutellata-derived and European-
derived subspecies of A. mellifera in the
Americas (Rinderer et al. 1986, 1993). Character-
istics can be selected by repeating the analysis
while adding and removing them in a stepwise
fashion. This method is known as stepwise LDA.

CART analysis offers a nonparametric alternative
to LDA. It works by following an algorithm that
creates a binary tree where each node represents a
measurement threshold for one morphometric fea-
ture. Decision trees produced by CART analysis

identify the most important variables for classifying
specimens and can be used to classify new samples.

Here, we compared the ability of wing geome-
try and standard morphometric data to predict the
identity of honey bees collected from RSA using
LDA and CART analyses. For the sake of clarity,
we refer to each combination of data and analysis
as a different “method” herein. We will use the
term “identification model” when generally refer-
ring to either a discriminant function produced by
LDA or a classification tree produced by CART.

@ Springer
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Fig. 1 Location of the cities in the Republic of South Africa where the honey bee samples were collected. Numbers
correspond to city numbers shown in Table I. Base map downloaded from the Global Administrative Areas database

(gadm.org).

Ultimately, we hoped to select a method that could
be used to predict the identity of honey bee
workers from RSA accurately and efficiently.

2. MATERIALS AND METHODS

For this study, it was necessary to (1) collect
samples of honey bees from managed colonies in
RSA, (2) analyze standard morphometric data
from the colony samples to classify each colony
as A.m. capensis or A.m. scutellata , (3) randomly
select colonies of both subspecies as training sam-
ples to use to create identification models for the
different methods, (4) test the models by using
them to predict the subspecies identity of the
remaining colonies (those identified in step 2 but
not used for the identification models in step 3),
and (5) compare the average accuracy of predic-
tions across each method. Additionally, geospatial
analysis software was used to create a map show-
ing the average probability of a honey bee colony
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being identified as A.m. capensis when sampled
randomly from within RSA.

2.1. Collecting honey bee samples

We collected 50-75 worker honey bees from
beekeeper-managed colonies in or near 29 cities in
RSA over two collection trips (collection 1: April/
May 2013; collection 2: May, 2014; Table I, Fig-
ure 1). The bees were collected from hive frames
into 50-ml vials containing 100% ethanol. Three
colony samples were analyzed from each apiary.
Ten bees were used from each colony sample.
Thus, 10 bees/colony x 3 colonies/apiary x 75
apiaries were used in the study for a total of 225
colonies or 2250 bees.

2.2. Classifying samples

Ruttner (1988) noted which morphometric fea-
tures are used to distinguish between the
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Fig. 2 Geometric morphometric landmarks on the right forewing (a ) and hindwing (b ).

A. mellifera subspecies. Hepburn et al. (1998)
showed that only eight of the Ruttner features
are necessary for distinguishing between A.m.
capensis and A.m. scutellata colonies. These fea-
tures include (1) the length of cover hair on tergite
A6, (2) the width of the wax plate on sternite A4,
(3) the transverse length of the wax plate on
sternite A4, (4) the pigmentation of the scutellum,
(5) the pigmentation of the scutellar plate, (6) the
pigmentation of tergite A3, (7) wing angle N23,
and (8) wing angle 026. Forewing length and
number of ovarioles per ovary were used as ninth
and tenth features here due to their reported dis-
criminatory power or use in current honey bee
pest subspecies monitoring programs respectively
(Phiancharoen et al. 2010; Rinderer et al. 1986).
Coordinates of forewing vein intersections (19
points, Smith et al. 1997; Francoy et al. 2008,
Figure 2a) and hindwing vein intersection and
end-points (i.e., hindwing landmarks,
nine points, Figure 2b) were also used. The end-
points were used on the hind wings because they
were easily identifiable and added more shape
information. Furthermore, we collected data on

the diameter of spermathecae in all dissected
workers (Carreck et al. 2013). While we measured
119 spermathecae in the sampled A.m. capensis
workers, too few were measured from A.m.
scutellata workers (N =3); so, they were not
included in any analysis.

Photographs of all features for each bee were
taken using a Leica M205 microscope with a
Leica MC170 camera and Leica Application Suite
software. Images were 1600 x 1200 pixels. The
magnification being used varied by feature. All of
the bees were dissected to facilitate image collec-
tion (Carreck et al. 2013). Forewings were re-
moved proximal to the sagittal hook. Hindwings
also were removed as close to the base as possible.
Scutellum, scutellar plate, and abdominal tergite
hair images were taken after removing wings from
the thorax. Abdominal hair images were taken
such that the target hair was orthogonal to the
camera view and its base was visible. Abdominal
tergite A3 was removed from each bee, cleaned of
tissue using a paintbrush, and cut in half to facil-
itate flattening it under a slide cover. One ovary
was removed from each bee and placed on a well

@ Springer
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Fig. 3 The results from a principle component analysis and k-means clustering based on standard morphometrics
data, including ovariole number and wing length, collected from dissected bees. K-means clustering defined two
groups, labeled Apis mellifera capensis (cap) and A.m. scutellata (scut).

slide. Neither the left nor the right ovaries were
favored. The ovarioles were separated using
minuten insect pins and counted. A picture of each
ovary was taken for validation purposes.
Spermathecae also were dissected out of the bee
when present, placed on a well slide, and imaged.
Abdominal sternite A4 was removed, cleaned
with a paintbrush and soaked in KOH to remove
any remaining tissue.

Forewings, hindwings, sternites, and tergites
were mounted on 25 x 75 mm Fisher glass slides
(S17466A) for imaging. They air-dried on a cov-
ered Kim-tech wipe prior to mounting. Sternites
were stained with Bioquip double stain (6379B),
dabbed against Kim-tech wipes and washed in
90% ethanol to remove the excess stain. All of
these parts were mounted in Euparal Mounting
Media from Bioquip (6372B). Concave tergite
pieces were inverted to keep them from folding
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in on themselves under the cover glass. No. 1
cover glasses from Fisher (12-518-105H) were
used. Finished slides were warmed at 60 °C for
3 days on a slide warmer (models: Premiere xh-
2004 or C.S. & E. 26020). Each anatomical fea-
ture was imaged individually.

Custom-built, assistive measuring software
was used to measure wax plate length, wax plate
width, wing length, spermatheca diameter, and
hair length of the abdominal tergite from images.
Pixel coordinates of wing venation intersection
points in images also were recorded using the
same software. A known length of 1 mm was
digitized across several images to estimate error
that may affect landmark digitization precision. A
rate of .04% was measured. Wing angles (N23
and 026) were calculated based on the associated
intersection points. The color of the abdominal
tergite, scutellum and scutellar plate was ranked
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Table II. Mean values for each morphometric characteristic used in the multivariate analysis of honey bees collected
from the Republic of South Africa. Data are mean + s.e. (= 95% CI). The means were compared using Bonferroni
corrected ¢ tests. An asterisk (*) in the final column indicates the row means for both subspecies are significantly
different from one another at o <0.05. ns = not significant. Spermatheca diameter data were not analyzed because
only three A.m. scutellata spermatheca were collected (Na)

Statistic A. m. capensis (N =1670)

A. m. scutellata (N =580) Significance (p <0.005)

124403 (0.5)
0.2+0.002 (0.004)
2.7+0.1(0.2)
0.9+0.03 (0.06)
2.1+0.006 (0.01)

Ovariole number
Abdomen hair (mm)
Scutellar plate
Scutellum

Sternite width (mm)

Sternite length (mm) 1.2+0.005 (0.009)
Tergite 5.5+0.07 (0.1)
Angle N23 23.6+0.04 (0.07)
Angle 026 57.4+0.2(0.4)

Forewing length (mm) 8.5+0.01 (0.02)

Spermatheca diameter (mm) 0.4+0.02 (0.05), N =119

56+0.3 (0.5) *
0.2+0.003 (0.007)
73+0.1(0.2)
1.14£0.05 (0.09)
2.2+0.008 (0.02) ns
1.2+0.006 (0.01) ns
8.2+0.07 (0.1)
23.7+0.07 (0.1) ns
56.5+0.3 (0.5) ns
8.7+0.02 (0.04)

0.2+0.02(0.1), N =3 Na

per the qualitative index produced by Ruttner
(1988). Each tergite, scutellar plate, and scutellum
color was ranked by three different people. The
average rank of each was used for analysis to
eliminate any bias one person may have due to
the qualitative nature of the index.

Data were analyzed using R (version: 3.2.1).
Generalized Procrustes alignment (from package
“geomorph,” Adams and Otarola-Castillo 2013)
was used to align all forewing points with one
another and all hindwing points with one another.
Non-geometric numeric data for bees were aver-
aged for each colony (N =225) before analysis
(Hepburn et al. 1998).

A reference population was established, giving
a cohort of bees to which the results of each
method could be compared. This was done in a
similar fashion to the population structure analy-
ses of Hepburn et al. (1998). Principal component
analysis, through the “princomp” function in R,
combined with K-means clustering, via the
“cascadeKM” function (Vegan package,
Oksanen et al. 2016), grouped samples into
morphoclusters based on standard morphometric
data (the ten features mentioned above). A
Calinski criterion was used to choose the optimal
number of groups (Calinski and Harabasz 1974).

A multiple response permutation procedure
(MRPP, function mrpp from Vegan package,
Oksanen et al. 2016) was used to test for signifi-
cance between groups. Groups were assigned to a
subspecies based on geographic location. LDA
with jackknife leave-one-out cross validation
was used to generate posterior probability scores
(i.e., percent chance A.m. capensis or percent
chance A.m. scutellata) for each colony based
on principal components (MASS package,
Venables and Ripley 2002). Differences in the
averages between A.m. capensis and A.m.
scutellata were tested for each measured charac-
teristic using Bonferroni corrected ¢ tests.

2.3. Testing methods for identification

Combinations of five different subsets of data
and two types of analysis were evaluated as
methods for their ability to discriminate between
the two subspecies. The data sets included (1)
standard morphometric data with ovariole num-
ber, (2) standard morphometric data alone (no
ovarioles), (3) ovariole number alone (ovarioles
only), (4) forewing length alone (forewing only),
and (5) geometric morphometric (wing shape)
forewing and hindwing data. LDA and CART
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Mean Accuracy for Morphometric Methods of Identifying A.m. scutellata and A.m. capensis colonies.
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Fig. 4 The mean accuracy (proportion) for each method tested.

analysis were both used to analyze each data set.
Thus, ten different methods for identification,
each consisting of one data subset and one analy-
sis, were compared in total.

All data used for identification were based on
colony means. A holdout method was used to test
accuracy. Half of the colony samples for each
subspecies (N = 112) were selected from the total
sample set (N =225) to be used as the “training”
sample set. The remaining samples were used as a
“test” set. Either LDA or CART analysis was used
to create an identification model using the training
samples. The corrplot package was used to find
correlation in morphometric data (Wei and Simko
2016). Scutellum color data were excluded from
all LDA methods because it had a high Pearson’s
correlation coefficient (>0.6) with tergite color,
making it inappropriate for LDA. Forewing coor-
dinate data X2, Y2, Y4, Y5, X6, Y6, X7, Y7,
X11, Y11, X13, Y13, X14, Y17, and hindwing
coordinate data X4, X5, X6, X9, and Y9 were
excluded from LDA methods for the same rea-
sons. Five outlier colonies were removed when
checking for data normality. The data met the
assumptions for LDA otherwise. Final
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characteristics for LDA were chosen in a stepwise
manner using the stepclass method from the klaR
library.

The “rpart” package (Therneau et al. 2015) was
used to build classification trees. Each tree
resulting from the CART analysis was pruned to
the minimum number of nodes that was within
one standard error of the minimum estimated error
based on a V-fold cross validation analysis.

The percent classification accuracy for each
model was calculated by dividing the number of
correctly identified honey bees by the total num-
ber of honey bees in the “test” set. The holdout
method was repeated 1000 times per method to
estimate an average percent accuracy for each
method (Kohavi 1995).

2.4. Creating an interpolation map

ArcMap (10.3.1) was used to create a simple
Kriger interpolation map of subspecies distribu-
tion based on the average colony posterior proba-
bility scores of each apiary from the jackknifed
LDA analysis. Parameters (nugget, etc.) for the
analysis were chosen using the iterative cross-
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Table III. Raw and standard coefficients for the most accurate discriminant functions for the three most accurate
methods of discriminating between Apis mellifera capensis and A.m. scutellata tested (numbered 1-3)

Raw coefficients

(1) Full morphometric data set

—0.9776053
0.1339441

Tergite
Ovariole number

(2) Excluding ovarioles

Standardized coefficients

(1) Full morphometric data set

—0.8647
0.4670

Tergite
Ovariole number

Tergite 1.128432
(3) Ovarioles only
Ovariole number 0.320683
(2) Excluding ovarioles
Tergite —0.3652
(3) Ovarioles only
Ovariole number 0.3038

validation method provided by ArcMap. Posterior
probability scores were arc-sin transformed prior
to analysis.

3. RESULTS

The reference population consisted of two
morphoclusters (Figure 3). MRPP confirmed a
difference between these two groups (A =0.64,
P =0.001). The northernmost group was classi-
fied as A.m. scutellata and the southernmost as
A.m. capensis . Of the 225 colonies analyzed, 166
were classified as A.m. capensis and 59 were
classified as A.m. scutellata .

Sternite height, sternite width, wing angle 026,
and wing angle N23 were not significantly differ-
ent between both bee subspecies while the re-
maining traits were (Table II). According to our
results, A.m. capensis workers had more ovaries,
shorter abdomen hair, darker coloration, and
shorter forewings than did A.m. scutellata
workers (Table II).

Tergite color and ovariole number had the
highest absolute value for standardized coeffi-
cients in a linear discriminant analysis containing
all morphometric traits. These were —1.2 and
0.68, respectively.

Mean accuracy of each method are illustrated
in Figure 4. Here, we define “accuracy” as the
percentage of bees classified into the correct sub-
species. Models using the full set of standard

morphometric data were the most accurate on
average, with the LDA being 96.6% accurate
and CART being 97.4% accurate, on average. In
comparison, models using forewing and hindwing
geometry were less accurate, with 69.7% for LDA
and 73.3% for CART on average. The average
accuracy of the LDA with the number of ovarioles
only and forewing length only and CART with the
number of ovarioles only and forewing length
were, 87.77%, 72.92%, 88.74%, and 74.48%,
respectively. The most accurate classification tree
using ovariole data alone consisted of a single
threshold of 8.7 ovarioles per ovary per bee and
was 94.7% accurate in discriminating subspecies.
Raw and standardized coefficients for the most
accurate discriminant functions of the three best
methods using LDA are noted in Table III. The
most accurate classification trees produced by
CART consisted of a single node using only ter-
gite color. The most accurate trees produced by
the three best methods using CART analysis are
shown in Figure 5.

The geographic distribution of A.m. capensis
predicted by Kriger interpolation of the average
posterior probabilities for colonies in each apiary
is illustrated in Figure 6. A likely hybrid zone
similar to the one illustrated by Hepburn et al.
(1998) is shown. The eastern part of the hybrid
zone shown in Figure 6, however, is located
further north than is the one of Hepbumn et al.
(1998).
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a b
Tergite Color Tergite Color
< 7.47 > 7.47 < 7.52 =7.52

Capensis Scutellata Capensis Scutellata

C
Ovariole Number
< 8.05 = 8.05
Scutellata Capensis

Fig. 5 The most accurate identification models created by the three most accurate CART methods. These include the
full morphometric data set (a ), full morphometric data set without ovariole count (b ), and ovariole count only (¢ ).

4. DISCUSSION

Identification models using the full set of stan-
dard morphometric characteristics were the most
accurate on average and identified about 97% of
the worker bees correctly for both LDA and
CART on average. This was expected since these
morphometric features were used to classify the
original reference population. The most accurate
classification trees produced by these methods
consisted of a single node using only tergite color.

The most accurate classification tree using
ovariole data alone consisted of a single thresh-
old of about nine ovarioles, which is higher than
that reportedly used by Ruttner (five ovarioles
per ovary; Hepburn and Radloff 2002). Ovariole
number is believed to serve as a proxy for
thelytoky (Ruttner 1988; Hepburn et al. 1998;
Hepburn and Radloff 2002), which could also

@ Springer

make it an important characteristic for monitor-
ing for that trait specifically. There are practical
drawbacks that should be considered when using
ovariole number. First, collecting these data re-
quire a large amount of initial practice before
one can extract ovaries from bees quickly and
reliably. However, once the initial training period
has passed, it is much simpler and quicker to
dissect and count ovarioles alone than collecting
the other morphometric features. Second, ovari-
oles are more sensitive to degradation than are
the external features. Thus, samples must be
processed and stored more carefully. The bees
used in this study were stored in 100% ethanol,
but some still showed signs of internal degrada-
tion and could not be used for the analysis.
Alternatively, freshly collected bees could be
used. One should collect more bees from a col-
ony than are needed for the analysis so spare
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Fig. 6 Predicted percent chance colonies in an area are Apis mellifera capensis (a, with bluer colors indicating a
higher percent chance the sampled colonies would be A.m. capensis and redder colors indicating a lower one) and
predicted error (b, with bluer colors indicating low uncertainty and yellow to redder colors a higher one) of Kriger
analysis based on multivariate analysis of Hepburn (1998) characteristics. For example, there is a high probability
that sampled colonies in red areas (left image) would be A.m. scutellata rather than A.m. capensis . The numbers on
the map correspond to the city numbers shown in Table I and Fig. 1.

samples are available should more data be
necessary.

The identification models created using exclu-
sively forewing and hindwing shape correctly
identified the test samples 70% (with LDA) and
73% (with CART) of the time. This is significant-
ly lower than the predictive power of the models
based on the full set of morphometric characteris-
tics or just ovarioles alone. The low accuracy of
the classification techniques using these data sug-
gests that A.m. capensis and A.m. scutellata wing
geometry is too similar to be used in methods
developed to discriminate between the two sub-
species. The results may have also been affected
by colonies that were collected in the hybrid zone.
Wing geometry could still prove useful for mon-
itoring A.m. capensis in areas where A.m.
scutellata 1is invasive. The invasive A.m.
scutellata populations in North and South Amer-
ica may not necessarily be morphometrically the
same as the original A.m. scutellata population in
RSA (Buco et al. 1987). Comparisons between
Africanized honey bees collected in 1968 and
2002 indicate a change in wing shape over time
(Francoy et al. 2009).

It is important to note that our results with wing
geometry are based on the use of wing vein inter-
section points and a few other landmarks to de-
scribe the wing shape. There are other methods of
describing geometry that may have more

predictive capabilities. For example, relative warp
analysis based on the outline of the cells created
by veins has been useful in the geometric analysis
of other bee species (Francoy et al. 2012; Mendez
et al. 2007). Including the centroids sizes in anal-
yses has increased the success of using geometric
techniques to discriminate between some Europe-
an and African subspecies of honey bees (Tofilski
2008; Barour et al. 2011; Barour and Baylac 2016;
Oleksa and Tofilski 2015). Additionally, Barour
and Baylac (2016) present a slightly different set
of landmarks for the hindwing. Some methods
have led to the development of web application
(Baylac et al. 2008). When comparing these
methods, it should be noted that while there is
general consensus about where landmarks are
placed, there are some differences in landmark
numeration (Miguel et al. 2011; Barour and
Baylac 2016; Francoy et al. 2008; Kandemir
et al. 2011). More advanced methods of classify-
ing images, such as using artificial intelligence
(AI) neural networks, also may potentially be
useful because of Al’s ability to solve difficult
pattern recognition problems (Rowley et al.
1998; Egmont-Peterson et al. 2002). For the time
being, however, our results suggest that one
should use either LDA or CART analyses with
the full set of morphometric data or simply ovar-
iole count to discriminate between A.m. capensis
and A.m. scutellata.

@ Springer
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