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Abstract — Queenright Apis mellifera capensisolonies exhibit egg laying by workers in periods of
both low and high egg removal. To reproduce workers should lay in times of low egg removal to in-
crease survival of their eggs. Were this so, a negative correlation between egg laying and removal
would be expected. Egg removal rates for queen (N=240) and worker-laid (N=240) eggs and egg lay-
ing by workers were tested in queenright colonies. Worker-laid eggs were removed significantly
faster than queen-laid eggs; but significant differences in egg laying by workers occurred among col-
onies. Egg laying and removal are positively correlated and co-dependent. Egg removal appears trig-
gered by the number of worker-laid eggs. Intercolonial variation for laying worker egg number and
egg removal rates may explain the phenotypic variation in worker reproduction in queenright Cape
honeybee colonies.

Apis mellifera capensisegg removal/ laying workers / worker reproduction/ worker policing

1. INTRODUCTION (Ratnieks, 2000), because laying workers
usually produce male offspring (Free,
With few exceptions (Oldroyd et al., 1987). However, laying workers of the
1994), worker-laid eggs are removed by  Cape honeybee (Apis mellifera capensis
other workers in queenright colonies of the ~ Eschscholtz) produce female offspring
European subspecies of Apis melliferal.  (Onions, 1912; Neumann et al., 2000;
(Ratnieks and Visscher, 1989). This seems  Hepburn and Radloff, 2002; Radloff et al.,
to be based on relatedness grounds 2002), leading to predictions that egg
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removal is either not expressed at all, or is
less expressed in this subspecies (Greeff,
1996). Nevertheless, queenright Cape hon-
eybee colonies exhibit worker policing
(Neumann, Pirk, Ratnieks, unpublished
data), indicating that removal of worker-
laid eggs can also be based on colony effi-
ciency grounds.

Brood above the queen excluder is more
frequently observed in queenright colonies
of Cape honeybees (Pettey, 1922; personal
observations) than in other subspecies of
A. mellifera(Visscher, 1996). It has been
shown that such brood is actually worker-
derived (Moritz et al., 1999), indicating
successful worker reproduction despite the
presence of a queen and egg removal. In-
deed, thousands of queenright colonies of
the neighbouring subspecies Apis mellifera
scutellataLepeletier were taken over by
laying A. m. capensisrorkers (Allsopp and
Crewe, 1993; Martin et al., 2002), showing
that A. m. capensisvorkers are facultative
social parasites (for details see Hepburn and
Allsopp, 1994; Neumann et al., 2001; Calis
et al., 2002; Moritz, 2002; Neumann and
Hepburn, 2002; Reece, 2002; Wossler, 2002).
These observations strongly indicate that
laying workers of A. m. capensisre able to
evade worker policing, but what potential
strategies, if any, could these laying work-
ersuse to increase the survival of their eggs?

Earlier observations showed (Pirk,
Neumann, Hepburn, Radloff, unpublished
data) that worker policing is subject to envi-
ronmental variation within colonies of
A. m. capensighus leading to periods of
low egg removal rates under unfavourable
weather conditions within a colony. Be-
cause worker policing is only exercised
against eggs (Ratnieks and Visscher, 1989),
worker-laid eggs need only survive three
days after oviposition, which might fit well
in a time window of low egg removal. So
one potential strategy of laying A. m.
capensisvorkers to evade worker policing,
which we designate as hypothesis 1 could
be that they are able to evaluate periods of
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low egg removal and lay their eggs during
this time window. In this case one would ex-
pect a negative correlation between worker
egg laying and the removal of worker-laid
eggs by other workers, because workers
should lay more eggs when there is less egg
removal by other workers and vice versa.

But, the same environmental factors
which affect egg removal behaviour may
also reduce egg-laying activity (hypothe-
sis 2). This might be simply due to the gen-
erally reduced activity of workers during
periods with unfavourable weather condi-
tions (Riessberger et al., 1998). Alterna-
tively, periods with unfavourable weather
conditions may also reduce the survival
chances of worker-derived offspring be-
cause nurse bees change from the care of
young larvae to the care of older larvae dur-
ing such periods (Blaschon & Crailsheim,
2001). This may easily outweigh the risk of
being removed by other workers. Thus, un-
favourable weather conditions may not
only reduce the activity of egg removal be-
haviour by workers but also of egg laying
by workers. In this particular case one
would expect a positive correlation be-
tween worker egg laying and removal of
worker-laid eggs by other workers, because
laying worker activity and egg removal be-
haviour are affected in the same way.

Alternatively a third hypothesis emerges,
but not necessarily mutually exclusive of
hypothesis 2, that laying workers may not
be able to evaluate periods of low egg re-
moval periods and egg removal is simply
triggered by the number of worker-laid eggs
present in the colony, leading to a positive
correlation between egg laying and egg re-
moval. Clearly, it is not possible to distin-
guish between hypothesis 2 and 3 because
both predict a positive correlation between
egg removal and number of worker-laid eggs.

Here we test these three hypotheses by
evaluating egg laying and removal of
worker-laid eggs by workers in queenright
Cape honeybee colonies.
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2. METHODS

Two queenless and four queenright A. m.
capensigolonies were obtained from Port
Elizabeth and placed in a test apiary in
Grahamstown, South Africa. All colonies
were unrelated to avoid any bias derived
from nestmate recognition on egg removal
behaviour (Pirk et al., 2001), and housed in
10-frame standard Langstroth hives with
two brood boxes. The colonies were given
two days to settle to avert absconding
(Hepburn et al., 1999). Then, three test
combs (A, B, O were placed in the brood
nest of each of three queenright test colo-
nies two days before the experiments began
to avoid any potential impact of the intro-
duced comb (Breed et al., 1995) on egg re-
moval behaviour.

The A test combs were used to evaluate
the level of egg removal for queen and
worker-laid eggs (Ratnieks and Visscher,
1989; Ratnieks, 1993). The level of egg re-
moval was measured as the proportion of

205

eggs removed from the total number of eggs
that were transferred expressed as a per-
centage. One queenright and two queenless
colonies were used as egg sources. Twenty
queen and 20 worker-laid eggs were trans-
ferred daily for four days on each of the A
test combs, which were then again
sandwiched between two brood frames of
the test colonies (Fig. 2) according to
standard methods for evaluating egg re-
moval rates (Ratnieks and Visscher, 1989;
Ratnieks, 1993; Oldroyd and Ratnieks,
2000). After 24 hours the Atest combs were
briefly removed, all remaining eggs were
counted and then removed before transfer-
ring a new set of eggs onto the comb.

The queens of the three test colonies
were placed in small wooden cages [8 cm X
4 cm x 2.5 cm] with gauze mesh [mesh
width =2 mm)], to allow feeding by workers
but preventing the queens from egg laying
(Fig. 1). These cages were attached in a
frame of empty comb (B) and returned to
the middle of the brood nest (Fig. 2). The B

Figure 1. The queen cage of frame B. The B frame was sandwiched between two brood frames in the
bottom box next to empty combs A and C (Fig. 2), so that the queen was still present in the brood nest
and workers had partial access to the queen.
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Figure 2. A schematic drawing of the arrangement of the test combs (A, B, C) in the bottom boxes of
the three test colonies. The combs in the top box were empty or contained honey and/or pollen.

combs were not moved in any way during
the experiment to keep the disturbance of
the colony and the queen to a minimum.

Another empty test frame (C) was also
placed in each of the colonies to evaluate
egg laying by workers (Fig. 2). From the
next morning onwards worker-laid eggs in
each of the test colonies were counted once
daily at 09:00 after removing the C test
frames on four sequential days. During
counting, sheets of transparent films were
placed over the C combs and the position of
each egg was recorded by using a reference
grid to avoid double counting and to count
only eggs laid by workers within a 24 hour
period.

Simultaneously on four sequential days,
the level of egg removal for queen and
worker-laid eggs (Atest combs) and the egg
laying behaviour of workers were evaluated
(C test combs). It is assumed that egg re-
moval and egg laying could equally occur
on both A and C combs, so that any differ-
ence in the numbers of egg between the
combs would a be systematic error.

Mann Whitney U-tests were used to
compare the level of egg removal of queen

and worker-laid eggs on the A test combs
after 24 hours. A x>-test was performed to
test the difference in the number of worker-
laid eggs between the colonies. The same
test was used to compare the level of egg re-
moval of worker laid eggs between the
three colonies. Both tests were performed
to investigate possible intercolonial varia-
tion. A Spearman rank order correlation
was calculated for the number of worker-
laid eggs and the level of egg removal of
worker-laid eggs in the test cells.

3. RESULTS

On the Atest combs a total 0f240 queen-
laid and 240 worker-laid eggs were tested
for egg removal rates on a daily basis
(Tab. I). Worker-laid eggs were removed
significantly faster than queen-laid eggs
(Mann-Whitney U-test: Z =2.22, P < 0.026).
There were no differences in the levels of
egg removal of worker-laid eggs among the
colonies (X2 =1.37; df = 2, n.s.), but there
was variation within each test colony (Tab. I).

A total of 57 eggs laid by workers were
recovered from the C combs in the test
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Table . Numbers of worker-laid eggs and number of eggs remaining or removed after 24 hours in the
queenright A. m. capensigest colonies on four sequential days. Means and standard deviations are

shown.
Colony Day Test comb A Test comb C
Worker eggs remaining Queen eggs remaining Worker-laid eggs
(Removal rates [%]) (Removal rates [%])
1 1 0 (100) 6(70) 14
2 3(85) 6(70) 23
3 4 (80) 3(85) 0
4 6 (70) 9 (55) 0
Mean + sd 325+25(83.75+12.5)  6+245(70+7.5) 925+ 11.3
2 1 0 (100) 6(70) 10
2 0 (100) 4 (80) 5
3 3(85) 3(85) 1
4 5(75) 6 (70) 1
Mean =+ sd 2+£245(090+12.25) 4.75+2.65(76.25+17.5) 425+427
3 1 2 (90) 6 (70) 0
2 3(85) 6 (70) 2
3 8 (60) 10 (50) 1
4 7(55) 9 (55) 0
Mean =+ sd 5.0+2.9(75£17.56) 8.75+2.06(56.75+10.3) 0.75+0.95
25
?2 20 -
:% 15 4
4
Figure 3.Number of worker-laid eggs (C comb) g ol
and removal rate (%) of worker-laid eggs (A =
comb) after 24 hours for three queenright A. m. 2 ol
capensisolonies on four sequential days. The E
number of worker-laid eggs and the level of egg . . . :
removal are significantly positively correlated s M 7 5 %

(Spearman Rank Order Correlation: r, = 0.6,
P <0.039).

colonies (Tab. I). Significant differences
were found between the colonies in the
number of worker-laid eggs (X% = 30.74;
df=2,P <0.0001). The number of worker-
laid eggs that were laid and the level of egg
removal of worker-laid eggs were signifi-
cantly positively correlated (Fig. 3).

Level of removal of worker-laid eggs after 24 hours [%]

4. DISCUSSION

The data confirm earlier findings that
worker honeybees in queenright colonies of
A. m. capensiare able to recognise and re-
move worker-laid eggs (Pirk et al., 2001).
Moreover, this study shows a significant
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colony variation in egg laying by workers
among the three discriminator colonies
(Tab. I), but no significant differences for
egg removal behaviour among them. The
data also show that egg removal and egg
laying by workers are positively correlated
in the Cape honeybee (Fig. 3), indicating
that egg removal and egg laying are co-de-
pendent.

The standard method for evaluating egg
removal behaviour in queenright honeybee
colonies uses non-nestmate queen and
worker-laid eggs (Ratnieks and Visscher,
1989; Ratnieks, 1993; Oldroyd and
Ratnieks, 2000). Thus, nestmate recogni-
tion for eggs (Visscher, 1986) affects egg
removal estimates by overestimating the re-
moval rates of alien worker-laid eggs com-
pared to native worker-laid eggs (Pirk et al.,
2001). Although alien worker-laid eggs
(transferred into the colony) were com-
pared with native worker-laid eggs (laid in
the colony) in this study, this would simply
result in a systematic error that is the same
for all colonies and would not affect the
correlation between egg removal and egg
laying.

The positive correlation between the
number of worker-laid eggs and egg re-
moval rates clearly indicates that Cape hon-
eybee laying workers do not specifically lay
eggs during periods of low egg removal
rates. Hypothesis 1 can thus be rejected.
Hypothesis 2 is based on the coincidence of
periods of low egg removal rates with low
egg laying rates and predicts a positive cor-
relation between removal and egg laying.
Also if egg removal, is triggered by the
number of eggs found in the combs there
would be a positive correlation between re-
moval and egg laying (hypothesis 3). Thus,
hypotheses 2 and 3 both fit our data but we
cannot discriminate between the two. We
consider hypothesis 3 as slightly more
likely because less steps are involved to ex-
plain the observed correlation.

Our data show that the occurrence of
worker-derived brood above the excluder is

unlikely to reflect a specific strategy of lay-
ing workers to evade periods of high egg
removal. We rather conclude that a combi-
nation of intercolonial variation in the
number of eggs laid by workers, their egg
removal rates and the ability of policing
workers to remove worker-laid eggs may
explain the phenotypic variation for suc-
cessful worker reproduction in queenright
Cape honeybee colonies.
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Résumé — La ponte et I'élimination des
ceufs par les ouvriéres sont positivement

corrélées chez les colonies avec reine de

I'abeille du Cap (Apis mellifera capensis
Chez les colonies d’abeilles domestiques
(Apis melliferaL.) européennes les ceufs
pondus par les ouvrieres sont éliminés par
d’autres ouvrieres, ¢’est ce qu’on appelle le
« worker policing » ou maintien de 1’ordre
par les ouvriéres. Ce phénomene repose
théoriquement sur le fait que les males pro-
duits par les ouvrieres sont moins apparen-
tés aux ouvricres que les males produits par
la reine, du fait de ’accouplement multiple
de la reine. Les ouvriéres pondeuses de
I’abeille du Cap produisent des ceufs femel-
les diploides qui peuvent donner soit des
ouvriéres, soit des reines. Cela conduit a
I’hypothese que 1’élimination des ceufs ne
s’exprime pas, ou s’exprime moins chez
A. m. capensisomparé aux races a repro-
duction arrhénotoque. Néanmoins les
abeilles du Cap présentent un comporte-
ment de maintien de 1’ordre par les ouvrie-
res, indiquant que ce comportement peut
reposer sur des bases d’efficacité au sein de
la colonie.
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Dans les colonies de I’abeille du Cap on ob-
serve régulierement du couvain au-dessus
de la grille a reine, couvain issu d’ouvrieres
pondeuses, ce qui indique que les ouvrieres
réussissent a se reproduire malgré la pré-
sence d’une reine et 1’élimination des ceufs.
Ces observations sont de forts indices que
les ouvriéres pondeuses d’A. m. capensis
sont capables d’échapper au maintien de
I’ordre par les ouvriéres mais 1’on peut se
demander de quelles stratégies, si elles
existent, ces ouvriéres pondeuses usent
pour augmenter la survie de leurs ceufs.
Le processus d’élimination du couvain
d’ouvriéres est influencé par les conditions
du milieu. Lorsque les conditions météoro-
logiques sont défavorables, I’élimination
des ceufs pondus par les ouvrieres est ré-
duit, si bien qu’il y a dans les colonies alter-
nance de périodes a forte élimination
d’ceufs et de périodes a faible élimination
d’ceufs. Notre premicre hypothese est que
les ouvriéres, principalement durant les pé-
riodes de faible élimination d’oeufs, pon-
dent pour augmenter les chances de survie
de leur propre couvain. La seconde hypo-
these est que ces mémes facteurs du milieu
qui influencent le comportement d’élimi-
nation des ceufs sont aussi préjudiciables a
I’activité de ponte. La troisiéme hypothese
est que les ouvriéres pondeuses ne peuvent
pas différencier les périodes a forte élimi-
nation d’ceufs des périodes a faible élimina-
tion, si bien que 1’élimination des ceufs par
les ouvrieres dépend du nombre d’ceufs
pondus par les ouvricres. Pour tester ces hy-
potheses nous avons évalué chez trois colo-
nies du Cap possédant une reine la ponte et
I’élimination des ceufs pondus par les ou-
vriéres (Tab. I). La corrélation significati-
vement positive entre le comportement de
ponte et I’élimination des oeufs par les ou-
vriéres montre que ces deux comporte-
ments ne sont pas indépendants [’un de
I’autre (Fig. 3). On peut donc éliminer I’hy-
pothese 1 selon laquelle les ouvricres pon-
deuses pondent durant les périodes de
faible élimination d’ceufs. L’hypothése 2
est basée sur la coincidence de périodes a
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faible élimination d’ceufs et a faible taux de
ponte et prédit une corrélation positive
entre I’élimination des ceufs et leur ponte.
Si I’élimination des ceufs est déclenché par
le nombre d’ceufs présents dans les rayons,
I’¢élimination des ceufs et leur ponte doivent
étre également corrélées positivement.
Ainsi nos résultats confirment les hypothe-
ses 2 et 3 mais ne peuvent trancher entre el-
les deux.

Apis mellifera capensid ouvriere
pondeuse / reproduction des ouvriéeres /
élimination des ceufs / régulation sociale

Zusammenfassung — In weiselrichtigen
Kolonien der Kaphonigbiene korrelie-
ren das Legeverhalten von Arbeiterin-
nen und das Entfernen von
Arbeiterinneneiern durch andere Arbei-
terinnen positiv. In europdischen Honig-
bienenvélkern (Apis melliferal..) werden
von Arbeiterinnen gelegte Eier i.d.R. von
anderen Arbeiterinnen entfernt (,,worker
policing®). Worker policing basiert theore-
tisch darauf, dass aufgrund der Mehrfach-
paarung der Konigin von Arbeiterinnen
produzierte Drohnen weniger zu anderen
Arbeiterinnen verwandt sind, als Drohnen,
die von der Konigin gelegt wurden. Legende
Arbeiterinnen der Kaphonigbiene produzie-
ren diploide, weibliche Eier, die sich zu Ar-
beiterinnen oder Konigin entwickeln
konnen. Dies fiihrte zu der Annahme, dass
worker policing in A. m. capensi&scholtz
nicht oder nur schwicher ausgeprigt sein
sollte im Vergleich zu Unterarten mit arrhe-
notoker Arbeiterinnenreproduktion. Nichts-
destotrotz zeigen Kaphonigbienen worker
policing Verhalten, wahrscheinlich begiins-
tigt durch eine erhohte Effizienz innerhalb
der Kolonie. Auf der anderen Seite kann
aber in Kolonien der Kaphonigbiene regel-
méBig Brut oberhalb des Koniginnenab-
sperrgitters beobachtet werden, so dass sich
die Frage stellt, wie legende Arbeiterinnen
der Kaphonigbiene dem worker policing
entgehen kénnen. Der Prozess des Entfer-
nens von Arbeiterinnenbrut wird von
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Umweltfaktoren beeinflusst. In Perioden
mit unglinstigen Wetterbedingungen ist das
Entfernen von Eiern legender Arbeiterin-
nen reduziert, so dass sich innerhalb der
Volker Perioden ergeben in denen viele Ar-
beiterinneneier von anderen Arbeiterinnen
entfernt werden und Perioden in denen we-
niger Eier entfernt werden. Unsere erste
Hypothese ist, dass Arbeiterinnen bevorzugt
wihrend Perioden mit geringem worker po-
licing legen, um so die Uberlebenschance
der eigenen Brut zu erhéhen. Hypothese
zwel ist, dass dieselben Umweltfaktoren,
die das worker policing beeinflussen auch
das Eiablageverhalten beeintréchtigen. Hy-
pothese drei ist, dass die legenden Arbeite-
rinnen nicht zwischen Perioden mit hohen
oder geringen worker policing unterschei-
den konnen, so dass worker policing davon
abhingig ist wie viel Eier von Arbeiterin-
nen gelegt werden. Um diese Hypothesen
zu testen, wurden standard policing Experi-
mente mit weiselrichtigen Kaphonigbie-
nenvolkern (N = 3) durchgefiihrt und die
Eilegeraten innerhalb der Vélker bestimmt
(Tab. I). Die signifikant positive Korrelati-
on von Eiablageverhalten und worker poli-
cing zeigt, dass diese nicht unabhéngig
voneinander sind (Abb. 3). Ferner kann die
Hypothese 1 verworfen werden, dass legen-
de Arbeiterinnen wéihrend Perioden mit ge-
ringem worker policing legen. Die
Ergebnisse unterstiitzen die Hypothesen 2
und 3, zwischen denen aber nicht weiter
differenziert werden kann.

Apis mellifera capensig$ legenden Arbei-
terinnen / Arbeiterinnenreproduktion /
Entfernen von Arbeiterinneneiern / wor-
ker policing
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