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Abstract — Honeybees of southern Africa below 28° latitude south were analysed morphometrically.
Based on a combined data set from the morphometric data bank in Oberursel and that of the Api-
cultural Group of Rhodes University, the distribution of the morphoclusters of Apis mellifera capen-
sis and A. m. scutellata, as well as the extent of the hybrid zone were re-established for 8 743 wor-
ker bees from 442 colonies covering 104 localities. This distribution was matched against particular
traits such as thelytokous parthenogenesis, mitochondrial and nuclear DNA profiles, and sting alarm
pheromone variability known from previous investigations. The striking incongruences in the geo-
graphical distribution of these traits demonstrate a dynamic and independent pattern of gene flow. They
also create considerable disagreement between morphometric group definitions and those derived from
other biological characteristics. © Inra/DIB/AGIB/Elsevier, Paris

A. m. capensis | A. m. scutellata / hybridization / morphometrics / pheromones / mtDNA / nuclear
DNA

1. INTRODUCTION parallel studies of the same populations
revealed extensive variations in their alarm
pheromones [13] and the frequency distri-

butions of their mitochondrial and nuclear

Two discrete morphoclusters of honey-
bees, based on multivariate analysis, have

been described from southern Africa [4].
Following Ruttner [22], they were designa-
ted as Apis mellifera capensis and A. m. scu-
tellata and their distributions and an area of
hybridization were defined [4]. However,

* Correspondence and reprints
E-mail: zohh@warthog.ru.ac.za

DNA profiles [17, 18]. These and other bio-
logical traits, such as ovariole number and
thelytokous parthenogenesis in worker bees
[9], also have geographic distributions which
are coincident but not concordant with those
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of the relevant morphoclusters. We have
now further explored the relationships be-
tween the phenotypic expression of both
morphometric and non-morphometric traits
and the implications for gene flow in natu-
ral populations of these honeybees. We then
comment on the usefulness of morphometric
categories traditionally used for definitions
of subspecies.

2. MATERIALS AND METHODS

Recently (1997) the morphometric databases
on honeybees of the Institut fiir Bienenkunde
(Ruttner collection, Oberursel, Germany) and of
the Apiculture Group at Rhodes University (Hep-
burn and Radloff collection, Grahamstown, South
Africa) were amalgamated to form a single data-
base for Africa. The merger now allows a sam-
pling distance resolution of about 50 km for bees
of the southern Cape and a three-fold increase
in the numbers of honeybees, colonies and loca-
lities that have been sampled since the study of
Crewe et al. [4].

Worker honeybees were sampled from the
colonies of small-scale, fixed-site beekeepers at
104 localities throughout southern Africa almost
all of which are below 24° latitude and inclu-
ding Namibia and South Africa (table I). While
‘captive colonies’ were sampled, it must be
understood that the bees are simply attracted to
empty hives from the wild population. They are
not transported nor is bee breeding practised in
southern Africa; thus the samples used for ana-
lysis constitute authentic subsamples of the wild
population. Morphometric measurements were
usually taken on 20 worker bees per colony from
a variable number of colonies per locality (table I).
A total of 8 743 bees was used in the morpho-
metric analysis.

The same nine characters used in previous
studies of honeybees in Africa were measured
[4, 10, 19]. Their Ruttner [22] numbers are given
in brackets as follows: length of cover hair on
tergite 5 (1), width of wax plate on sternite 3
(11), transverse length of wax plate on sternite 3
(13), pigmentation of scutellum (35), pigmenta-
tion of scutellar plate (36), pigmentation of tergite
2 (32), wing angle B4 (22), wing angle N23 (30)
and wing angle 026 (31).

Multivariate statistical analysis of the colony

mean data included factor analysis and linear
discriminant analysis. The last procedure may

provide an overly optimistic estimate of the pro-
bability of correct classification. A jackknife pro-
cedure was therefore carried out that classified
each colony into a group with the highest a pos-
teriori probability according to the discrimina-
tion functions computed from all the data except
the colony being classified [14]. Wilk's lambda
test was used to compare multivariate popula-
tion means between groups. The distribution of
the statistic was approximated by the F distribu-
tion [15]. 100(1-a) % confidence ellipses were
constructed for each group for various values of
o [2]. Levene's F statistic for testing the equa-
lity of the variances between groups was also
used in the analysis. For the morphometric ana-
lyses, colony means, standard deviations and
covariances of the morphometric characters were
analysed.

3. RESULTS

In a factor analysis of the morphometric
characters of 8 743 worker honeybees from
442 colonies from 104 localities, three fac-
tors with eigenvalues greater than one were
isolated: factor 1, pigmentation of scutel-
lum (35) and abdominal tergite 2 (32), length
of hair on tergite 5 (1); factor 2, width and
length of wax plate on sternite 3 (11) and
(13); factor 3, angles of wing venation 026
(31) and N23 (30), pigmentation of scutel-
lar plate (36). These factors accounted for
63.9 % of the variance in the data of which
27.5 % is attributable to factor 1. The factor
loadings for each character had absolute
values greater than 0.75. The graph of the
factor scores from factors 1 and 2 showed
two morphoclusters: colonies from the south
western Cape to Port Elizabeth forming a
cluster (group 1) in the left-hand half of the
plot and colonies from the rest of southern
Africa forming a cluster (group 2) in the
right-hand half (figure 7).

A stepwise discriminant analysis using
the colony means of the morphometric cha-
racters confirmed the separation of the two
clusters. The linear discriminant functions
obtained using the most discriminatory cha-
racters classified 91.1 % of the colonies
from the western Cape into group 1 (capen-
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Figure 1. Factor analysis plot using the colony means of the morphometric data: cluster 1 = capen-
sis morphocluster; cluster 2 = scutellata morphocluster. Confidence ellipses are at the 90 % level.

sis) and 97.7 % of the colonies from the rest
of southern Africa into group 2 (scutellata).

Colonies from Beaufort West, Cradock,
Fort Beaufort, Elandsbaai, Elandsvlei,
Clanwilliam and Skipskop exhibited inter-
mediate discriminant scores indicating hybri-
dization in these regions (table I). A jack-
knife procedure gave the same classification
results except that one colony from Clan-
william was misclassified into group 2. A
significant difference between the group
means was found (A = 0.21 with 4,1,122 df,
F = 109.66 with 4,119 df, P < 0.0001).

The variances of the factor scores were
used to test for homogeneity of the variances
at each locality. A significant difference was
found between the variances over all the
localities (table I, Levene's test F = 6.16
with 123,8365 df, P <0.0001). Significantly
larger variances were obtained in the mor-
phometrically defined hybrid zone (tables I
and 11, figure 2). Also a larger percentage
of significantly high morphometric variances

was found in the hybrid zone than in the
two morphocluster areas (table II).

4. DISCUSSION

The results of the discriminant function
analysis clearly demonstrate that the honey-
bees of southern Africa below 28° of lati-
tude south resolve into two discrete clusters
based on their morphometric characteristics
(figure 1). Traditionally, these morphoclus-
ters would be designated as the subspecies A.
m. capensis and A. m. scutellata while those
honeybees which fall outside of the confi-
dence ellipses would be considered hybrids
and their native localities a hybrid zone [22].
Although multivariate techniques provide
probability contours of high predictive value
in morphometric analyses of populations,
they may also mask important indices of
genetic flux.

As examples, in the area of the capensis
morphocluster, the bees of Malmesbury
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Table II. Summary statistics of the morphometric and non-morphometric traits when analysed in terms

of the morphocluster distributions.

capensis Hybrids scutellata Tests
Sample size n 28 10 66
Mean morphometric 4.53 5.11 4.13 F =3.36 (2,99df)
variance P =0.039*
No. of high 3 (n=28) 4 (n=10) 7 (n=064) X2 = 6.46 (2df)
morphometric variances P =0.039*
No. of high 2(n=18) 3(n=8) 4 (n=29) x2=3.11 (2df)
pheromonal variances P=0.211
Ovariole number 8/0 2/0 5/23 %% =20.81 (2df)
high/low high/low high/low P <0.001%*
DELW!' frequencies 26/0 10/0 9/29 ¥ =45.18 (2df)
yes/no yes/no yes/no P < 0.001%%*
Nuclear DNA allele 3070 (n=1) 43/7.0(n=3) 43/12 (n=15) Fy., =029 (2,16df)
mean frequencies queen/drone  queen/drone  queen/drone P =0.750
Firone = 0.01 (2,16df)
=0.987
miDNA haplotype 3/1/0 1/0/0 13/8/1 x? = 1.07 (4df)
frequencies QQ/mixed/Q QQ/mixed/Q QQ/mixed/Q P=0.899

I DELW = diploid eggs from laying workers.
Significant at 0.05%, 0.01**.

(figure 2, site 27; table I) are morphometri-
cally significantly more variable than those
of Stellenbosch (figure 2, site 31; table I)
only 50 km aways; in the area of the scutel-
lata morphocluster, the same applies to the
bees of Hofmeyr (figure 2, site 76; table I
and Sterkstroom (figure 2, site 77; table I).
Similarly, morphometric variance at Swel-
lendam (figure 2, site 43) in the capensis
morphocluster area is significantly greater
than that at Touwsrivier (figure 2, site 41) in
the morpho-hybrid zone (figure 2, table I).
It is equally evident that an area which is
defined by a specific morphocluster may
not coincide with the area of distribution of
some particular character (for example the-
lytokous parthenogenesis, figure 2, sites 9,
17, 40, 58, 63, etc.) which is generally regar-
ded as a unique property of honeybees in
the morphocluster ‘mother area’ (figure 2).

The distributions of mitochondrial and
nuclear DNA profiles further illustrate this
last point. Moritz et al. [17, 18] reported the
spectrum of haplotypes from the COI-COII
region of mtDNA from worker bees along a
transect from the Cape Peninsula to the nor-
theastern Transvaal. Of these, the haplotype
PyQQa occurs with a frequency of 100 %
(with the anomalous exception of site 60)
in the area of the capensis morphocluster
and only begins to decrease well within the
area of the scutellata morphocluster (figure 2,
sites 1, 15, 88, 89 and other localities north
of 28°; table I). Conversely, the haplotype
PyQa, a northern trait, only begins to disap-
pear some 300 km short of the southern limit
of the scutellata morphocluster area (figure
2, sites 15, 38, 62). (Similar incongruences
have been reported elsewhere [5, 24].) No
significant differences were found in the
frequency distributions of the spectrum of
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mtDNA haplotypes when compared bet-
ween the morphocluster groups (table II).
Moreover, maximal heterogeneity in allele
frequencies for the Z-locus [1] in the nuclear
DNA of queens and drones [18] occurs
within the domain of the scutellata mor-
phocluster (figure 2, sites 75, 77, 78, 79)
and not within the morphocluster hybrid
zone (with the exception of site 83, figure 2;
table I). When the mean numbers of allele
frequencies of queens and drones were com-
pared between the morphocluster distribu-
tions no significant differences were found
(table II). It must be acknowledged that a
possible bias could derive from the fact that
only about 20 % of the localities sampled
were analysed in Z-locus terms.

The reproductive features of Cape worker
bees have brought them considerable atten-
tion. Yet, Cape bees are further unusual in
taxonomic terms because they constitute an
exceptional case among honeybee subspe-
cies precisely because non-morphometric
features have been incorporated in the defi-
nition of A. m. capensis [4, 9, 20, 22]. In
this context there are two genetic traits of
interest: worker ovariole number and the-
lytokous parthenogenesis. Mean ovariole
number in the capensis morphocluster area
and hybrid zone is significantly greater than
that of the scutellata morphocluster area
(table II; [8]). Similarly, thelytokous par-
thenogenesis occurs with the highest
female/male progeny ratios in the capensis
morphocluster area but nonetheless is also
expressed in the morpho-hybrid zone [9].
Thus the mean ovariole number typical of
the capensis morphocluster area and the trait
‘diploid eggs from laying workers’ are both
phenotypically expressed in the morpho-
cluster hybrid zone well beyond the nor-
thern boundary of the capensis morpho-
cluster area (figure 2, table I, also Hepburn
and Crewe [8, 9]). However, significant dif-
ferences in the ovariole number and the fre-
quency of thelytokous parthenogenesis were
also established between the capensis and
hybrid morphocluster zones and the scutel-
lata morphocluster zone (table II).

Compositional variability in another trait,
sting alarm pheromones, is similarly pro-
blematic. Domains of significantly high phe-
romonal variance occur both within the mor-
phometrically defined hybrid zone as well as
the capensis morphocluster area in the west
(figure 2, sites 9, 11, 12). However, to the
east, high pheromone variance domains
(sites 74, 78, 83) are closely associated with
similar domains of DNA and occur within
the area of the scutellata morphocluster as
well as the hybrid zone (figure 2). No signi-
ficant differences in the number of high phe-
romonal variances were found between the
morphocluster zones (table I). Other popu-
lation probes, such as allozymes of malate
dehydrogenase are fixed throughout sou-
thern Africa [6, 23] and so do not contri-
bute to the discussion in the same way as
they would do for the three morphoclusters
of the iberica region [10, 25]. Having out-
lined the distribution areas of the morpho-
clusters and a morphometrically defined
hybrid zone, as well as the distributions of
various non-morphometric traits, it is appa-
rent that there is little geographical
congruence between them (figure 2).

From a biological as opposed to strictly
morphometric point of view, the honeybees
below 28° latitude can be resolved into about
17 distinct groups based on the presence or
absence of different traits in their various
permutations. More groups would probably
form as further traits are analysed and would
result in an unworkable nomenclatural sys-
tem which, in any event, would obscure the
continuous flow of character traits in the
population. Alternatively, two major groups
and four areas could be delineated: capensis
morphocluster, scutellata morphocluster,
one hybrid zone where thelytokous parthe-
nogenesis is expressed and another where
it is not expressed. Finally, if areas of great-
est overall variability were designated as
hybrid zones this would result in a western
hybrid zone in keeping with morphometric
results, and an eastern hybrid zone within
the morphometrically defined scutellata area
(figure 2), a contradiction in terms.
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It must also be remembered that, in addi-
tion to thelytokous parthenogenesis, Cape
worker bees also have the ability to rever-
sibly alter the pheromones of the mandibu-
lar gland from ‘worker-like’ to ‘queen-like’
[3, 7]. To designate honeybees as A. m.
capensis solely on the grounds of their mor-
phocluster membership (established through
multivariate analysis) would effectively res-
trict the fully ‘biological capensis’ to one-
fourth of the area in which it actually occurs.
The empirical data demonstrate the dyna-
mic nature of gene flow in a continuous
population of honeybees: different traits
have moved different distances (table I,
figure 2). The result is a significant lack of
concordance between a large suite of bio-
logical features and morphocluster (or sub-
species) membership.

Those domains of greatest overall varia-
bility occur at the interface of different eco-
logical-climatological zones. In the west
this is between the winter and summer rain-
fall regions, the former coinciding with the
mediterranean eco-climatic zone to the south
and sahelian (Karoo of southern Africa) to
the north; in the east, the transition is be-
tween dry tropical and sahelian (Karoo of
southern Africa) regions (figure 2). Thus,
the capensis/scutellata interface further
documents the differential nature of gene
flow in continuous populations of honey-
bees in Africa. Morphometric clusters may
well be obtained from multivariate analyses,
but there are always transitional forms be-
tween them. The apparent absence of effi-
cient barriers to gene flow results in the
introgression of traits from one population to
another. Instead of the evolution of homo-
typically distinct types, the observable pat-
terns of character distribution are probably
the result of permanent hybridization [11,
12, 21].

The non-concordant distributions of the
morphoclusters and other biological traits
are ascribed to patterns of gene flow among
different genes coding for the various cha-
racters. This does not imply that the cha-

racters discussed are considered as selecti-
vely neutral. With the possible exceptions of
the Z-locus and the COI-COII mtDNA
regions, all other character traits are poten-
tially subject to selection pressure. Other
possible explanations for the observed pat-
terns of character distribution include game-
tic and zygotic gene flow. In the former case
drones transmit only nuclear genes, but in
the latter swarms transmit both nuclear and
mitochondrial genes [16]. It is not yet pos-
sible to accurately discriminate between
these mechanisms.
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Résumé - Structure de la population et
interface entre Apis mellifera capensis et
Apis mellifera scutellata. Les abeilles afri-
caines au sud du 28°¢ parallele ont été étu-
diées du point de vue morphométrique a
partir d’un ensemble de données regroupant
la base de données de I’Institut fiir Bienen-
kunde a Oberursel et celle du Groupe d’ Api-
culture de I’Université de Rhodes. Cet
ensemble de données portait sur un total de
8 743 ouvriéres issues de 442 colonies, qui
représentaient 104 sites de prélevement.
Toutes les analyses ont porté sur neuf carac-
téres morphométriques (n° 1, 11, 13, 35, 36,
32, 22, 30 et 31, d’apres Ruttner, 1988).
Une analyse discriminante pas a pas [14] a
classé 91,1 % des échantillons provenant
de la province occidentale du Cap comme
A. m. capensis et 97,7 % des échantillons
du reste de I’ Afrique du Sud comme A. m.
scutellata. Huit des échantillons n’ont pas
été classés de fagon claire et ont été consi-
dérés comme des hybrides. Les variances
des caractéres ont présenté des différences
significatives (tableau I, p < 0,0001) et sont
plus élevées dans la zone définie morpho-
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métriquement comme zone d’hybridation
(tableau II). La répartition géographique
des groupes définis par la morphométrie a
été comparée a celle des mémes échantillons
classés en fonction de leurs caractéristiques
biologiques et génétiques, qui ont été
publiées antérieurement. Il en ressort que
I’aire de répartition de la parthénogenése
thélytoque, en particulier dans la région occi-
dentale, pénetre dans I'aire d’A. m. scutellata
au-dela de la zone d’hybridation morpho-
métrique (figure 2 ; tableau II). L haplo-
type génétique P,QQa dépasse largement la
zone d’hybridation et s’étend jusque dans
I’aire d’A. m. scutellata sans relation avec la
limite entre les deux morphogroupes. De
méme les zones de forte variance présen-
tent une image variée. La variance élevée
de I’ADN se trouve dans la région orien-
tale, presqu’exclusivement dans 1’aire du
morphogroupe scutellata. Dans la région
occidentale, la variance élevée de la com-
position de la phéromone d’alarme coincide
en partie avec la variance élevée de I’ ADN
et s’étend dans 'aire d’ A. m. scutellata ainsi
que dans la zone d’hybridation; en revanche,
dans la région occidentale, on la trouve dans
les deux morphogroupes ainsi que chez les
hybrides et sans étre associée & une variance
élevée de I’ ADN, mais la elle suit la variance
morphométrique élevée. Ces résultats mon-
trent que les caractéristiques génétiques ou
biologiques spécifiques sont largement indé-
pendantes de la division en groupes obte-
nue par la morphométrie. Cela peut conduire
a une forte contradiction entre la définition
biologique de groupes, comme celui basé
sur la parthénogenese thélytoque, et la défi-
nition morphométrique de sous-especes.
L’association d’une variabilité élevée avec
des zones de transition climato-écologique
(a I'ouest des zones de pluviométrie hiver-
nale ou estivale, a 1’est des zones sahéliennes
a climat tropical sec) montre que dans ces
aires les caractéristiques génétiques indivi-
duelles peuvent pénétrer d’une population a
I’autre de fagon indépendante et différente.
© Inra/DIB/AGIB/Elsevier, Paris

A. m. capensis / A. m. scutellata | hybri-
dation / morphométrie / phéromone /
mtDNA / nDNA

Zusammenfassung — Populationsstruk-
tur der Schnittstelle zwischen Apis mel-
lifera capensis und Apis mellifera scutel-
lata. Die afrikanischen Honigbienen siidlich
28° siidlichen Breite wurden auf Grundlage
eines zusammengefassten Datensatzes des
Instituts fiir Bienenkunde in Oberursel und
der Gruppe fiir Bienenzucht der Rhodes
Universitit morphometrisch untersucht. Die-
ser Datensatz umfasste insgesamt 8 743
Arbeiterinnen aus 442 Volkern, die 104 ver-
schiedene Sammelorte reprisentierten. Alle
Analysen wurden auf Grundiage von 9 mor-
phometrischen Merkmalen (Nummern nach
Ruttner 1988: 1,11,13,35,36,32,22,30,31)
durchgefiihrt. Eine Diskriminanzanalyse mit
schrittweiser Zuordnung der Proben [14]
klassifizierte 91.1 % der Proben aus der
westlichen Kapprovinz als A. m. capensis
und 97.7 % der Proben des iibrigen Gebietes
als A. m. scutellata. 8 der Proben wurden
nicht eindeutig zugeordnet und als Hybri-
den klassifiziert. Die Varianzen der Merk-
male zeigten deutlich Unterschiede (Tabelle I,
P < 0.0001) und waren in der morphome-
trisch definierten Hybridisierungszone am
hochsten (Tabelle I). Die geographische
Verbreitung der morphometrisch begriin-
deten Gruppen wurde mit aus friitheren
Publikationen bekannten biologischen und
molekulargenetischen Eigenschaften der
gleichen Proben in Beziechung verglichen.
Es zeigte sich, daf} die Verbreitung der the-
lytoken Parthenogenese insbesondere im
westlichen Bereich deutlich iiber die mor-
phometrische Hybridisierungszone hinweg
in den Bereich von A. m. scutellata hinein-
reicht (Abb. 2, Tabelle II). Der genetische
Haplotyp P,QQa reicht ohne eine Bezie-
hung zur Grenze zwischen den Morpho-
clustern weit iiber die Hybridisierungszone
in den Bereich von A. m. scutellata vor. Die
Zonen hoher Varianz zeigen ebenfalls ein
uneinheitliches Bild. Hohe Varianz der
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DNA findet sich im ostlichen Gebiet fast
ausschlieflich im Bereich des Scutellata-
Morphoclusters. Wihrend im 6stlichen
Gebiet hohe Varianz in der Zusammenset-
zung der Alarmpheromone mit hoher
Varianz der DNA teilweise zusammenfllt
und sich auf den Bereich von A. m. scutel-
lata sowie der Hybridisierungszone er-
streckt, findet sich solche im westlichen
Gebiet in beiden Morphoclustern sowie bei
den Hybriden ohne eine Assoziation zu
hoher Varianz der DNA, geht hier aber weit-
gehend mit hoher morphometrischer Varianz
parallel. Diese Ergebnisse zeigen einen
hohen Grad von Unabhiéngigkeit spezifi-
scher genetischer oder biologischer Eigen-
schaften von der morphometrisch gewon-
nenen Gruppeneinteilung. Diese kann zu
deutlichen Widerspriichen zwischen biolo-
gischen Gruppendefinitionen, wie etwa auf
Grund der thelytoke Parthenogenese, und
der morphometrischen Definition von Unter-
arten fithren. Die Assoziation von hoher
Variabilitdt mit 6kologisch-klimatischen
Ubergangszonen (im Westen von Zonen
winterlichen oder sommerlichen Regenfalls,
im Osten von trocken-tropischer zu Sahel-
zonenbereichen) weist darauf hin, daf in
diesen Bereichen einzelne genetische Eigen-
schaften unabhingig und unterschiedlich
weit von einer Population in die andere vor-
dringen konnen. © Inra/DIB/AGIB/Else-
vier, Paris

A. m. capensis / A. m. scutellata /| Hybri-
disierung / Morphometrie / Pheromone /
mitochondriale Dns / nucleare Dns
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