DOMESTICATION AND CASTE DIFFERENTIATION
IN BUMBLEBEES

A Thesis
Presented to
The Faculty of Graduate Studies
The University of Manitoba

In Partial Fulfilment
of the Requirements for the Degree

Doctor of Philosophy

by
Robert Christopher Plowright
September 1966



ACKNOWLEDGMENTS

I wish o thank Dr, 8.C.Jay, Associate Professor
of Entomology, University of Manitoba, for his continual
encouragement, help and advice so generously given during
the progress of this investigation. Thanks are also due
to Professor A.J.Thorsteinson and to other members of the
gtaff and students of the Department of Entomology, Uni-
versity of Manlitoba, for their helpful eritieisms, and to
Mr., L.P.Lefkoviteh of the Pegt Infestation Laboratory,
Agricultural Research Council, Slough, England for much
advice and many hours of useful discussion. I am slso
indebted to Mr, T.V.Cole for supplying me with information
on Manitoba bumblebees and to Mr. Ralph Cochrane for teche
nical assistance,
This investigation was supported by funds from the ;};p;

National Research Council of Canada.




ABSTRACT

by

Robert Christopher Plowright

DOMESTICATION AND CASTE DIFFERENTIATION IN BUMBLEBEES

A, Attempts to induce colony founding by
B. terricola Kirby, B. nevadensis Cresson, B. fervidus (F.),

o3

« borealis Kirby, B. rufocinctus Cresson, B. ternarius Say,

[fos]

. perplexus Cresson and B. vagans F. Smith in laboratory
nest boxes were made using naturally overwintered, artifici-
ally overwintered and non-overwintered queens., Very suc-
cessful results were obtained with naturally overwintered

B. terricola and B. perplexus gqueens in nest boxes furnished
with upholsterer®s cotton at room temperature and with.
naturally overwintered B. ternarius queens in boxes without
nest material at 29-30 C. Though only small numbers of
naturally overwintered queens of the other five species
could be tested, moderately successful results were had with
all but B. fervidus.

Colony founding experiments with artificially over-
wintered queens were most successful with B. terricola,
though premature changeover to queen production occurred in
many colonies. Non-overwintered queens of five species laid

eggs and a continuous laboratory culture of B. rufocinctus




was maintained over four generations,

B, Caste status of imaginal females was investigated in
B. terricola, B. perplexus and B. ternarius by holding
freshly emerged imagines at 32 C with abundant honey and
pollen. Ovary development in the latter two species was
negatively correlated with weight gain, and was significant-
ly greater when pairs of B. terricola were confined together
than when gueens were confined singly. The relevance of
these results to imaginal caste determination and to the
physiologlical distinction which has been supposed to exist
between castes is discussed.

The distribution and temporal variation of size among
the females produced in captive colonies was investigated,
As in wild colonles, 2 more pronounced size dimorphism-. .
between castes was found in Y“pollen-storing® than in
"pocket-making" species, even though colonies of pocket-
making species were unable to feed larvae in their normal
characteristic manner under the conditions imposed by this
study. A progressive increase in the size of females reared
during colony development was generally found in B. perplexus
but not in B. terricola or B. ternarius.

The r8le of changes in the worker/larva ratio inm.
causing changeover from worker to queen production was
studied in B. terricola, B. perplexus and B. ternarius. An

association between this ratio and female size was found in



all three species and an attempt was made to explain the
change of the ratio in terms of the oviposition rate in
B. ternarius.

The changeover from worker to queen production was
investigated in detall in captive colonies of B. terricola
and B. ternarius. The first queens usually emerged from
brood batches which also ylelded workers. Presumptive gqueen
larvae ceased feeding later than presumptive worker larvas
in both species, and had larger fourth-instar head capsules
in B. terricola, though not always in B. ternarius. It was
concluded that queen determination probably takes place
ontogenetically later in B. ternarius than in B. terricola
and is perhaps effected in the former species by the exbos«
ure of undetermined fourth-instar larvae to a sudden
inerease in food supply brought about by cessation of

feeding of other (worker) larvae in the same brood clump,
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CHAPTER I
INTRODUCTION AND LITERATURE REVIEWS

1.1 General

This thesis comprises a re-appraisal of the pheno-
menon of caste in bumblebees., New data are presented and
use is made of analyses of previous work. An attempt has
been made to set up an unequivocal fofmulation of the prob-
lems inherent in any study of the caste Phenomenon; in
particular, attention has been given to the epistemological
aspects of these problems, in the hope that the adequacy of
the evidential criteria by which the castes are recognised
may be ‘appropriately assessed,

Much of the experimental work invelved in this study

required the initlation and maintenance of bumblebee colonies

in the laboratory throughout all months of the year.
Accordingly, a great deal of time was devoted to the devel-
opment of efficient methods for the laboratory rearing of
colonies of the bumblebee species which occur commonly in
southern Manitoba. The first part of this thesis describes
these domestication methods, and the first section of the
literature review that follows is devoted to the subject of

bumblebee domestication.



1.2 Domestication of bumblebees

The value of bumblebees as pollinators of forage
legumes has for a long time stimulated interest in the con-
servation and augmentation of wild bumblebee populations,
while their efficacy in pollinating horticultural plants has
}esulted recently in a renewed concern that their numbers
not be allowed to diminish (VEERMAN & VAN ZON 1965).,

STEPHEN (1955) drew attention to the attenuvation of
population densities of bumblebees by agricultural practices
in Manitoba. Even in areas where environmental change has
been less drastic than in the settlement of virgin land,
Yearly variations in bumblebee populations have been
reported by BIRD(1944), PEDERSEN & STAPEL (1942 - 1945),

VALLE (1948), XKERBERG & LESINS (1949), JAMIESON (1950),
SCHWAN (1953), BINGEFORS & ESKILSSON (1961), HANNINEN (1962),

VALLE et al. (1964), while fluctuations in bumblebee numbers
from place to place have been observed by many authors
(PEDERSEN 1945, SCHWAN 1953, EKEBBERG & HAHLIN 1953, VALLE
et al. 1960, VALLE 1961, UMAERUS & GRAZI 1961, 1962,
HXNNINEN 1962, VESTAD 1962)., The factors associated with
the population densities of bumblebees have been much dis-
cussed, most recently by HOLM (1966a), who pointed out that
at least two of them--availability of nest sites and forage
—-=are susceptible to human control, as has been remarked by

STAPEL (1933), SKOVGAARD (1936), STEPHEN (1955), FREE &



BUTLER (1959) and HAWKINS (1962a, b), who have advanced
bractical suggestions as to how such control might be under-
taken. One must support Holm's statement that “it is there-
fore somewhat surprising that, with the exception of a few
cases, these suggestions have passed unheeded,®

I concur with the view that if wild bumblebee popu-
lations are to be used for the pollination of field crops,
habitat improvement projects should play the major part in
increasing population densities. In such projects there
may be a future for the use of the domicile techniques
developed by SLADEN (1912), FRISON (1926), FYE & MEDLER
(1954), WILCKE (1953) and HOBBS et al. (1960, 1962), but,
though rearing and overwintering of queens in controlled
conditionsVin captivity may serve some purpose in providing
a nucleus of bees which may then be encouraged to build up
population strength in the wild, schemes involving reliance
upon domestication methods as a major source of colonies for
pollination "seem to be divorced from reality" (FREE &
BUTLER 1959). Even if--as seeus likely-~current laboratory
studies yield domestication methods of an adequate level of
efficiency in terms of the proportion of queens which suc-
cessfully start colonies, the amount of labour required for
such methods will probably always be economically prohibi-
tive, except for use in greenhouses and similar restricted

areas, such as experimental plots more or less isolated from



alternative sources of bumblebee forage.

The need for laboratory-reared bumblebee colonies for
biological studies has been noted by HORBER (1961). Mea-
sures taken to increase natural bumblebee populations
require adequate knowledge of relevant aspects of the bio-
logy of bumblebees, especially of their ecology. In default
of such knowledge, it is inevitable that i1ll-advised and
untested notions should appear from time to time, some of
which might have serious economic repercussions., I believe
one such idea to be CUMBER's (1953) suggestion that abundant
food supply in the early stages of colony development may
cause premature changeover to the rearing of sexual fornms.
There is little evidence to support this idea (which Pro-
bably springs from a misconception regarding the relation-
ship between larval food supply and colony food intake)--
indeed, it will be argued in this thesis that the time of
changeover to queen rearing is largely independent of’colony
food intake in some bumblebee species. Nevertheless,
Cumber®s suggestion has frequently been quoted without dis-
sent (e.g. FREE & BUTLER 1959, HOLM 1966&) in order to sup-
port the practical implication that, in managing bumblebee
colonies for pollination, the forage available to them prior
to the blooming of the seed crop should be kept to a mini-
mum. Such a policy has = degree of credibility similar %o

the suggestion that honeybee colonies should have their food



intake restricted prior to the main honey flow so that
swarming may be prevented,

Controversial issues such as this often suggest con-
trolled laboratory experiments with captive colonies, espec-
ially where problems of colony development (which is exceed-
- ingly difficult to study in the field) are involved. Much
can be done by attracting wild queens to artificial domi-
ciles (see papers on ecology of Bombus subspecies by HOBBS
1964b, 19652, b, 1966a, b) but for maximum efficiency in the
use of time and labour, and for obtaining the greatest pos-
sible uniformity in experimental material, colonies initi-
ated and reared in the laboratory--preferably as part of a
continuous culture--are required,

The earliest record of a queen bumblebee laying her
Tirst eggs in captivity appears to be that of HOFFER (1883).
Later aunthors (LINDHARD 1912, SLADEN 1912, PLATH 1923, 1934,
FRISON 1927a, JORDAN 1936, MONTGOMERY 1952, HASSELROT 1952,
1960, WILCKE 1953, VALLE 1955, STEIN 1956, LEHMENSICK 1956,
ZAPLETAL 1961, HOLM 1960, 1966b, HOLM & HAAS 1961, HORBER
1961, FRIDEN 1965, POUVREAU 1965b) have developed a number
of techniques for starting colonies in the laboratory: their
work has been reviewed by HASSELROT (1960) and by HOLM
(1966a) who notes that the success achieved by these invesg-
tigators has been very variable. Holm also states that the

difficulty of initiating colonies in the laboratory is the




chief obstacle to making domestication of bumblebees of
value to the seed grower, but he does not consider that
improvements in technique are likely to bring about an
increase in the percentage of queens starting nest-building
in laboratory trials; he suggests that “the most important
object of future investigations should be to galn a better

insight into the factors controlling nest-initiation and the

effect of pests and diseases upon the domestication process. ®

Unfortunately, most of the existing accounts of lab-
oratory domestication experiments have yielded little infor-
mation on the basic requirements of the queen for colony
initiation. MEDLER (1958) stresses the inadequacy of our
knowledge regarding the exact nature of the stimuli which
induce egg laying and brood rearing. The chief reason for
thls seems to be that experiments have frequently had to be
carried out in an extemporary manner and have often been de-
signed more to simulate natural conditions than to elucidate
which features of the natural situation may be dispensed
with under laboratory conditions. Also, the majority of
laboratory studies on colony founding have been required to
supply viable colonies for pollination work, hence more
value has been placed on getting as high a percentasge of
queens started as possible (an objective that is often best
achleved by resorting to trial and error methods) than on

conducting experiments designed for statistical ahalysis.




Then again, such a diversity of bumblebee species has been
used for domestication trials that it is very difficult to
exclude the possibility of interspecific differences when
comparing the results of various workers, almost all of whom
have noticed that some species seem more ready than others
to start colonies in captivity.

Thus, the literature on bumblebee domestication does
not contain much information as to why queens falled to ovi-
posit in laboratory experiments, other than records of the
occurrence of parasites and disease (e.g. HASSELROT 1960),

A major difficulty in determining the causes of oviposition
Tailure is that unless the queens are dissected, it is not
possible to assess thelr ovary development. MEDLER (1962)
examined the ovary development of queens in laboratory nest
boxes after various durations of confinement; though he
found undeveloped ovaries in some queens even after seventy
days of confinement, he was not able to attiibute all cases
of egg-laying failure to insufficient ovary development
since the ovaries of many queens contained large eggs (3.0 =
3.5 mm in length). Because many queens (numbers not given)
showed signs of egg absorption, Medler concluded that in
these insects mature eggs had developed, but were absorbed
during the period when not laid. Unfortunately, he 4id not
give the number of queens which did lay eggs.

FREE & BUTLER (1959) tentatively suggested that
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HASSELROT's (1952) technique for starting bumblebee colonies
in captivity might owe its superiority over that of FRISON
(1927a) to the greater degree of insulation which Hasselrot
provided. They supported this suggestion by reference to
data on the ovary development of workers at different tem-
peratures. However, leaving asSide the faet that Frison and
Hasselrot worked with different bumblebee species, and that
ovary development in workers may not be comparable to that
in overwintered queens, the recognition that while oviposi-
tion materislly implies mature ovaries, the converse is not
necessarily true, has rendered of doubtful value any explan-
ation of variations in oviposition success (in different
domestication methods) which rests upon the assumption that
the various methods differed in their efficacy to stimulste
ovary development,

As well as confining queens individually, several
authors used pairs of queens, or a gueen and one or more
workers (not always of the same species) in attempts to get
bumblebee colonies started in the laboratory (SLADEN 1912,
FRISON 1927a, PLATH 1923, 1934, FREE & BUTLER 1959). It
does not seem to be disputed that the presence of workers
greatly increases the likelihood of oviposition (though, as
Free & Butler point out, the eggs are not always laid by the
gueen), but somewhat contradictory conclusions have been

reached on the desirability of confining queens in pairs.



Sladen found that one gueen always killed the other about
the time that the first eggs were laid and that the survivor
invariably deserted her brood, but Frison and Plath, working
with North American species, successfully started colonies
in nest boxes containing pairs of gueens., However, PFrison
found that eggs were laid in 2 smaller percentage (41%) of
the boxes containing pairs of queens than in those which
contained single queens (59%), though the difference is not
statistically significant, Free, on the other hand,
obtained greater success (39%) when gueens were confined in
palrs than when they were confined individually (32%), but
once again, the difference is non-significant,

Much ingenuity has been expended upon attempts to
provide captive bumblebee queens with suitable nest materi-
al, SLADEN (1912) used balls of soft dried grass for his
domiciles, and LINDHARD (1912) also furnished the nest cham-
bers of his boxes with dried grass or similar material con-
tained in a hollow cut out of a piece of turf. FRISON
(1927a) tried various materials in his nest boxes, finally
adopting muslin coated with wax. PLATH (1923, 1934) pro-
vided his queens with an inverted tin cen under which the
pollen lump, located upon a sheet of beeswax, was surrounded
by a small quantity of cotton; more cotton was added later
as required. HASSELBOT (1952) used a ball of cellulose

wadding half embedded in moss litter; his design of nest box
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has been extensively used by other Scandinavian workers
(e.g. VALLE 1955, HOLM 1960, HOLM & HAAS 1961, FRIDEN 1965).
HORBER (1961) employed Hasselrot®s nest boxes for his exper-
imentally overwintered gqueens of B. hypnorum, but later
abandoned the use of nest material for colony founding
experiments conducted in incubators at temperatures up to
35°C, HOLM (1966a) considers that Horber's results support
the suggestion that the provision of nest material may play
a2 relatively unimportant part in encouraging queens to start
nests in captivity; HASSELROT's (1960) report that some
queens built nests in the feeding chambers of his boxes in
the absence of nest material gives additional support to
Holm®s suggestion. The function of nest material as a guide
by which the queen's brooding activity may be confined to
her eggs and larvae 1s discussed below,

Not all queens which oviposit in laboratory nest
boxes succeed in rearing their brood. In some cases the
eggs or larvae are simply neglected, but in others the queen
actively destroys the egg cells which she has constructed
(VALLE 1955, HASSELROT 1960)., Hasselrot considered distur-
bance to be the major factor 285S0Clated with the failure of
qﬁeens to rear their first broods; in 2 personal communica-
tion he wrote that when inspecting the progress of the brood
or adding fresh pollen, care must be taken to choose a time

when the gqueen is away from her nest. He recorded (HASSELROT
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1960) that in those years (1953 and 1954) when he %allowed a
certain coarsening and routine® to enter his method, a
greater proportion of queens deserted their brood than in
the two years (1952 and 1958) when he reduced disturbance to
a minimum.

FRIDEN (1965) obviated the need for inspection of
bumblebee nests in their early stages by showing that the
rate 2t which a queen takes sugar syrup from the feeder
increases as soon as she has begun to found a colony. But
the chief obstacle to eliminating all disturbance is the
need to supply fresh pollen to queens which are feeding
larveae. Although T. V, COLE (personal communication)
reports that he has succeeded in getting colonies started by
queens which collected pollen presented in trays in the
feeding compartments of their nest boxes, gueen bumblebees
do not seem to be easily persuaded to collect pollen in this
ways; so the alternatives are reduced to either placing fresh
pollen in the nest cavity itself (in which case, as noted
previously, there is a danger that the queen may desert her
brood) or to devising a technique by which the queen may be
induced to do her own foraging for pollen outside the nest
chamber. LINDHARD (1912) allowed his queens to forage from
branches of flowers and VALLE (1955), who achieved great
success 1in getting the qgueens which had oviposited in his

nest boxes in 1954 to rear their brood (41 out of 43),
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placed fresh flowers in the glass-covered feeding compart-
mentss; while PERCIVAL & MORGAN (personal communication) have
successfully used artificial flowers as a pollen source for
nesting queens. HASSELROT (1960) placed his nest boxes in
the field after the queens had commenced nest building and
suffered a loss of about half the queens. He.attributed
this loss partly to the relatively rough treatment to which
the nests were exposed during their transport from the lab-
oratory to the field, but since HOLM (19662) experienced g
loss of the same order of magnitude when queens were allowed
to fly from colonies which hed not been moved at all, it
seems more likely that other factors are involved. In any
case, it is clear that allowing queens to forage in the
field is a most unreliable method of solving the problem of
how best to ensure that developing larvae receive adequate
supplies of pollen,

Though he did not comment upon it in the text, exam-
ination of the tables in HASSELROT's (1960) paper reveals
that one colony each of B. Jjonellus Kirby, B. pratorum L.,

B. kirbyellus Curt., and B. lapponicus F. produced queens in

their first broods. Such colonies would not be expected to
reach any great strength, and so the question is raised as
to whether the ultimate development of bumblebee colonies
started in captivity can be correlated with the behaviour of

the queen during the colony-founding period. SLADEN (1912)
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found that the colonies which he started in captivity did
not become strong; he attributed this to the debilitating .
effect of cdnfining queens in nest boxes for long periods,
HOLM & HAAS (1961) demonstrated a significant negative cor-
relation (p < 0.001) between the date on which the gueen
started nesting and the size reached by the colony (as mea-
sured by cocoon counts at the end of the season) in twenty -

one colonies of B. terrestris L. which they set out in the

field after initiation in captivity, but it is not clear
from their account whether or not the length of time spent
in nest boxes by the queens before they laid eggs is a face-
tor in this association gpart from its effect upon the date
of oviposition. In other words, was the colony size asso-
ciated with the vigour of the gueen or with the length of
time available for its development once the first eggs had
been laid--or with both? Whatever the answer to this gues-
tion, it is clearly important to be able to control the date
at which nests are started, not only in order that colonies
of maximum size may be obtained, but also, where the bees
are to be used for pollination, that the peak number of wor-
kers may be available during the flowering of the Crop;
hence the advantage of overwintering queens in captivity so
that they may be resuscitated from hibernation at the appro-
priate time,

Attempts to mate and overwinter queen bumblebees in
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captivity were made by LINDHARD (1912), SLADEN (1912),
PRISON (1927b), PLATH (1927), CUMBER (1953), MEDLER (1958),
and HASSELROT (1960), but except for Lindhard none of these
workers succeeded in developing efficient technigues for
artificial hibernation. The recent highly successful methods
by which queens may be overwintered fall into two groups:
HOLM (1960) and HOLM & HAAS (1961) used the same method as
Lindhard--they allowed mated queens to choose their own
hibernation sites in piles of moss or in boxes containing
turf or earth and moss which were located in a greenhouse--
while ZAPLETAL (1961) and HORBER (1961) stored queens indi=-
vidually in containers, with provision for adequate humidity,
at low temperatures. POUVREAU (1965a) used both methods on
queens of several European specles; he allowed some gueens
to choose their own overwintering sites in a greenhouse in
which were placed wooden boxes containing various materials
such as soii and moss, while others were held at +7°C in
glass beakers partly embedded in vermiculite. As part of a
study of the ecology of the subgenus Bombias Robertson,
HOBBS (19652) combined features from each method by allowing

queens of B. nevadensis Cresson to dig their own hibsrnacula

in the ground under & wire screen cage; the bees were later
unearthed and placed in containers with damp vermiculite
according to Horber's technique. HOLM (1966a) notes that

the percentages of gqueens surviving artificial hibernation
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in these investigations are sufficiently great to bring
overwintering in captivity within the bounds of practical’
possibility.

For the attainment of maximal rate of increase and to
provide a convenient source of experimental material, one of
the ultimate objectives of bumblebee domestication should be
to achieve perennial indoor cultures in which mated queens
are induced to start colonies without having undergone
hibernation. That ovary development may take place in
queens which have not undergone low temperature dormancy has
been established for B. affinis Cresson by PLATH (1934), for

B. terrestris L. by CUMBER (1963), and for B. hypnorum L. by

HORBER (1961), who maintained a continuous culture of this
species over five generations; but no systematic study has
yet been made of the difficulties inherent in obtaining
Vigorous colonies from such "non-diapause" queens.

During 1964-1966 I attempted the domestication of the

following eight North American bumblebee speciesls

Genus BOMBUS Latreille

B. terricola Kirby

1 The classification adopted here is that proposed by
MILLIRON (1961).
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Genus MEGABOMBUS Dalla Torre
Subgenus BOMBIAS Robertson

B. nevadensis Cresson

Subgenus MEGABOMBUS Dslla Torre
B. fervidus (Fabricius)

B. borealig Kirby

Genus PYROBOMBUS Dalla Torre
Subgenus CULLUMANOBOMBUS Vogt

B. rufocinctus Cresson

Subgenus PYROBOMBUS Dalla Torre
B. perplexus Cresson
B. ternarius Say

B. vagans F. Smith

Since this work was undertaken to obtain material for
observation and exXperiment, most attention was paid to
rearing and maintaining colonies in the laboratory; though
queens were mated and overwintered in captivity, no experi-
ments were attempted in order to arrive st optimal tech-
niques for these purposes. Moreover, most of the early ex-
periments on colony founding were undertaken in a trial-and-
error fashion; insofar as they yielded useful biological
information, these experiments are described below, but some
of the attempts made at the outset of the domestication pro-

gram have been omitted since they were largely unproductive,
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1.3 Caste differentiation in bumblebees

The family-society or golony, characteristic of all
species of non-parasitic bumblebees, constitutes a highly
integrated unit, whose function potentialities are well
adapted to the achievement of a reproductive rate sufficient
to ensure survival in an environment where seasonal changes
preclude a continuous generation cycle. Thus bumblebees are
typically insects of the temperate and arctic zones; and
even among the comparatively few tropical specles, some, at
least, preserve an annual cycle similar to that of their
non-tropical relatives, in that colony founding by young
mated gueens does not take place until the end of the dry
season (DIAS 1958).

As in other integrated insect societies, functional
efficiency in a bumblebee colony is obtained by division of
labour among its members. A primary subdivision of female
bees into reproductive and non-reproductive subsets occurs f{j,;;;
in all normal colonies; by analogy with other social insects, . - =
these subsets are known as castes (queen- and worker-
respectively). Purther subdivision of the worker caste has
been recognised by several authors, notably COVILLE (1890),
RICHARDS (1946), CUMBER (1949) and BRIAN (1952).

Both the phyldgeny and ontogeny of insect societies
has excited much interest and speculation for a long time.

(e.g. DABWIN 1859, WHEELER 1928, RICHARDS 1953 et al.) One



18
of the most fascinating aspects of the development of col-
onies of most social insects, including those of bumblebees,
is that two or more castes mey arise from genetically iden-
tical eggs (though in Melipona caste is probably determined
genetically, according to KERR 1950), a fact which has stinm-
ulated much research into the mechanisms which underlie the
determination of caste during development (see reviews by
BRIAN 1957 and WEAVER 1966),

The term "caste differentiation" possesses a process-
product ambiguity. It may be used to mean the set of events
by which one caste becomes differentiated from another during
ontogeny; alternatively, the term may refer to the state of
a population of adult social insects in which caste poly-
morphism occurs so that some individuals are morphologically
or behaviourally differentiated from others, Under one
interpretation of caste this ambiguity, which has probably
never caused much confusion, disappears; however, the double
connotation of caste differentiation should be emphasised
bécause it lies at the root of the problems encountered in
studies of the developmental origin of castes, for it is
necessary to be able to arrive at a working definition,
whereby individuals of different castes may be recognised,
if one is to elucidate their mode of origin. In many social
insects (ants, honeybees, etc.) there is sufficient discon-

tinuity in morphology between castes to allow their easy
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recognition; intermediate forms are rare. BRut in bumble-
bees, as in social wasps, the difference between the worker-
and the queen-caste is largely a matter of size and behav-
iour; female bumblebees of intermediste status occur, and it
1s not always easy to assign them to one caste or the other.
It is necessary to consider, therefore, whether the two
bumblebee castes should be regarded as regions on a contin-
uum, in which case bees of intermediaste sigze pose no special
problem, or alternatively, whether a fundamental discontin-
uity (e.g. one established at an early stage in development)
separates workers from queens, so that female bees of inter-
mediate size represent a mixture of two polymorphic phases,

The ontological problem thus bresented must be set in
an appropriate eplstemological framework. How can we formu-
late definitions for the two female bumblebee castes, and
what assumptions sbout the relationships between the castes
are made when such definitions are used in the course of a
study of caste determination? These questions call for
immediate attention because of the danger of letting onto-
logical preconceptions influence examination of the caste
phenomenon. To assume, for example, that the caste differ-
entiation (product-usage) found among adult bumblebees must
arise from a qualitative separation of developmental path-
ways in the larvae can lead to a question-begging circular-

ity derived from an unnoticed shift in defining character-
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istics; we proceed as if we hagd already adopted definitions
for the castes and so arrive at a supposedly synthetic
statement describing the association between caste and lar-
val development which actually turns out to be reducible to
a series of tautologies. Reduced to absurdity, the argument
might run as follows:

"There are two castes in bumblebees, a queen-caste
which mates, survives the winter ang founds a new colony,
and a worker-caste which does none of these things but,
instead, performs foraging and brood rearing duties., These
two castes must result from different patterns of larval
development., In hany species of Bombus, two patterns of
larval development are apparent, one leading to small Pupae
and the other leading to large pupae; Therefore, the differ-
eénce between the two castes must depend upon larval morpho-
genesis-~queens result from larvae achieving large size and
workers arise from those that don't,®

The weakness of this argument is that it starts off
using a functional definition of caste but later substitutes
a definition based upon size,

FRISON (1927b) and WHEELER (1928) regarded the dis-
Tinction between castes in bumblebees as an entirely quanti-
tative phenomenon resulting from differences in the amount
of food fed to the larvae. However, CUMBER (1949), on the

basis of an experimental investigation of welght changes in
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females of B. ggrorum F., claimed to have demonstrated that
queens and workers were "two very different physiological
types®. Cumber's results will be discussed in detail in a
later section of this thesis, but it should be noted here
that he did not explicitly state that the difference between
his two physiological types was a qualitative one, though
this seems to be implied by his remarks.

Even apart from Cumber's experiment, several features
of bumblebee biology are not immediately reconcilable with
the ides of an underlying continuum as a basis for caste
expression. In most areas where bumblebees abound, a clas-
sificatory separation (apparently on a size basis) may be
observed between those bees which assist in foraging and
brood rearing, and those which, after mating, survive the
winter to found new colonies the following year. Moreover,
though many bumblebee species exhibit a more or less contin-
uous size distribution within the female sex, in others the
female bees are clearly separable into two size groups with
(normally) no intermediates, as has been shown by numerous
authors (e.g. RICHARDS 1946, 1953, CUMBER 1949, FREE 1955a
and LPKEN 1961). For the European species, these two spe-
cies groups correspond very well with SLADEN's (1912) sub-
division of Bombug species into "pollen storing® and "pocket
making®,

Thus we have evidence of two discontinuities,
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suggesting either no continuum, or a continuum in which the
appearance of bees in the central region is suppressed, and
in which some or all bhees are subject to one or other of two
fates during their imeginal life. In either case problems
concerning development are raised, but for the moment it is
worth considering whether either of the two discontinuities
could serve as a basis for a working definition of caste.

Clearly, if we adopt the criterion of whether or not
fertilised female bees survive the winter to start new col-
onies in the spring, we are committed to regarding caste-
status as a process rather than ag a set of predicates attri-
butable to a bee at any particular time other than when the
process has been concluded. It may not be necessary, how-
ever, to entertain such a Whiteheadian concept of caste
except as a final arbiter by which a derived definition,
based upon empirically discovered predicate=process correg-
pondences, may be validated; it is well known, for instance,
that the possession of food reserve in the form of abdominal
Tat body is associated with the ability of bumblebees to
survive the winter (see CUMBER 1949 and FREE & BUTLER 1959)
and if it could be established that the bresence of such fat
body precluded a bee from engaging in brood rearing or for-
aging, and thét the presence or absence of fat body was an
"all-or-none® phenomenon, a definition in terms of this

characteristic might be admissible.
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Of course, some properties which might be used as
defining characteristics (such as having been fertilised,
having survived the winter and having founded a colony in
the spring) are implied by the process definition. Never-
theless, the assoclation between these properties——and
hence the usefulnegs of the process definition--is an
empirical matter and must be tested experimentally. For
example, because of the toll taken by parasites, predators
and bad weather, many bees which hibernate succegsfully
fail to found colonies in the spring, Also, HOBBS (1965b)

hag observed an overwintered queen of B. rufocinctus

Cresson which produced only males in her first brood, sug-
gesting that she had probably failed to mate before she
began hibernation,

It seems, then, that some provisionsl agsumptions
mey heve to be made in the selection of a defining chara-
cteristic from those implied by our process definition, but
that the arbitrariness thus introduced can be justified as
a temporary measure pending further research, I suggest that
e falrly safe assumption to make is that any female bee
which enters into hibernation by constructing a hibernmeulum
should be provisionally considered as a potential source of

& new colony in the folleowing year and hence eligible for
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denotation by the term Ygyne® (defined by BRIAN 1957 as "g
sexual female that is not socially a functional reproduc-
tive®); further research would then be necessary to discover
the validity of this assumption.

The great advantage gained by adopting such a criter-
ion for use as a primary defining characteristic is that so
far as is known at present, hibernaculum construction either
occurs or it does not; no cases have been recorded of
bumblebees abandoning half-constructed hibernacula in order
to return to their maternal colonies to take up foraging or
brood-rearing duties. Thus we are provided with a separa-
tion of female bees into two classes, which can then be
eXxamined by objective statistical tests to discover the
strength of their association with other characteristics,
such as size, ovary development and food reserve status,
However, hibernaculum construction is not a very easy cri-
terion to test experimentally, and it would perhaps be pre-
ferable in any case to avoid a behavioural criterion in
favour of a physiological one if possible. In view of
Cumber®s experiments with B. agrorum, deposition of fat-body
suggests 1tself as a possible physiological criterion; exper-
imental work on fat-body deposition is described below.

It might be thought that in those bumblebee species
where two distinct size groups of female bees are found,

size dimorphism should constitute a convenient starting
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point for defining the two castes, especially since such a
definition would sgree with that generally accepted at the
present time., For WHEELER (1928) writes that "we cen hard-
1y speak of polymorphism in the soclal Aculeates %11l =
worker caste makes its appearance as a distinet morphologi-
cal expression of the behaviourlstic and physiological divi-
sion of labour among the . . . female members of the
colony": in bumblebees, as noted by BRIAN (1957) this dis-
tinct morphological expression is mainly & matter of size.
However, apart from the fact that a definition based upon
size alone cannot yield a clear-cut separation between
castes in &ll bumblebee speeies, there is the inherent dan-
ger that by adoptling a purely morphological classification
we may cease to regard division of labour as the most funda-
mental manifestation of caste. From a selectlonlst view-
point, 1t would be Yputting the cart before the horse' to
suppose that the morphologlcal attributes of castes in
social insects should be treated as more fundamental than
the funetional properties which they express. In any case,
Wheeler's dictum is too restrictive, for in some speclies of
Halictus a clear functional separation between worker and
queen castes occurs, though unaccompanied by morphologicel
distinction; in fact PLATEAUX-QUENU (1960) has demonstrated
thaet caste-status in H. marginatus is established by imag-
inal differentiation.
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It is important, therefore, to find out how well the
functional discontinuity between bees which hibernate and
those which forage and/or tend brood is correlated with
individual size. PLATH (1934) reported the occurrence of
small individuals of B. vagans in the early spring of
several years and was able to show in 1924 that one of these
abnormally small females had founded a colony and laid fer-
tilised eggs. In April of 1964 I found "worker-sized®
individuals of both B. hortorum L. and B. agrorum F.
(PLOWRIGHT 1966) which must have recently emerged from
hibernation, so though neither of these two species show a
very pronounced si;e dimorphism, it is clear that at least
some bees which would be defined as workers by their size
must be recognised as queens by their ability to overwinter,
Conversely, though CUMBER (1949) was of the opinion that a
period of diapause coinciding in part with hibernation was
necessary before the gqueen bumblebee might develop ovaries
(it is to be presumed that Cumber intended a definition of
queen" based on size) and though FRISON (1928) was unsuc-
cessful when he tried to induce young queens to lay eggs and
start a colony the same season in which they were reared,
nevertheless oviposition was recorded by PLATH (1934) by
young queens of B. affinis Cresson. Furthermore, HORBER
(1961) showed that B. hypnorum L. queens could start col-

onies in captivity, and if, as YARROW (personal
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communication) maintains, it is true that B. pratorum L. and
B. Jjonellus Kirby are double-brooded in some cases in Eng-
land, the second series of colonies must be started by
bumblebees which have not had to withstand hibernation; how=-
ever, some delay may be necessary between emergence and ovi-
position, as seems to be the case in B. incarum which
occurs in the South American tropics (DIAS 1958). CUMBER
(1963) recorded that many bees of large size in a colony of

B. terrestris L. which he observed in New Zealand failed to

mate, and instead took up worker duties such as foraging,
caring for groups of eggs and larvae and laying unfertilised
eggs. Cumber attributed the abnormal behaviour of these
bees, which he called "gypsy-queens®, to their failure to
mate on account of the absence of males at the time of year
they were reared., FREE & BUTLER (1959) also considered
mating to be a factor influencing the ultimate fate of
bumblebees, for they state that mating probably causes
physiological changes to occur which enable queens to sur-
vive the winter, but the evidence for this--that all queens
dissected in the spring so far have been found to be fertil-
ised--is weak, and has recently been put in doubt by Hobbs®

obgervation on a B. rufocinctus queen (quoted above).

CUMBER (1949) suggested that all large-size female
bees which had accumulated fat body in early imaginal life

were potentially capable of mating but that the reverse was
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not necessarily true, as was borne out by his discovery of a
Tertilised "worker® (231 mgm) in a nest of B. hortorum.

To summarise: though large size in female bumblebees
is generally correlated with the undertaking of queen rdle
(fat-body deposition, mating, hibernation, etc.) and small
size with the assumption of worker functions (foraging and
brood-rearing without prior hibernation, ete.), sufficient
exceptions have been found to show that caste is only partly
determined by size. So for "pollen-storing” bumblebees, in
which a sharp size dimorphism occurs, we are able to disgtin-
gulsh caste in two ways--by size or by function; for the
sake of clarity in this thesis, I shall use the terms
f~queen” and “f-worker® for castes defined according to
function, and "s-queen® and "s-worker" for castes defined by
size., Thus an individual may be s-queen-f=-queen, s-worker-
f-worker, s-queen-f-worker, or s-worker~-f-gueen, In those
species where no sharp size dimorphism occurs, size must, of
course, be treated as a continuous variable; here, a dichot-
omous separation between castes, if such can be found, must
be based upon function,

The problems tackled in this thesis fall, therefore,
into two groups:‘

1) How is the size of female bumblebees determined--

does the morphology of small bees differ from that of

large ones other than in size; i.e. is the
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discontinuity apparent in “pollen-storing® species
due to an underlying difference in the morphogenetic
pathways leading to s-queens and s=-workers, or does
the discontinuity result from suppression of the
intermediate range in a size continuum?

2) How and when is the functional fate of a female
bumblebee established? In particular, are the fates
of s-queens=f-workers and s-workers-f-queens in "pol-
len-storers® determined during imaginal life or ear-
lier?
Most of the experiments and observations described
here were done upon three “pollen-storing" species,
B. terricola Kirby, B. perplexus Cresson and B. ternarius
Say, representing two subgenera (Bombugs Latreille and

Pyrobombus D,.T,. respectively). The three species, which

strongly resemble their European analogues, B. terrestris L.,

B. pratorum L. and B. lapidarius L. in methods of brood-

rearing and choice of nesting sites, differ from each other

in several important respects—--notably in the development of
their larvae and the manner of egg-cell construction by the

queens. A description of their specific reculiarities is

given below (Section 3.2).



CHAPTER II

EXPERIMENTS ON BUMBLEBEE DOMESTICATION

2.1  Technigues used for mating bumblebees in captivity

Methods for mating each of the seven species studied
were devised by trial-and=error; queens and males were
introduced into one of the several sizes of mating cage
which were tested, and the incidence of copulation during
the following hours was observed, For the more "difficult®
species (see below), the cage design was considered satis-
factory if, after a few days, over 50% of the queens were
fertilised,

Though no experiments were carried out specifically
to compare the readiness of each species to mate in captiv-
ity, differences in mating susceptibility (which were con-
firmed by the small number of fertilisation checks which
were undertaken) were so striking that they are described
here.

In B. borealis, B. fervidus and B, rufocinctus,

attempts at copulation (sometimes successful) frequently
took place in the nest boxes, but, apparently, only when
these were illuminated by daylight or fluorescent light.
The first and last of these three species (B. fervidus was
not tested) could be mated successfully in small (1.2 m x
0.6 m x 0.6 m) plastic cages in which honey and pollen were

supplied. The mating activity shown by males of B. borealis
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in such cages was so great that up to 8 were sometimes seen
attempting to copulate simultaneously with a single queen;
very often the participants arranged themselves in a pile.
These multiple attempts at copulation did not seem to
vitiate the successful insemination of the queen by the male
which was actually in coitu with her, although the wear and
tear caused by such events usually removed most of the pile
from her abdomen. All ten B. borealis queens and all but

one out of 18 B. rufocinctus queens which were dissected

after a few days in plastic mating cages were found (on dis-
section) to have sperm in their spermathecasae,

In B. perplexus, attempted copulation in nest boxes
was only rarely seen--but mating in 1.2 m x 0.6 m x 0.6 m
plastic cages seemed to be fairly successful, though 3 out
of 8ix queens which subsequently laid eggs in laboratory

nest boxes (see Section 2,.,312) were unfertilised.

B. terricola, B. nevadensis, B. ternarius and
B. vagans were never observed to mate in nest boxes, and
copulation rarely occurred in 1.2 mx 0.6 m x 0.6 m plastic
cages. In August-September 1964, moderately successful
results were obtained by releasing large numbers of
B. terricolas and B. ternarius queens and males in an outdoor
greenhouse, but in 1965 an indoor 3.6 m x 1.8 m ¥ 1.8 m wire
screen cage, llluminated by external banks of fluorescent

lights, was used. Strips of fabric were hung from the roof
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of the cage, to provide suitable resting élaces, and several
dishes of honey and lumps of pollen dough were placed at
various locations on the roof, walls and floor,

Out of about 150 B. terricola queens released into
the wire screen cage with an equivalent number of males, a
sample of 24 were removed for dissection after five days; 16
of these were fertilised (67%).

On August 25, 1965, about 75 B. ternarius queens were
released in the cage which already held approximately 200
males of that species., Within an hour, 24 pairs were found
in coitu, meny of them on the floor. Jars were gently
placed over the copulating bees (pairs on the roof and walls
were brought down onto the floor) and the queens were later
used for colony founding experiments (see Sections 2.311 and
2.312), In spite of the fact that all 24 queens were known
to have copulated, five were found to be unfertilised when
dissected some months later, possibly because the confine-
ment of the copulating couples under jars had inhibited the
passage of sperm.

Efficient methods for mating bumblebees in captivity
have already been devised, notably by HOLM (1960), who

observed that multiple mating is common in B. lapidarius and

B. terrestris. I do not consider that the rather crude

methods described above make any useful practical contribu-

tion to the subject of captive bumblebee mating, but the
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interspecific variability in mating susceptibility which is
revealed by these methods is interesting in view of the wide
range of species-characteristic patterns of mating behaviour
known to occur in the wild (see review in FREE & BUTLER

1959).

2.2 Method used for overwintering gueens in captivity

The method used was an adaptation of that described
by HORBER (1961) and later employed by HOBBS (1965a),

Queen bumblebees were removed from the cages in which
they had been mated and placed singly in 120 ml glass
bottles with plastic screw-tops, two-thirds filled with
moist vermiculite (approx. 10 g--moistened with 10 ml disg-
tilléd water--per bottle).

Mortality of hibernating bees was generally not
recorded, but on November 25, 1965, when removing queens to
be used for colony-founding experiments, deta (see: Table I)
were obtained on the survival of queens which had been put
in hibernation during the last week in August 1965; The
mortality in B. terricola, B. ternarius and B. perplexus is

slgnificantly greater than in B. nevadensis and B. borealis.

1t is interesting to note that B. nevadensis and B. borealis

queens seemed very reluctant to start colonies without prior
hibernation (Section 2,.311), Very likely the greater hiber-
nation survival in these species is associated with their

having the well-developed fat body characteristic of queens



TABLE I

3L

MORTALITY IN BUMBLEBEE QUEENS

STORED FOR THREE MONTHS AT 1° ¢

Species

Living Dead Total

Values of chi=square
(corrected for continuity)

Be nevadensis 12 0 12 e = —
B. borealis 21 3 2 g pHX =4 9 -
5,6 10,47%*
B. terricola 22 27 % J— 17,9**%J 4,7 %
Be ternarius 17 13 30 — ]
Be Qerglexus 6 22 28 e v
* % %
*=2 p<0.05 *= p<o.01 = P<0,001

20,0%%*%
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with undeveloped ovaries,
Better hibernation survival with the last three spe-

cies (as with B. rufocinctus and B. vagans, which were also

poor hibernators) might have been obtained if a) the bottles
and vermiculite had been sterilised, and b) care had been
taken to select only those queens which were relatively
heavy for their size (see HORBER 1961)., As it was, an ade-
quate supply of stored queens was available on most occa=
sions for use in colony=founding experiments.

2.3 Experiments on colony founding by gueens in captivity

2.31 Experiments using nest boxes

2.311  Colony founding by non-overwintered queens

Several series of experiments were carried out in an
attempt to induce colony initiation by bumblebee queens
which had not hibernated. Some of these experiments were so
unsuccessful that they will not be deseribed here; the rest,
which yielded slightly better results, are briefly described
for the sake of the biological conclusions which mey be
drawn from them,

Series I

A, Queens and males of B. terricola, B. fervidus,

B. perplexus and B. terharius were reared from wild colonies
brought into the laboratory during August 1964, and were

allowed to mate in a greenhouse, where a number of the

queens (of B, terricola, B. perplexus and By ternarius)
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became broody and constructed wax honey pots near the pollen
lumps which had been placed in the angles between the roof
and walls of the greenhouse. Eggs were laid by queens of
B. terricolas and B. perplexus but were not successfully
reared (ef. Section 2.32). Most of the B. fervidus queens
(none of which became broody) were found torpid in piles of
moss upon the floor, as also were many queens of the other
three species which had not become broody. Unfortunately,
when the bees were removed from the greenhouse to start
colony founding experiments in mid-=September, no attempt was
made to distinguish between torpid and broody queens.

The queens were installed singly, or in pairs, in a
container consisting of two half-pint waxed paper cartons
connected by a short tube and kept at room temperature (ca.
21° C). A lump (about 0,75 g) of pollen dough (pollen moist-
ened with honey solution) was put in one carton which was
covered to exclude light. The other carton contained a
plastic vial-cap filled with honey solution which was renewed
daily.

A summaery of the results, which are presented in de-
tall in the Appendix (Table XXV) is given in Table II. An
overall incidence of egg laying of 32% was obtained. Unfor-
tunately, the need for periodic renewal of pollen was not
appreciated, nor the desirability of a high environmental

temperature for brood-rearing; consequently none of the
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TABLE II

INCIDENCE OF EGG-LAYING IN NON-OVERWINTERED
QUEENS OF FOUR SPECIES OF Bombus

Species No. of queens Total no. No. of boxes in
rer box of boxes which eggs were
laid
Be terricola 1 29 8
2 14 8
Bo fervidus 1 9 0
2 2 0
Be. perplexus 1 2

3
2

B. ternarius 1 6 1
3
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queens succeeded in rearing adults in this experiment,
though one of B. ternarius and two of B. terricola did
eventually produce adults when moved to nest boxes contain-
ing cellulose wadding. Two of these queens reared only
males, suggesting that they had not mated., One of the two
B. perplexus queens which laid eggs had reared half-grown
larvae by the time she died,

B. Three B. rufocinctus queens were removed from a cap-

tive colony which had been reared December 1964 and were
mated in a plastic cage on the laboratory bench. Each
queen was confined in a nest box of Series II type (see Sec-
tion 2.313 and Fig. 1) with a piece of comb and two workers
from the maternal colony. Two of these queens began to lay
within a few days but in the third box the only eggs laid
were those of workers,

One of the two queens which oviposited died while her
first-brood workers were still pupae, but the other success-
fully mothered a large colony.

Ce Twenty B. terricola, ten B, nevadensis, ten B. borealis

and ten B. ternarius queens which had been reared from cap=
tive colonies in August 1965 and allowed to mate in 1.2 m x
0.6 m x 0.6 m plastic cages in the laboratory, were installed
singly in Series II boxes at 30° C.

Five of the B. ternarius queens and one B. nevadensis

eventually laid eggs, though not until at least 30 days after
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the experiment was begun, but no queens of B. terricola or
B. borealis showed any colony founding activity.

Three out of the five ovipositing B. ternarius queens
reared only males and were found on dissection to be unfer-
tilised; one died before her larvae had pupated, and the
other died after rearing one queen and one worker.

Discussion

The laying of eggs by non-overwintered bumblebee
queens may be associated with caste differentiation (see
Section 3.3). Except that they may have been mated, ovipo-
sition by queens in the season during which they have been
reared, at least under experimental conditions such as were
used here, seems to be analogous with oviposition by laying
workers. The same is true of the two B. affinis queens
which PLATH (1934) reported to have taken over the egg-
laying duties of the colonies in which they reared, fol-
lowing the death of their mothers.

Yet, in its entirety, colony founding under natural
conditions involves much more than oviposition., If, as is
likely (see PLOWRIGHT 1966), some species in Europe (e.g.
B. pratorum L. and B. jonellus Kirby) show double-brooded-
ness, then current season queens must Presumably carry out
the entire sequence of colony-founding behaviour normally
undertaken by overwintered queens; by doing so, they become

distinguishable from laying workers.,
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The matter is further complicated by the question of
diapause (defined here as that period during the imaginal
life of a female bumblebee during which ovary development is
inhibited by internal physiological factors which may or nay
not be environmentally induced). In Section 3.3 it is sug-
gested that the presence of fat body may be antagonistic to
ovary development and that a queen which has accumulated
much fat body must suffer its partial breakdown before she
can oviposit. We would therefore expect diapause to be
broken by hibernation, as is the case, but it is important
to note (as pointed out by FREE & BUTLER 1959) that in early
nesting Buropean species such as B. pratorum, the first part
of "hibernation®™ spans the hottest months of the year. FPFur-
thermore, the incidence of egg laying in the unmated queens
deseribed in Section 3.3 indicates that oviposition is stim-
ulated by the presence of a second gqueehn.

Presumably, the conditions in the greenhouse used for
mating in August 1964 were greatly conducive to precocious
ovary development, perhaps because of the presence of so
many bees (&100) together. ‘But it is not possible to say
whether what occurred within the greenhouse should be
regarded as (a) imeginal differentiation of 'queens™ into
"laying workers®, (b) the truncation of a diapause state, or
(c) both.

From a practical standpoint, the failure of the bees
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which oviposited after being taken from the greenhouse to
rear their brood is adequately explained by the unsuitabil-
ity of the method used to induce them to found colonies.
With suitable refinement, there seems no reason why the
experiments described here should not be used as a basis for
a workable method for perpetuating a succession of bumblebee
colonies and so avoiding the hiatus caused by queens over-
wintering for several months,

2,312 Colony founding by gueens overwintered in captivity

I Twenty B. terricola queens, reared from captive
colonies in July 1965, were mated in laboratory cages (see
Section 2.1) and stored over damp vermiculite (see Section
2.2) at 1°C for 8 weeks. They were placed singly in Series
I1I boxes (see Section 2.313) at 30°C; fresh pollen was sup-
plied every third day until the sixtieth day, on which the
survivors were dissected. Only one of these beeg laid eggs,
but she failed to rear the larvae resulting from them. Of
the eight bees surviving on the sixtieth day, four had well
developed ovaries which appeared to contain resorbed eggs:
the remainder had slightly developed ovaries and small
amounts of more or less yellowish fat body.

IT Fifty five B. terricola gueens were mated and stored
over damp vermiculite at IPCI(see Section 2,2) for thirty
weeks., After weighing, 45 of the queens were placed in

Series II boxes at 30 C for sixty days. The date of
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oviposition and composition of the first brood was recorded
for each bee that laid eggs. On the sixty first day the
radial cell lengths of each queen were measured, and z2ll
queens which had not oviposited were dissected, their
ovaries weighed using RICHARDS®' (1946) method, and the length
of the longest egg measured under a binocular microscope.

The data are given in Table III, Correlation coef-
ficients and partial correlation coefficients relating the
number of days between installation and oviposition (T), the
radial cell lengths (R), and the .logarithms of the initial
weights (W) of the 24 queens which oviposited were calcu-
lated:

ryp = 0.1541 NeSe
0.6379 ¥ ¥

Twrn,

rgp = 0.1607 NeSe
ryp.g = 0.0678 oS

Though there was considerable variation in the ratio
of body weight to wing dimension among these 24 bees, there
is no evidence that queens which are heavy for their size
take a longer or shorter time to oviposit than those which
are underweight, However, the experiment supplies no infor-
mation on the ovary development of these bees; since the
ovaries of the 8 queens which had not oviposited by the

sixtieth day were well developed and four (Table IV) showed

signs of egg resorption, it is possible that the relationship



TABIE III L3

DATA ON B. terricola QUEENS PLACED IN SERIES II BOXES
AFTER QVERWINTERING IN CAPTIVITY

Box no, No, of days Weight on Iength of No. of days Survived wntil
between re= regusci= radial cell between re- 60th day with-
suscitation tation sugeitation out laying eggs
and egge and death
laying mgm 1 unit=0,05 m

1 434 71 +
2 10 495 T4
3 497 73 3
4 14 538 76
5 11 404 T2
6 13 478 T4
7 573 75 1
8 517 75 3
9 36 711 79
10 487 79 3
11 19 455 TR
1z 8 750 78
13 580 78 1
1, 572 76 &
15 9 615 79
16 582 78 9
17 527 7 3
18 62/, 79 +
19 : 646 78 +
20 10 458 76
21 451 76 1
22 428 T4 +
23 ‘ 610 80 +
R4 12 ' 452 T4
25 15 553 78
26 11 LRL 73
27 7 569 75
28 28 540 78
29 562 77 12
30 9 418 71
k1l 10 615 79
32 559 T4 +
33 5 660 75
34 407 77 +
35 10 550 g0
36 539 77 3
37 1 437 75
38 504 76 12
39 10 507 21
40 609 73 10
41 498 77 16
L2 11 466 78
43 12 434 T4
L, 14 497 73

L5 9 609 77
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TABLE IV

OVARY DEVELOPMENT IN EIGHT B. terricola QUEENS
WHICH FAILED TO OVIPOSIT BY THE 60th DAY

Body weight Weight of  ILength of Resorption
Day 1 Dy 60 ovaries longest egg of eggs
mgm mgm mm
k37 534 27 2.5 +
572 662 26 1.9 -
624 625 26 . 3.1 *
646 604 40 3.2 -
428 555 32 3.4 o -
610 746 12 2.4 + v
559 55k 25 2.9 + i

407 587 18 2.6 -
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between maturation of ovaries and time of oviposition is not
very precise (see MEDLER 1962a).

Table V gives the number, sex and caste of the first
broods reared by 20 of the 24 queens which laid eggs during
the experiment., Four of these queens produced only males
and were found on dissection to be unfertilised, and four
queens failed to rear the eggs which they had laid. The
mean number of first-brood eggs in the six boxes in which
these were counted was 6.8 per gueen., Six of the 52 first=-
brood egg cells which were opened for egg counting contained
more than one egg (3, 2, 2, 3, 2, 2); the remainder each
contained single eggs. The mean number of larvae hatched
per queen for the 16 queens which reared their eggs was 4.6
(SE = 0.52). Only five queens reared workers, while three
queens produced males as well as females in their first
broods,

The remaining ten queens were installed at the same
time in Series III boxes with cellulose wadding nest mater-
ial. Two bees died and one had not laid eggs by the twen-
tieth day, when it was dissected and found to have well
developed ovaries containing the remnants of absorbed eggs,
Data for the seven queens which started colonies are given
in Table VI. The mean number of first-brood eggs laid per
queen was 7.0, which does not differ significantly from the

corresponding mean (6.8) for the 6 Series II queens whose



TABIE V

GOMPOSITION OF FIRST EROODS REARED BY 20 ARTIFICIALLY OVERWINTERED
B. terricola QUEENS IN SERIES II BOXES AT 30°

46

Box no. No. of No. of ©No, of larvas No. of adults emerged
eggs larvae ejected
laid hatched queens workers males total

25 NR 0 0
28 NR 0 0
43 NR 0 0
45 R 0 0
é NR 5 5 5
11 R 4 4 4
30 MR 7 4 3 3
33 8 5 5 5
4 NR 3 2 1 3
5 IR 3 3 0
12 9 7 2 5 5
15 4 1 1 1
20 5 4 1 3 4
26 NR 4 1 3 3
27 8 A i 3 3
31 NR 5 4 1 5
36 MR 8 3 2 3 5
40 MR 2 1 1 2
L MR 8 4 4 4
46 6 3 2 1 3

NBR = not recorded



COLONY FOUNDING DATA ON EIGHT ARTIFICIALLY

TABLE VI

L7

OVERWINTERED B, terricola QUEENS IN SERIES III BOXES

Box no. No. of days Composition of first brood
between re=
suscitation No. of No., of No, of adults emerged
and ovipos- eggs larvae
- ition laid hatched queens workers males total
1 7 6 6 6 6
2 8 9 9 5
3 9 6 6 1 5 6
L 10 8 8 8 8
5 10 8 7 1 6 7
7 9 9 9 9 9
8 9 6 4L ) L
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first-brood eggs were counted. However, the mean number of
first-brood larvae (7.0) hatched by the 7 queens in Series
III boxes significantly exceeds (p < 0.02) the mean number
(4.56) reared by the artificially overwintered queens which
succeeded in hatching larvae in the Series II boxes, but is
not significantly different from the mean number (7.1)
hatched by 9 naturally overwintered queens in Series III
boxes in June 1965, nor from the mean number (6.0) hatched
by 10 naturally overwintered queens in Series III boxes in
May-June 1966. Moreover, the mean time elapsing between
installation and oviposition (8.9 days) in the artificially
overwintered queens in Series III boxes was not signifi-
cantly different from the mean times taken by naturally
overwintered queens in Series III boxes (6.2 days in 1965
and 7.0 days in 1966): nor was the length (2,70 mm) of the
radial cells of the first-brood workers of the artificially
overwintered queens (see Table VII) significantly different
from that of the workers of either of the two groups of
naturally overwintered gueens in Series III boxes (2,?3mmin
both 1965 and 1966).

Only one queen reared males in her first brood. As
soon as these had all emerged, she was dissected; her sper-
matheca contained no sperm,

The composition of the first broods of the remaining

six queens was more typical (an average of 6.3 workers was
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TAEBIE VII

IENGTHS OF RADIAL CELLS OF FORE=WINGS OF FIRST-EROOD FEMAIES REARED
BY ARTTIFICIALLY OVERWINTERED B. terricola QUEENS IN SERIES III BOXES

No. of colony Radial cell lengths
(1 uwnit = 0,051 mm)
Maternal queen Firgt-brood First=brood

workers queeng
1 79 50 53 56 52 56
45
3 77 53 54 51 59 54 69
4 76 53 44 52 51 57
54 52 52
5 77 51 56 55 52 54 69
53 o
7 79 55 L5 50 55 53
49 52 L9 57

8 77 53 56 55 54
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reared per colony) than those of the preceding series of
B. terricola queens in Series II boxes. Nevertheless, 5 out
of the 6 Series III colonies changed over to rearing queens
and males in their second broods (see Table VIII), and the
sixth changed over in the third brood, so no vigorous
colonies were obtained.
IIT On several occasions, attempts were made to get
colonies started by using overwintered queens of other
species,

B. rufocinctus gqueens and males were reared from 4

colonies which had been brought in from the field during
August 19650 Because most of the males were killed before
they could be removed from their nest boxes (see Section
3.2), a further supply of males was collected in the neigh-
bourhood of Winnipeg in early September. The bees were
allowed to mate in 2 2.4 m x 1.2 m x 1.2 m plastic cage
illuminated by fluorescent lights, in which piles of earth
and Sphaghum moss were placed (see HOLM 1960). Most of the
gueens were found torpid in the moss in late September; they
were stored over damp vermiculite at 1°C (see Section 2.2)
for four weeks, after which 28 of the survivors were placed
in pairs in nest boxes made from paper cartons (Section
2.311) at room tempersture (ca., Zf’C)° Since few of these
bees showed any inclination to start colonies, the tempera-~
ture was gradually raised to 29°C and the relative humidity

maintained at about 50%; also, pollen was renewed more - -



TABIE VIII

COMPOSITION OF SECOND EROODS OF SIX ARTIFICIALLY

OVERWINTERED B. terriccla QUEENS IN SERIES III BOXES

51

No, of colony Total number No. of No. of adults reared

of second= larvae

brocd=larvae ejected queeng workers males total

hatched
1 26 7 6 8 19
3 29 17 9 2 12
A 24 2/ 2/
5 29 12 17 29
7 31 15 7 6 16
8 38 17 11 5 21
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frequently (every third day) in the later stages than at the
start of the experiment.

Consequently, the results shown in Table IX cannot be
taken to indicate that a long period of time is necessary

for B. rufocinctus queens to become physiologically ready to

ovipoglit following insufficient duration of low-temperature
treatment; for the considerable delays which elapsed between
installation and oviposition in some of the gqueens may have
been associated with unsuitable conditions for egg laying.
Though adults were reared in six boxes, only one
medium sized colony was obtained (No. 4, which eventually
produced 29 workers, 3 queens and 54 males; most of the
males resulted from the eggs of laying workers after the
death of the queen)., Of the other five colonies, two
yielded queens and males in the second brood, and in two the

queens died soon after the first workers had emerged.

Two out of three B. rufocinctus queens, revived from
hibernation in March 1965, laid eggs in Series II boxes at
29°C, but only one reared adults. A large colony was even-
tually obtained from this queen.

Two out of twelve B. nevadensis queens laid eggs in

Series II boxes at 30°C in Februery 1966, but one was unfer-
tilised. The other produced a small colony (5 workers, 4
queens and 3 msles),

Two medium sized colonies of B. ternarius were



TABIE IX 53

COLONY FOUNDING BY PAIRS OF B. rufocinctus QUEENS
AFTER FOUR WEEKS IN ARTIFICIAL HIEERNATION

Box no, No., of days between Adults Remarks
ingtallation and reared
egg-laying
1 10 + non=brooding queen removed
on day 34
2 11 + non-brooding queen removed
on day 43
3 46 - first egg cells on floor -

not reared; later brood
deserted by qusen

4 38 + removed non-brooding queen
after pupation of brood
5 71 = queen died on day 81
6 22 = repeated egg cells bub
none successfully reared
7 60 = worker added on day 55
8 37 + brood mostly neglected
9 | 18 + first egg cells unsuccess~
ful
10 no eggs laid - one qusen died on day 28;
discontinued on day 55
11 " # = one queen died on day 39;
discontinued on day 55
12 n f e one queen died on day 40;
discontinued on day 55
13 6 = brood neglected and larvae
thrown out
14 5 +
Boxes in which eggs were laid numbeyr = 11
% of total = 79
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obtained from a total of 15 artificially overwintered gqueens
in Series II boxes at 30°C in February 1966, Eggs were laid
by other gqueens of this species in the same trial but either
they were not successfully reared or only males were Pro-
duced.

Five groups of B. perplexus queens (consisting of 6,
5, 5, 4 and 4 bees respectively) were put in containers
formed from two glass-topped wooden boxes (each box--int.,
dimensions 20 cm x 12.5 em x 10 cm) with honey and pollen at
30 C in February 1966. Much fighting occurred in all groups
and not more than 3 gqueens in any one group survived more
than a week., Eggs were laid in each group, but in two
groups only males were produced and the ovipositing gqueens
were found to be unfertilised., In the other three groups,
adult females were reared, but in only one were workers (3)
produced, and even in this box the second brood was entirely
male (possibly because the original laying queen was super-
sedeql

Two B. borealis queens were put in Series III boXes
during February 1966, after artificial hibernation. One
gueen laid eggs (which she failed to rear) after three
weeks; the other showed no nest founding behaviour up to the
fifth week, when the experiment was discontinued.,

Discussion

HOLM (1960), HORBER (1961) and ZAPLETAL (1961) have
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succeeded in rearing colonies from gueens overwintered in

captivity. Many of the colonies of B. terrestris and

B. lapidarius started from such queens by HOLM & HAAS (1961)

reached a large size. But disappointing results were
obtained in the present series of experimentss; except in the
Tinal trial with B. terricola queens in Series III boxes,
the incidence of colony initiation was low and few of the
colonies which were started reached any size. In most cases
larval mortality was high; few, if any, workers were reared,
and the changeover to production of sexual forms occurred
abnormally early.

However, for the maintehance of a continuous labora-
tory culture of bumblebees, large colonies are not essen-
tial. Nests containing few workers (as in the B. terricola
trials in Series III boxes) are easy to handle and will
usually yield satisfactory numbers of males and queens if
kept in complete captivity and well fed, Moreover, time is
saved by premature changeover to queen production,

But for pollination, colonies should be asg strong as
possible. Few of the colonies which I reared from arti-
ficially overwintered queens could have contributed more
than a very meagre foraging population. Too little infor-
mation is available for many conclusions to be drawn as to
why/éo few strong colonies were obtained, but the striking

difference between first broods of B. &terricola colonies in
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Series II boxes and those in Series IIT boxes indicates that
the treatment used to induce colony founding was of great
importance. For naturally overwintered queens of
Be terricola the Series III method seems much more effective
than any of the others tried (see Section 2.,313); quite pos-
sibly this difference in effectiveness is even more pro-
nounced for queens which are physiologically less prepared
to start colonies than those which have emerged from natural
hibernation, but since the tests with artificially over-
wintered queens were not run at the same time as those with
naturally overwintered queens, differences in handling tech-
nigue may also have played some part.

Nevertheless, the six mated artificially overwintered
B. terricola queens which started colonies in Series ITI
boxes produced first broods comparable to those reared by
naturally overwintered queens. Why, then, did these
colonies change over to rearing queens and males so garly?
No full answer can be given at present, but ejection of lar-
vae and low oviposition rate were probably partly respon-
sible. Also, the incidence of bPremature changeover seemed
to be greater in 1966 even among colonies started by natur-
ally overwintered queens in Series ITI boxes than it was in
1965 (see Section 2.313), indicating that the handling tech-
nique may not have been uniform, Finally, the conditions

Tor mating B. terricola in the laboratory may not have been
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ideal (see Section 2.1); exhaustion of sperm could have
resulted in an unusually early production of males.

The greater incidence of oviposition in the
B. terricola queens in Series II boxes started in February
1966 than in those started in October 1965 suggests that the
duration of low temperature storage may be correlated with
the ability of queens to start colonies; alternatively, the
improved results in February 1966 could be associated with
the selection effect brought about by the death of more of
the less vigorous bees by the later date than had occurred
by the time the bees for the earlier trial were removed from
hibernation,

To summarise: a number of factors may have resulted
in the generally unsuccessful attempts to obtain vigorous
colonies from queens overwintered in captivity. PFurbther
eXperiments, controlled wherever possible by concurrent
trials on naturally overwintered queens, are needed to dis-
entangle the rather complex problems in this aspect of
bumblebee domestication. Nevertheless, the results from a
very small number of B. terricola queens tested in February
1966 gives hope that for this species at least, successful
colony founding by laboratory overwintered bees may soon
become a feasible method for rearing vigorous out-of-season

colonies,
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2.313  Colony founding by naturally overwintered gqueens

Queens of B. terricola, B. nevadensis, B. fervidus,

B. borealis, B. vagans, B. rufocinctus, B. perplexus, and

B. ternarius were caught in the field within a few weeks of
spring emergence in May and June of 1965 and 1966, and were
transported in gauze-covered jars or in polythene tubes kept
on ice in a styrofoam picnic cooler, On arrival in the
laboratory the queens were either (a) placed immediately in
nest boxes, or (b) stored over damp vermiculite at I°C until
needed, or (c¢) confined at room temperature with access to
food in a 1.2 m x 0.6 m x 0.6 m plastic cage for not more
than 24 hours before installation in nest boxes.

Two designs of nest box were used, one without nest
material (Series II) and the other with nest materigl
(Series III).

Series II

Queens were installed singly or in pairs in a wooden
container consisting of two 7.5 cm X 7.5 cm X 5 cm boxes
(internal dimensions) with glass roofs and corrugated paper
floors (Fig. 1) at 29°C and 50% R.H. All boxes were kept in
total darkness with minimal disturbance.

Honey solution (equal volumes of honey and water) was
prov;ded in glass gravity-feeding tubes inserted through the .
wall of the 6uter box. By sterilising the filled tubes in a

Pressure cooker it was found unnecessary to replace them more
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Fig. l.- Nest box used to induce eclony founding in
Series II queens, - :

G = glass
P = polien lump
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often than once every third day.

In early trials, the pollen lump (consisting of pol-
len moistened with honey solution) was placed in the inner
box, but several queens built their eggs cells directly on
the corrugeted cardboard floor of the outer box., In later
experiments the pollen was located in the outer box, adja-
cent to the feeding tube, so that the inner chamber was used
only for defaecation.

The pollen lumps were renewed every three dayé, or
more often where queens persistently fragmented their lumps.

In 8 trials with single or paired queens of
B. terricola and 11 trials with B. ternarius, the inner box
contained cellulose wadding in which a central cavity con=-
tained the pollen lump.

From about three days after a queen had laid eggs,
small pieces of pollen dough were inbtroduced into the nest
- box on alternate days; these were put as far away from the
brood as possible to avoid egg cells being built on then.

During the development of the first brood, some
queens neglected larvae and/or tore down the wax envelope
surrounding them. Although many of these rejected larvae
were underweight for their instar, they appeared healthy; on
seven occasions I either replaced such larvae in the ori-
ginal envelope or constructed a new one made of beeswax and
pollen. They were always accepted by their mother, but were

often neglected again later. I also transferred egg cells
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to pollen lumps in instances where they had been constructed
elsewhere, but they were always destroyed or Iignored after
introduction,

Following FRISON (1927a), an attempt was made to
induce broodiness in ten queens of B. ternarius by confining
them together in a cage with plenty of pollen and honey.
After one week the eight survivors were installed singly in
nest boxes at the same time as a control series of eight
queens brought in from the field immediately after capture.

SERIES III

Two wooden boxes (at ca. 21° C) were used for esch
bee, the larger (17.5 cm x 12.5 cm x 10 cm internal dimen-
sions) holding the feeding tubes and lined with corrugated
cardboard and a glass roof. The smaller chamber (7.5 cm X
7.5 cm X 5 cm internal dimensions) was lined with upholste-
erer's cotton (Fig. 2). The sides and roof of the cavity
thus formed were smeared with honey solution in order to
simulate the natural situation in which the nest material
appears to act as a temporary food store, A pollen lump
- (about 0,75 g) was placed in the centre of the cavity. Each
queen was left undisturbed for the first three days after
installation, and the progress of her nesting activity was
assessed by the appearance oﬁ%he faeces which shé deposited
in the antechamber, oviposition being always preceded by the

Production of large amounts of pollen-containing faeces., If
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no eggs had been laid by the third day,9 & new pollen lump
was supplied, and the nest materizl was changed. This pro-
cess was repeated every third day until the queen had laid
her first eggs. After this, pollen was supplied on alter-
nate days in increasing quantities until the first workers
emerged, when it was necessary to supply pollen every day,
When giving pollen to brooding queens, care was taken not to
obstruct their *brooding grooves'. In the earlier trials of
this series, pollen replenishment was undertaken only when
the gueen had left her nest to feed or defaecate, but it was
found that this precaution was unnecessary. None of the 67
queens which laid eggs deserted her brood, although 6 died
before the emergence of their first pupae; in three cases
these were reared by a foster-queen. |

In 1965, after the first or second group of workers
had emerged, some boxes containing B. terricola and
B. perplexus colonies were put out-of-doors with the nest
box placed inside the antechamber and the excess space
filled with nest material. A wooden 1lid covered with poly-
thene sheet was stapled on to provide waterproofing. A
count was made of the number of cocoons produced by these
colonies (Table X).

The remeining colonies were kept within the labora-
tory to provide material for experiment., As these colonies

became larger, the nest material was removed and the



TABIE X

COCOONS PRODUCED BY COLONIES STARTED BY NATURALLY OVERWINTERED

QUEENS IN Series III BOXES AND SET OUT IN THE FIELD IN JUNE 1965

1. B. terricola

Box no, No. of cocoons
enpty unenerged total
queens | worker/males | queens | workers| males
1 16 118 2 2 1 139
3 9 54 2 65
4 2 412 414
5 155 205 2 362
6 14 519 64 599
7 11 71 &K
8 210 210
10 7 7
12 14 167 181
13 13 314 3R7
14 74 199 R4 9 306
19 29 113 7 o 152
20 50 135 7 11 203
21 2 110 8 120

1 Colony died soon after being sst out

2

Killed by Brachycoma

64



TABLE X contd, 65

2. B. perplexus

Box no. No. of cccoons

empty unemrerged total

queens  worker/males | queens workers males

1 3 37 40
5 comb destroyed by mice during winter storage

6 3 273 276
7 comb degtroyed by wax moth

1
10 comb destroyed by mice during winter storage

l !
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colonies were kept in darkness at 30°C9 thus facilitating
inspection and the addition of pollen. Where necessary, the
Series III colonies were given larger nest boxes (17.5 em x
12.5 em x 10 cm) so that the comb could expand evenly.

One colony of B. perplexus and of B. terricola were
connected to separate 1.2 m x 0,6 m x 0.6 m plastic cages in
which petri dishes containing honey solution and wood-wool
were placed. Apart from the slight saving in time gained
when feeding honey solution, no advantage could be found in
this method of housing the colonies, since by keeping them
in darkness much smaller containerscan be used.

Results and discussion

The results are summarised in Table XI, which does
not include the two B. terricola queens which were parasit-
ised by nematodes. Tables XXVI and XXVII in the Appendix
give more detziled information for each nest box. Table XII
gives the number of first-brood workers and their radial
cell measurements for 11 Series III colonies of B. terricola
and 11 of B. perplexus.

The data for B, ternarius in Series ITAqy By, C, D,
were examined by énalysis of variance, each queen (or pair
of queens) being scored 1 or O according to whether or not

€eggs were laid within 21 days after installation.



67

Sl A

D VY TO O
O

D el iy 00

[QV
O =IO 3 O
O pi
[ e EANIE VAN I
= s
N NSO
D SO D
o O~ O
i v ped
4
4

965
1966

)

whe

.

¥

IT
e el

it

i

-

O
[

QD>
i

d o

rolexus

e

,,
3
i
¥
|
¢
¢
{
4

MY A el A ST O N

WONND ] Dy

TO W 0O

e el el O8O0

™~
R R SR o O

i

ol

o

o

oy

vasang
PRACS s LT

S ataadesd
Vils

Ab

ol
<
o

ion

Py

BT
LA

led vresen

g1

S
aesy




TABIE XII

IENGTHES OF RADIAL CELIS OF FOREWINGS OF FIRST-EROOD REEES
REARED BY NATURALLY OVERWINTERED QUEENS IN SERIES III BOXES

1. B. terricola 1965

Colony no. No. of bees in Radial csll lengths Mean radial

first brocd 1 wnit = 0,051 mm cell length
5 6 50 51 51 54 56 53 52,5
6 9 55 57 48 56 55 53.4
53 57 53 A7
10 7 53 L7 49 43 50,9
56 54 54
1966
2 5 56 50 53 49 56 52,8
3 54 50 55 47 54 52,0
5 8 51 55 59 49 5.4 51.3
50 57 49
6 9 42 57 57 48 49 51.2
52 55 55 54
7 4 59 56 61 56 58,0
8 10 49 47 50 47 49 48.3
53 52 45 46 45
9 2 61 66 63.5
10 7 57 56 53 56 56 55.7

56 56
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TABLE XII contd.

2. Be perplexus 1965

Colony no. No, of bees in Radial cell lengths IMean radial cell

first brood 1 unit = 0,051 mm length
5 9 56 55 51 52 54 51.1
48 L7 50 49
6 A 59 63 61 61 61.0
7 8 55 49 52 B2 L& 51.1
52 48 49
10 7 47 52 48 48 L6 47,8
46 47
1966
1 8 50 49 53 52 48 £9.6
50 49 46
2 6 54 53 52 50 52 52,2
52
3 7 53 4h bb L2 4T 49,6
50 60
4 7 45 51 52 49 55 50.0
47 51
5 8 50 55 48 50 49 50,9
50 51 54
6 6 53 51 52 54 54 52,0
48

7 5 50 49 52 52 50 506
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Source of variance D.F, Estimated Variance
No. of queens per box 1 1.0549;%
Presence or absence 1 0.2727

of nest materizl
Residual 24 0.1947
% = p <0.05

Thus, paired queens gave significantly better results
than solitary queens. Nest material had no significant
effect; since four of the five pailrs which oviposited in
boxes containing nest material (Series IID) laid their eggs
on the floor of the outer compartment rather than within the
nest material, the provision of nest material at 29°C seems

to have served no useful purpose.

The greater success obtained by confining B. ternarius

gqueens in pailrs does not necessarily imply that oviposition
was stimulated by soclal interactions; the improved results
may have arisen from the fact that in boxes containing pairs
of queens, only the bees which oviposited first contributed
data for statistical analysis. Thus when the 13 single

bees in Series IIA1, B, are arranged in sixty sets of pairs
obtained by drawing random combinations of the numbers 1-13,
and the mean incidence of success for each set of six pairs
calculated by scoring 1 for any palr including a queen which
laid eggs during the 21 day period, and 0 for any pair in

which neither queen oviposited, the mean of z2ll 60 sets



71
(0.759) is not significantly different from the mean (0.857)
of the 14 pairs in Series IIC, D, but significantly exceeds
(p <0.05) the mean (0.462) for the 13 single bees (Series
ITA, B) from which the 60 pair combinations were taken.

The mean times which elapsed between installation-and
oviposition of the B. ternafius queens that laid eggs in
Series IIAq and ITAp were 7.0 and 32.5 days respectively
(p < 0.01), indicating that confining queens together in a
cage before installation in nest boxes inhibited colony
founding.

Of the queens in Series IT which did not lay eggs
within 21 days, 3 B. ternarius and 6 B. terricola were dis-
sected; all except for 2 B. terricola parasitised by nema-
todes had well developed ovaries and in some it appeared
that egg resorption had occurred (see MEDLER 1962a). Four
randomly selected unsuccessful B. terricola queens from the
same series were transferred after 21 days to Series III
boxes, where they laid eggs within 5 days; whereas four con-
trols which were left in their Series II boxes failed to
start colonies during the 5 day period and eventually died
without ovipositing.

In each of 6 pairs of B. terricola and 12 pairs of
B. ternarius which oviposited in Series IIC, D, one queen
died within the 21 day test period. The mean time of death

was 0,64 days after the first eggs were laid (S.E. = 0.88
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days with 17 d.f.).

Several queens of B. terricols in both series reared
queens in their first brood in 19653 but in every such box,
at least two workers were produced as well, and, in contrast
to the trials with artificially overwintered queens (see
Section 2,312), in all but two colonies the second brood
consisted entirely of wérkers. In 1966, a record was kept
of the composition of first and second broods in B. terricola
and B. perplexus colonies started in Series III boxes (Table
XIX). For some unexplained reason, the incidence of gueens
in the second broods seemed to be much higher in this year
than in 1965,

Comments om experimental methods

Though the use of waxed paper cartons at 21°C was
unfevourable for brood rearing, many queens of B. terricols,

B. ternarius and B. rufocinctus in Series I laid eggs, sug=-

gesting that obtaining colonies from non-overwintered queens
of these species will be feasible using improved techniques,

The woocen containers used in Series II were conven-
lent for handling and the corrugated paper floor covering
absorbed faeces well and was easy to renew. Since most of
the queens used only the rear chamber for defaecation, in
all but the earliest trials the pollen lump was placed near
the feeding tube in the outer chamber.

However, some modification of the Series II design is
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required to prevent queens building their first egg cells
upon the floor. Those that did so usually built an exces-
give number of cells so that the larvae hatching from the
carliest cells were neglected, or the number of larvae
exceeded that which the queen could rear unaided. This led
to the ejection of some or all of the larvae unless the
excess were removed by hand, or one or two workers added
from another colony,

On the other hand, a queen which had constructed her
first egg cells upon the pollen lump rarely built more cells
upon the floor, though the addition of further pollen often
stimulated renewed oviposition unless the new pollen was
placed at a distance from the original lump; so it seems
that the covering of the pollen lump with egg cells, at
least in B. terricola and B, ternarius, inhibits further egg
laying. Thus some type of nest material may be necessary,
even at high temperature, if only to ensure that queens
build their first egg cells upon the pollen lumps rather
than on the floors of their boxes; but cellulose wadding
seems unsuitable for this purpose.

Attempts to save moribund first broods in Series TII
by adding workers, repairing torn larval clumps, transfer-

ring larvae and adding wax were mostly very successful, but

such delicate manipulations would not be possible when

dealing with large numbers of colonies since too much time
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is required to carry them out successfully.

The design of the Series III boxes is quite similar
to that of HASSELROT (1952). However, Hasselrot (personal
communication) states that with his method great care is
required when adding fresh pollen or inspecting the progress
of the brood, otherwise the queen may desert her progeny.
Though queens in Series III were frequently inspected while
brooding eggs or young larvae, none deserted her broods this
may have been associated with the much smaller size of the
Series III nest chambers than those which Hasselrot used,
though until more work has been done it will not be possible
to rule out interspecific differences. Smearing the nest
material with honey appears to have a beneficisl effect in
inhibiting the tunnelling activities of the queen and in
slowing down the drying out of the pollen dough.

Other considerations

Failure of queen bumblebees to start vigorous
colonies in captivity may result from:

a) their failure to oviposit within the duration of

the eXxperiment

b) long delay between confinement and oviposition

¢) failure to rear the first brood

d) abnormally early production of sexual forms,

Unless queens which have failed to oviposit are dis-

sected, it is not possible to ascertain whether their
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failure results from non-development of their ovaries or
from lack of suitable stimuli for egg laying. Since dis-
section of the unparasitised queens which had failed to ovi-
posit in Series II showed that their ovaries were well
developed, and since the unsuccessful Series II queens
quickly started colonies when transferred to Series III
boxes, it seems that unsuitability of nest box design was at
fault here. However, many non-overwintered queens of these
two species which had failed to oviposit in Series II boxes
were found to have undeveloped ovaries (see Section 2,311)
even after long periods of confinement, and MEDLER (1962a)
recorded that 15 out of 32 queens of various Species con-
fined in laboratory boxes for more than 40 days contained
only small (0-1.5 mm) eggs, il.e. their ovaries were compar-
atively undeveloped., It thus appears that inadequate ovary
development may be the major obstacle to colony founding in
captivity in some cases, though there was no evidence for
this in the overwintered queens tested in Series II and ITI.

SLADEN (1912) and FREE & BUTLER (1959) reported that
oviposition occurred more often when several queens or one
queen and one (or more) workers were confined together than
when queens were in solitary confinement. However, FRISON
(1927a) obtained a greater (though non-significant) ineci-
dence of colony foupding in boxes housing single queens

than in boxes containing pairs of queens. My results from
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B. ternarius support the observations of Sladen and Free,
but there is no evidence that the greater incidence of ovi-
position in the Series II boxes containing pairs of queens
results from anything other than the biassing of data caused
by including only the result from the first queen to ovi-
posit within each pair. Further expériments are necessary
to determine whether oviposition is stimulated or inhibited
when B. ternarius queens are confined in pairs, but the
eXperiment in which 10 B. ternarius queens were confined
together in a cage for a week before being placed in nest
boxes shows that oviposition was thereby delayed, perhaps
because one gqueen had established "dominance" (see FREE
1955¢) over her seven companions, resulting in the inhibi-
tion of development of their ovaries,.

SLADEN (1912) found that when pairs of gqueens were
confined together, one killed the other about the time that
the first eggs were laid. Sladen's results are confirmed
for B. terricola and B. ternarius, in which the mean time of
death for the queens of the pairs in Series II did not dif-
fer significantly from the time at which the first eggs were
laid. However, contrary to Sladen's findings, 14 out of the
surviving 19 members of these pairs successfully reared
adults. Other authors (e.g. FRISON 1927a, PLATH 1923, 1934,
FREE & BUTLER 1959) have also found that the death of one

queen does not always occur when two are confined together
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(some pairs of artificially hibernated B. rufocinctus queens

co-existed until after the first workers emerged--gsee Sec-
tion 2.311).

FREE & BUTLER (1959) suggested that HASSELROT's
(1952) method for getting colonies started in captivity
might in part be due to the degree of insulation which was
provided, since it had been shown that ovary development in
worker bumblebees was accelerated by high temperatures,
Although no attempt seems to have been made to compare the
incidence of colony founding at high and low temperatures,
HORBER (1961) reported that though most of the 24 queens of
B. hypnorum, from which he attempted to get colonies,
started buillding nests when they were exposed in an unheated
greenhouse, real progress was only observed after the nests
had been moved to a rearing cabinet where the temperature
could be kept over 25°C and later between 33-3500. However,
Horber®s results mey not have had anything to do with ovary
development,

The laying of eggs by queens in Series II boxes wWas
always preceded by a period of "broodiness® during which
they flattened themselves over their pollen lumps or on the
floors of their containers while undergoing rhythmic abdom-
inal movements. Similar behaviour was observed in all of
the Series III queens which were inspected shortly before

oviposition. Presumably, this broodiness was associated
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with heat production, though whether it had any connection
with ovary development is unknown.

In the colony founding experiments with non-overwin-
tered queens (see Section 2.311), failure of queens to rear
their first broods was thought to be partly due to too low
an environmental temperature. Though larval ejection took
its toll in many nest boxes, survival of first broods in
Series II was much better than in experiments conducted at
room temperature, so it seems that whether or not it encour-
ages oviposition, a high rearing temperature should be used
for starting bumblebee colonies without nest material,
because it allows survival of eggs and larvae even when
queens fall to incubate them.

SLADEN (1912) noted that the colonies which he reared
from queens in captivity did not reach large size; he attri-
buted this to the weakening effect of long confinement on

the queens. HOLM & HAAS (1961) showed that among the

colonies of B. terrestris L. which they reared in captivity

and set out in the field, those which had been started later
in the year produced fewer cocoons than those started ear-
lier., One of the reasons for this was probably that the
later colonies would have had less of the season remaining
in which to complete their development, but possibly
declining vigour in the queens could have played a part. In

the present series of colony-founding experiments (see also
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Section 2.312), premature changeover to rearing sexual forms
(and consequently smaller colonies) was a constant problem
with some species. The fastors associated with premature
changeover are discussed below (Section 3.51). 8o far as
first broods are concerned, it seems desirable to get as
many adults reared as possible, since the size of first-
brood females is negatively correlated with their number
(Section 3.511); i.e. queens are less likely to appear in
numerically large first broods than in small ones. Though
detailed records of the composition of all first broods in
Series II and Series III boxes were not kept in 1965, it
was noted that in B. terricola, the first broods in Series
III boxes were larger and had a lower incidence of queens
than those in Series II boxes. Similar results were
obtained in trials with artificially overwintered queens
(Section 2.312), where it was shown that egg and larval mor-
tality were the chief factors associated with this differ-
énce between the two colony founding methods,

Thus, since B. terricola queens seem also more ready
to oviposit in Series III boxes than in Series IT boxes, the
use of the former seems to be bpreferable until some method
for reducing egg and larval mortality at high temperature
without nest material can be devised. However, B. ternarius
appears to be very reluctant to start colonies in Series III

boxes (though fortunately the problem of Premature changeover
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does not seem to be so acute with this species), so there
may be a case for building improvements into the Series II
method in order that better first-brood survival can be
obtained. Furthermore, more information is needed on the
development of natural colonies, for though CUMBER (1953)
presented data on the fate of 80 wild colonies of
B. agrorum F. in England, very little similar informstion is
avallable for wild colonies of B, terricola or B. ternarius
in Manitoba, against which the developmental histories of
colonies started in captivity might be compared (but see
Section 3.2)., In any case, some degree of variability in
the pattern of colony development is to be expected under
natural conditions in order to ensure survival of the spe-~
cies despite climatic vagaries. Possibly the number of
small colonies obtained in domestication experiments is just
an expression of such variasbility. Also, an unknown, but
probably large, proportion of naturally overwintered queens
fail to rear colonies in the wild state; presumably many of
these bees are lacking in vigour and would not have produced
lerge colonies even if they had been more successful.

In view of the outstanding success in getting col-
onies of B. terricoles and B. berplexus started in Series III
boxes, it seems fair to reject HOLM's (1966a) suggestion
that improvements in technique are unlikely to bring about

much improvement in getting colonies started by bumblebee
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queens in captivity., The results in the Series III boxes
are very much better than those obteined by any other wor-
kers, though it must be noted that possibly B. terricola and
B. perplexus are unusually favourable species for colony

founding experiments.

2.32 Colony founding by gqueens in unenclosed situations

In late August, 1964, spproximately 100 queens of
B. terricola, 50 of B. ternarius, 25 of B. fervidus and 20
of B. perplexus Were confined with males in an outdoor
greenhouse, with liberal supplies of honey solution and pol-
len lumps placed in the angles between walls and roof,
After a week many queens of B. terricola, B. ternariuvs and
two queens of B. perplexus had becone "broody® on or near
the pollen lumps., Numerous wax honeypots were constructed
a few days later, and three egg cells were built upon three
of the pollen lumps by B. terricola queens., Also, 2 group
of queens of all three species had assembled in a fold of
the polythene floor covering beneath a wooden board;
although there was no pollen lump in this sltuation, wax
honeypots were built and €ggs were laid by a B. perplexus
queen., However, none of the eggs survived more than a few
days; since the cells were torn down, it is assumed that the
eggs had been eaten,

A further attempt was made to obtain colonies from

bees in mating cages by confining 20 queens and 20 males of
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B. rufocinctus ina 2.4 mx 1.2 m x 1.2 m plastic cage in

the laboratory. After several weeks some of the queens were
broody, wax honeypots were built and an egg cell was con-
structed on the floor of the cage. However, this cell was

destroyed by the bees a few days later.

During late May, 1965, ten naturally overwintered
queens were caught in the wild and put in each of two 60 cm
X 30 cm x 30 cm plastic cages with honey and pollen. One of
these two groups was used for colony founding experiments
(see Section 2.313), but th; other was left for two weeks,
at the end of which time only 2 queens were still living.
One of these bees had constructed an egg cell upon the
paper-covered floor of the cage. A small lump of pollen was
placed adjacent to this egg cell and a hollowed out block of
polystyrene foam was set over pollen and eggs. The other
Surviving queen was removed and disturbance was kept to a
minimum,

After the first brood of workers (three bees) had
emerged, the brood was covered with upholsterer's cotton,
following removal of the foam block. Pollen lumps were put
on the cage floor a few inches from the nest and honey was
supplied in petri-dishes containing wood-wool., The colony,
which was allowed to proceed to completion, eventually pro-
duced 37 workers, 10 queens and 78 meles. The mother gqueen

died comparatively early in the development of her colony,
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so that most of the males resulted from eggs laid by wor-
kers,

In one Series III box in 1966 (see Table XXVII), a
naturally overwintered B. terricola queen built egz cells on
the lower surface of the hole connecting the antechamber
with the nest chamber, but did not succeed in rearing her - .
first brood. HASSELROT (1960) also reported that some
queens built egg cells in the feeding compartments of his
nest boxes in the absence of nest material.,

I do not suggest that oviposition by bumblebee gueens
in open situations could be made the basis for an efficient
colony founding technique. Nevertheless, the phenomenon is
interesting in that it shows, as noted by HOLM (1966a), that
whatever may be the factors operative in eliciting egg
laying in captive bumblebee gueens, the presence of an

enclosed cavity within a mass of nest material is not always

essential.



CHAPTER III
STUDIES ON CASTE DIFFERENTIATION IN BUMBLEBEES

3.1 Explanation of terms

A number of terms used frequently in the following
sections of this thesis require definition and explanation
if ambiguity is to be avoided.

The terms "s=queen®, ®s-worker®, "f-queen" and ¥f-worker®
have already been defined (see Section 1;3)° Where the simple
terms ¥queen™ and "worker®™ are used, they are to be taken to
denote individuals whose éaste status is no longer in doubt =
€.ge, foundress queens and bees which have assumed foraging
or nursing duties.

The term "first brood® or "first brood batch® denotes
the insects resulting from the eggs which are laid by a
foundress queen as she starts her colony., When she has laid
her complement of first brood eggs, a bumblebee queen normally
lays no more until the first brood larvae have constructed
their cocoons,.

The term"second brood®™ includes all individuals resulting
from eggs laid in cells upon first brood cocoons. The second
brood eggs usually occupy a number of egg cells, often built
in groups (%egg clumps® = "egg batches®) at separate locations
on the first brood cocoon clump. In this denotation I
depart from normal usage in order to obtain objectively a

Sequential series of stages from the more or less continuous
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process of colony development., Thus, the term "third broods®
refers to all those bees which result from eggsylaid in cells
constructed on second brood cocoon clumps; and so one.

Fig. 3, which describes the development of an actual
Bo ternarius colony (No. 49),will help to make the above
explanation clearer. Each egg clump (consisting of several
egg cells) is represented by a letter of the alphabet which
indicates the temporal relationship of its construction to
that of other egg clumps of the same brood., The location of
each egg clump is indicated by a line joining it to a eclump
in the previous brood. Thus the cocoons resulting from the
second brood egg clump C had built upon them three third
brood egg clumps = M, N and O, The numbered caste symbols
following each clump represent the number and caste of the
adult bees which emerged from it.

The term "mixed clump™ is used to describe brood
clumps which yield adults of both queens and workers., The
presence of such clumps is characteristic of colcnies which
are changing over from worker to queen production,

362 Ihe development of captive colonies of seven North

American bumblebee species

Since the disﬁinctioh between castes and their mode
of origin is somewhat variable among different bumblebee
subgenera, and even between species in a single subgenus,

it is necessary to give an account of those features of
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Fig. 3.~ Analysis of brood steges in a captive colony of
B. ternarius.
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éolony development in each of the species studied which
seem to be relevant to the process of caste determination.

In none of the cclonies on which these observations
were based were the bees allowed to forage normally. Pollen
was presented in honey-moistened lumps on or adjacent to the
comb, and honey was Supplied in gravity feeding tubes or in
dishes containing wood-wool. Except in the early stages of
their development (see Section 2,313) most of the colonies
were housed in pairs of glass-covered wooden boxes
(20cm x 12,5cm x 10cm internal dimensions), one of which
contained the comb and held the feeding tubes, while the
other served as an area for defaecation. Where nest material
had been used in colony initiation, it was removed shortly
after the first brood of workers had emerged; thereafter,
each colony was kept in darkness at an ambient temperature of
29°C (1965) or 30°C (1966).

No doubt the abnormal treatment which the colonies
received had some influence upon the course of their
development. The ®pocket-making® species, which feed their
larvae by dropping their corbicular pollen-loads directly
into wax pockets constructed on the side of the larval clumps,
were unable to do so under the experimental conditions.
Furthermore, since the bees were not allowed to fly, the
normal division of labour among the workers must have been

considerably modified, probably resulting in a higher
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proportion of nurse bees than would occur in a wild colony.
Lastly, because a perpetual surplus of pollen and honey was
available to the captive colonies, the effects of
fluctuating colony food-intake on colony development were
presumably eliminated, or at least very much reduced.

Nevertheless, except for a few aberrant features
which will be described below, the pattern of colony
- development in most of the colonies appeared to resemble
that undergone by bumblebee colonies in the wild state.
Almost all the captive colonies produced both queens and
males, and though most colonies were killed shortly after
the mother queen had died, many reached large size, in
spite of the overcrowding which probably truncated the final
phase of colony growth,

Fortunately, the colony development of three of the

species which I studied (B. nevadensis, B. rufocinctus and

B. borealis) has been investigated under almost natural
conditions by HOBBS (1965 a & b, 1966 ¢), so some
interesting comparisons may be made,
1) B. terricola Kirby

This species, which is extremely abundant and widely
distributed over the province of Manitoba (NEAVE 1933),

closely resembles the European B. terrestris L., to which

it is closely related. B. terricola is a "pollen storer®,

i.e., the larvae in all broods are fed by regurgitation,
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and pollen is stored in wax cylinders (see Fig. L4)e

26 colonies of B. terricola in 1965 and 12 in 1966
were started, using naturally overwintered queens, and
allowed to develop in captivity.

HOBBS (1964a) stated that queens of the subgenus
Bombus Latr. laid only one egg per cell in their first
broods. Most of the first brood egg-cells of B, terricola
that were opened contained single eggs, but a few contained
more than one egg, both in Series II and Series III boxes,
Doubtless the provision of a lump of pollen dough for the
use of captive queens alters their normal pattern of first
brood egg-=cell construction.

A peculiarity in the construetion of later egg cells,
(especially those built on cécoons of the second and third
batches) noted only in this species, was that the queen did
not always build her cells directly on cococons. In many cases

one egg cell was located on a cocoon while others were built

successively, one on another, using the first cell as a starting

point. Thus a chain of six or more egg cells was often

produced, spanning from one cocoon clump to another (Fig. 5);

in this way, a certain degree of independence between oviposition

rate and the availability of cocoons to serve as bases for
egg-cell construction may be achieved in B. terricola. In all
observed instances, egg cells in which the queen oviposited

were built by herself alone,
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5,- Comb of an artificially sterted colony of B. terri=
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The larvae of this species, initially located in a
communal wax envelope (Fig. 6), become separated from each

other earlier in the fourth instar than in B. rufocinctus,

B. ternarius or B. vagans. At the time of this separationm,
larvee destined to become s-workers have already begun to
spin silk cocoons but most male and presumptive s-queen
larvae separate into individual wax cells, each of which
generally has an open "window"™ through which the larva
continues to be fed (Fig. 7)o

Ejection of larvae was often observed in B. terficola;
especially from colonies in first- and second-brood stages;
In almost every case, larval ejection was accompanied;ij"‘
premature changeover from worker to queen prOductien; though:
the converse was not always true. Egg-eating by workers ‘
(see FREE & BUTLER 1959) was observed on many occasions,
as was the reduction Or'disappearance of egg=cells built
by the queen = presumably also due to worker activity. No‘
laying workers of B. terricola were found, though it is
possible that they may have escaped detection; in any case,
the;mother queens of this species were mostly long-lived and

all but a few were still living when the colonies were

terminated in August, Animosity between workers or between the .

mother queen and her workers was never seen in any

B. terricola colony.

The changeover from worker to queen production in this
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Fig, 6.- Comb of a B, terricola colony in a Series III box,
showing empty first-brood cocoons, second-brood worker and
queen cocoons, third-brood eggs and young larvae.



U

Fig., 7.- Comb of & B. terricole colony in & Series II box,
showing second-brood worker, male and queen cocoons and

third-brood eggs, young and advenced larvae,
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'communieatlon) reports that in some colonies of thls spec1es,
more than one egg may be laid in each cell; but in the two
colonies which I observed, each larva (and presumably,
therefore, each‘egg) occupied its own wax cell, although
sometimes two adjacent cells had one wall in common; |

In both of the colonies which were reared in captivity,
all larvae except those of the first brood (which were able to
consume the pollen lump on which the first egg cells were |
construected) were fed entirely by regurgitation, Theugh wax
pockets weré built on the sides of several larval cells, these
were never used, presuﬁably because of the abnormal method of
pollen-intake by the colonies, |
3) B. borealis

Two colonies of this species were reared from queens
taken near Winnipeg in June 1965. The ecology of therspecles

of the subgenus Subterraneo-bombus (to which B. boréalis and

its close relative Be. appositus Cresson belong) whlch occur in
southern Alberta has been described by HOBBS (1966 b)e ;My‘
observations on colony development in B, borealis agree -
closely with Hobbs' account (based mostly on B, apgositus

Cresson) though, as in B, nevadensis, the feeding of larvae

by péllen placed in wax'pockets built onto the side of'the
larval clumps, characteristic of B. borealis colonies in the
wild state, was not performed in my colonles because of the

unusual way in which the colonies obtained their pollen,“
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PLATH (1934),who attempted to classify bumblebee
species according teo their modes of brood rearing, expressed
surprise at SLADEN's (1912) observation that fourth instar
larvae of B. latreilﬁés Kirby ( = B. subterraneus (L))
became separated from each other in incomplete wax envelopes
before pupation, in much the same way as do those of

Bo terrestris L. and B. lucorum L. However, HOBBS (1966 b)

Showed that larvae of the two North American species of the
subgenus Subterraneo-bombus, B. borealis and B. appositus,
behaved as Sladen had described for their European relative.
Separation of all fourth instar larvae was observed in both
my captive colonies of B. borealis,

As in many other "pocket-making®™ bumblebee species,
there is no sharp size dimorphism between s-workers and
s=queens in B. borealis (see Section 3.4). Female bees of
successive broods showed a gradual increase in mean size,
until eventually all the female larvae achieved the maximum
size recorded - i.e.y, that of s=queens (see Section 3.42)e0

B. borealis does not appear to be a very prolific
producer of wax, which may explain the "windows"™ which are
left in the wax envelopes which cover the late fourth instar
larvaes

4) B. rufocinctus

This species is extremely common in southern Manitobé,

where it exists in a bewildering variety of colour forms



98
which grade into each other to a large extent, B. rufocinctus

emerges from hibernation later than the earliest species
(B. terricola, B. ternarius, B. perplexus and B. vagans),
at about the same time as B, fervidus and B. borealis,

HOBBS (1965 b), who has studied the ecology of B. rufocinctus

in southern Alberta, comments upon its adaptability in the
choice of nest sites. Around Winnipeg, colonies of the
species were found in a number of situations, ranging from
subterranean cavities, through abandoned car-seats, to old
bird nests in the gable-ends of a garden shed and in a
switchbox six feet above ground on an electricity pole.

Four colonies of B. rufocinctus were started by

naturally overwintered queens in the laboratory in 1965 and
were kept in captivity for observation.

In contrast to the preceding two spe cies; B. rufocinctus

is a'pollen storer® - pollen is stored in wax cylinders within
the nest, and the larvae of all broods except the first are
fed their pollen by regurgitation, i.e., not in wax pockets
built onto their clumps.

Except for the earlier changeover to queen production,

colony development of this species very much resembles that
in B. termarius and B. vagans (see below), Fourth instar
larvae remain enclosed in a éommunal wax envelope until they
pupate, and the onset of queen rearing is marked by mixed

clumps of pupae = i.e., both s-workers and s-queens may emerge
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from the same pupal group. As in the two analagous species,
there is a pronounced size dimorphism within the female bees

of B. rufocinctus and intermediates are rare.

As noted by HOBBS (1965 b), this species is a copious
producer of wax. In all seven colonies found in the wild state,
the wax was dark greenish-black, but in laboratory reared
colonies, the wax was generally light brown, though never so
pale as in B, ternarius. The colour of the wax probably
depends upon the nature of the pollen and other material

incorporated into it; an analysis of B. rufocinctus wax

revealed that only 30% by weight could be removed by repeated
leaching with chloroform; the insoluble material included
much'fibrous matter (probably scraped from the corrugated
flooring) as well as a great deal of pollen.

So far as could be ascertained, the queens constructed

their egg-cells unaided in B, rufocinetus. Though egg-eating
by workers was never seen, hostility between workers and
between workers and queen was very common ; moreover, laying

workers seemed to appear very early in B. rufocinctus,

sometimes even before the mother queen had ceased laying.

As in B. perplexus (see below), males of B. rufocinctus

were attacked and killed by the workers (or by young queens)
unless removed from the coleny within a few days after
emergence. In nature, such hostility probably would not

develop since the males would leave the nest a few days
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after becoming adult; it is hard to see what biological
advantage could result from this behaviour, other than that

in both B. perplexus and B. rufoeinctus, incestual mating

within the nest is quite common (though poésibly only in
the presence of daylight, for while such mating was never
observed under red illumination, there was usually much
copulatory activity when the colonies were exposed to
flourescent lighting or daylight), so possibly worker
hostility may encourage the males to leave the nest and
thus find mates from other colonies. However, in neither
B. borealis nor B. fervidus colonies (in both of which
species incestual mating occurs frequently) were workers
ever observed to attack the males.,
5) B. perplexus

Alone of the species studied, B. perplexus appeared to be
far commoner within the city and suburbs of‘Winnipeg than in
the surrounding countryside, but it was also taken in the
Whiteshell provincial park and near Stonewall, Manitoba,.

As in B. rufoeinctus, this species is very flexible in its

choice of nesting sites, which in the Winnipég area included
a rolled-up carpet laid across the rafters of a garage and a
 disused squirrel’s nest (twenty feet above ground), as well
a4s more conventional locationss In this way, B. perplexus
somewhat resembles its Eurcpean relative B. pratorum L.,

as it does also in its pattern of colony development,
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In both 1965 and 1966, seven colonies of this species
were reared from naturally overwintered queens and maintained
in the laboratery for observation.

It does not seem to be known whether B. perplexus is a
fpocket-maker®” in the wild state. In captive colonies,
though larval feeding in the manner used by pocket-making
speeies was impossible, wax pockets (apparently similar to
those built by pocket-making bumblebees) were observed on
several occasions in B. perplexus colonies, always by the
side of first-or second-brood larval groups. However, the
conclusion that B, perplexus is a pocket-makér during part
of its colony development should not be accepted until
colonies in the natural state have been examined, In any
case, large wax cells containing pollen are usuvally present
in the later stages of the development of wild colonies.
(Fig. 8)

FREE & BUTLER (1959) remarked of B. pratorum that
the size distinection between queens and workers was not as
sharply defined as had previously been supposed, In my
captive colonies of B. perplexus, though mixed clumps of
pupae (s-queens and s=workers) were usually poduced at the
chahge@ver to queen production9 the separation into two
non-overlapping size groups was not as clear as in

B. rufocinctus, B. ternarius, or B. vagans; female bees

of intermediate size occurred frequently in colonies at
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the point of changeover in B. perplexus. As in B. ternarius

(and probably in B. rufocinctus and B. vagans also) the
lérger pupae in mixed clumps resulted from larvae which
pupated later than those which gave small pupae. (See
Section 3.52)

In contrast to B. ternarius, queens of B. perplexus
appear to construet their egg cells unaided by the workers.
Eating of eggs (which the queen had laid) by workers was
often observed in captive colonies of B. perplexus, even
though the colonies were never allowed to run short of
pollen. On two occasions, in two different colonies, the
queen was seen to attack a worker in the process of
egg-eating; in each case, the workers thus attacked were
the objects of further hostility by the queen, even when
not molesting her eggs, suggesting that their ovaries may
have been developed in association with the failing
dominance of the queen. (See FREE 1955 c¢)

0f all the species studies, colonies of B. perplexus
appeared to be the most prone to throw out larvae of the
second and later broods. In one colony, ejection of
larvae coincided with a temporary pollen shortage, but in
four others in which larval ejection was recorded, at no
time was there any lack of pollen or honey. 4s in
B. terricola (the other speéies which habitually threw out

larvae), this behaviour was often associated with changeover
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to queen rearing (see Section 3.513); in fact, no colony of
either species which was still prcdﬁcing workers was
observed to throw out any larvae other than occasional ones
which had apparently died in their eells. However, in some
colonies of both species, the changeover from worker to
queen rearing was accomplished without ejection of larvae.

Because larvae destined to be thrown out generally
had a major part of the wax envelope surrounding them
removed during the days which preceded their ejection, it is
tempting to suggest that larval ejection is triggered by
shortage of wax, especially since neither B. perplexus nor
B. terricola are copious wax producers., It is not known
for certain whether colonies of B. perplexus or B. terricola
ever throw out larvae in the wild state, but several dead
larvae were found near the entrance of a B. perplexus colony
captured in the field in August 1966, |

Perhaps associated with the sparing production of
wax by B. perplexus, the larvae separate from each other
early in the fourth instar, and the adult bees start to
remove wax from them well before they have ceased to feed
(see Figso. 9 & 10). Larvae destined to become s-queens
usually commenced spinning their cocoons when they were
relatively smaller than similar larvae in B. terricola;

the partly-spun cocoons of B. perplexus must have been quite

expandable to have allowed the considerable size increase




105

Fig, 9.- Comb of a B, pervlexus colony in a Series II
box, showing separated fourth-inster lervee (lower right).
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Fig, 10.- Comb of a B, perplexus colony, showing fourth-
instar larvae at a leter stage than those in Fig, 9.
(lower right).
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that took place in presumptive s-queen larvae after
spinning had commenced,

As in B. rufocinctus, B. perplexus males were usually

attacked and killed by workers unless removed from their

colonies within a few days after emergence. Though less liable

to copulate within their colony-boxes than B. rufocinctus,

males’and young queens of B. perplexus mated readily in
l.2m x O.6m x O.6m plastic cages on the laboratory bench.

The maximum number of workers produced in captive
colonies of B. perplexus was 30 (2 colonies), but wild
colonies certainly achieve larger worker population than
this, A colony removed from a domicile on 31.7.66 contained
35 workers, but the number of empty cocoons indicated that
a total of about 100 had probably been reared.

6) B. ternarius

. B. ternarius appears to be nearly as abundant as
B. terricola in south-eastern Manitoba, and like that species,
it emerges from hibernation early. As far as I can determine,
all B. ternarius nests reported near Winnipeg have been
situated below ground, generally connected to the surface by
narrow tunnels. Thus the species appears to be a typical
subterranean nesting bumblebee, similar to the European
B. lapidarius L., which it also resembles in the large size
of its colonies and in its mode of colony development.

More colonies of this species (27) were reared than ’

of any other except B. terricola. 4ll colonies of
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B. ternarius were kept in the laboratory for observation
and a daily photographic record was kept of 6 of them
throughout part of their development., Though it was not
feasible to observe all colonies with equal thoroughness,
interesting findings were checked by examining as many
colonies as possible., There was much variation in the
number of workers reared per colony; of the colonies whose
populations were counted, the largest produced 234 workers,
but even this may not have been the most populous of all
27 colonies, Unfortunately no data are available as to
the size attained by wild colonies of B. ternarius in
Manitoba, so it is impossible to determine whether the
captive colonies reached comparable dimensions. MEDLER (1963)
quotes "more than 100" as the number of workers reared by
a B. ternarius colony observed by PLATH (1934).

- Certainly, some queens of this species are capable
of a very high oviposition rate. This may be partly a
result of the fact that (in captivity at least) when the
colonies become populous, the queen no longer has to
construct all her egg cells; this function is partially
taken over by workers who build characteristic wax rosettes
on top of the cocooms. Should the queen fail to lay in
these cells, they are often enlarged and used for honey

storage,
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Gaptive colonies of B.ternarius were very prone to
develop laying workers, and s-workers of this species, when
hatehed and kept in isolation, often underwent ovary
development and laid eggs (see Section 3.31). In at least
two larger colonies, it was established that eggs were laid
concurrently by the mother-=queen and one or more of her
filial workers, operating in widely spaced regions of the
nest-box. Though egg-eating was never observed (and since
no egg clumps were ever seen to be reduced in size, it
probably never occurred) hostility between workers or
between queen and workers was common. In B. ternarius,
such hostility was sometimes fatal to one or both protagonists;
in one colony, the maternal queen was attacked and stung to
death by one of her worker offspring. Such extreme
revolutionary activities were never observed to have been
performed by the workers of any of the other six species
‘studied.

Though B. ternarius queens in Series II boxes often
ejected some or all of their first-brood larvae, perhaps
because they could not secrete sufficient wax to keep pace
with the expanding larval envelope, larvae were almost never
thrown out after the first workers had emerged, In the one
colony where second-brood larvae were ejected, these were either

moribund or dead before they were thrown out.
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B. ternarius is a "pollen storing® species and
colonies generally show a marked size discontinuity between
s=workers and s-queens (see Section 3.4l)e As in

B. rufocinctus, the members of each larval group remained

covered by a communal wax envelope until their cocoons were
fully spun. Sometimes as many as thirty larvae (resulting from
several egg cells) shared the same envelope. The changeover
from worker to queen rearing was usually achieved by the
production of mixed clumps of s-queen and s-worker cocoons,
though in a few colonies a period of male production intervened
between worker and queen rearing, and in others the first S=queen
cocoons appeared in clumps with males only. The manner in
which mixed s=worker - s-queen cocoon clumps arose was
investigated in detail (see Sections 3,522 and 3.523),
This'specigs seems to be a moderately prolifie

producer of wax, though not as much so as B. rufocinctus.

In all captive colonies of B. ternarius the wax was pale
yellow, but in two . colonies taken in the wild state, the
wax was darker and brown.
7) B. vagans

Only two colonies of this species were reared; they
were not observed intensively, because much is already known
of the colony development of B. vagans (FRISON 1930), which

shows no great differences from that of B. termarius.
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o3 The establishment of caste-status in imaginal females

In an attempt to duplicate the findings of CUMBER (1949),
a series of experiments to study the process of fat-body
deposition in newly emerged female bees were carried out.

Cocoons were removed from colonies of B. terricola,
B. perplexus and B. ternarius and placed in an ineubator
at 329C and 60% R.H, As soon as possible after emergence,
the bees were confined individually or in pairs in glass-
topped boxes with pollen and honey {(which was renewed on
alternative days) and held at 32°C and R.H. 604 (approx.).
Each bee was weighed daily (B. ternarius) or on alternate
days (B. perplexus and B. terricola) until the twentieth
day after installation, when it was killed and dissected,
the state of its fat body noted, and its ovaries weighed
(see RICHARDS 1946).

I, In the first experiment {(Groups IQ and IW) six
mixed clumps™ (i.e., those containing both s-queens and
s=workers) of coecoons were taken from four B. ternarius
colonies on the point of changeover from worker to queen
production., These cocoons yielded ten s-queens and seventeen
s-workers, together with many males (which were discarded).
After weighing, and before they had access to honey or
pollen, all bees were confined individually, with access to
honey solution, but in six of the boxes containing s-=queens
(Subgroup IQa) and six containing s-workers (Subgroup Iﬁa)

no honey or pollen was supplied for the first two hourss



112

at the end of this time, the bees were reweighed and honey

and pollen were then added. Thus an estimate of the capacity of

the honey-stomachs was obtained for these bees. In the remaining

boxes (Subgroups IQb and Iﬁb) pollen was supplied at the time
that the bees were installed,

At a later date, a further sixteen s-queen cocoons
(Group IIQ) were removed from another B. ternarius colony;
the bees emerging from these were treated in the same way as

subgroups IQb and I

The results for B. ternarius are given in Table XIIT,
Eggs were laid by a signicantly greater proportion of the
s=workers (13 out of 17) than of the s-queens (1 out of 25)
(P < 0.001)e The least weight gain exhibited by any s-queen
(143 mgm) is greater than the greatest gain (93 mgm) achieved
by any of subgroup IQa during the first two-hour period,
but the mean of the weights gained by the s-workers does not
differ significantly from that of the weights gained by the
subgroup Iy, during the first two-hour period. There is no
evidence, then, that the s-workers underwent any increase
in weight during the experiment other than the initial
weight gain achieved (presumably) by filling their
honey-stomachs. Among the s-queens, however, all individuals
showed a greater weight gain than could be accounted for by

distension of their honey-stomachs,.
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RADIAL CELL IENGTHS, INITIAL AND MAXIMUM BODY WEIGHTS AND WEIGHTS
OF OVARIES OF B. ternarius FEMAIES HELD AT 32¢ C FOR TWENTY DAYS

Group Length of Initial Weight gained Maximum body Weight=gain Weight of

no, radial cell body weight during first weight (maximm - ovaries
two hours initial wt,)
1 unit = mgm ngm mgin mgm mgm
C.05] mm .
I a 67,0 323 70 475 % 152 22
Q 68,0 317 75 493 176 16
68,0 286 70 593 307 1
68,0 341 T4 583 2242 2
67.5 340 93 620 280 2
67,5 304 76 630 326 3
b 68,0 401 643 L2 2
67.5 336 625 289 4
68,5 349 649 300 2
68,5 355 685 330 2
II 66,0 380 628 248 2
q 69,0 4,09 635 226 2
72,0 489 664 175 3
70.0 LL5 660 215 3
66,0 323 512 189 3
70,0 435 647 232 2
67,5 403 593 1 2
TL.0 450 66 21 3
71.5 391 700 309 2
70.0 353 644, 291 2
R.5 375 528 13 16
70.5 439 63R 193 18
72,0 433 643 210 2
T2:0 Lld, 67 183 3
70,0 346 588 242 2
70.0 405 607 202 3
Iy a 49,0 101 46 158 % 57
54,0 154 49 204 50
5165 129 49 205 % 76
51.5 138 69 214 * 76
50,0 119 Th 193 Th
510 122 57 1R 60
b 53.0 158 202 * L,
52,0 148 188 40
4945 114 157 * 43
53,0 147 182 = 35
51,0 142 194 * 52
50,0 130 187 = 57
51.5 142 194 * 60
51.5 151 210 #* 59
53e5 165 235 76
49,0 115 169 = 54
48,0 115 158 = 43

* = oggs laid during the 20 day period
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~The four s-queens whose ovaries were well developed
(22, 16, 16 and 18 mgm) differed from those with undeveloped
ovaries in possessing less abundant fat body of a more or
less yellew colour, in contrast to the copious clear white
fat body of the latter bees. The fat body of the workers
(where detectable) resembled that of the s-queens whose
ovaries were well developed.

To test the association between ovary-weight and
weight-gain in the s-queens, it was necessary to find out
whether the two groups (IQ and IIQ) could be treated
together, since the mean radial cell length in Group IIg
significantly exceeded that in Group IQ (¢t = 2,897**for 2L defe)e
Correlation coefficients were calculated for initial weight

upon radial cell length for each groups

Group r defs &
NS

IQ 0.3119 8 0,32

IIg 0,4675* 14 0659

The difference between the z~=values of the correlation
coefficients was nonssignificant when compared with the
standard deviation of differences between twe values of z
for 7 and 13 degrees of freedom (t = 0,4675 for 20 def.).
Hence it appears that the two groups may legitimately be
combined for the estimation of other parameters.

The correlation coefficient for ovary weight on

welght-gain was =0,5835 for 24 d.f., indicating that ovary
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development is negatively correlated with the differences
between initial and maximum weight.

IT A second experiment was run with eight s-=queens (all
taken from one colony) of B. perplexus (see Table XIV).

COnce again, a significant negative correlation, -=0.8565
(Pe<0,01), was found between the weight gained and the
weight of the ovaries on the twentieth day.

IIT In a2 final experiment, seventy Be terricola s-queens
were obtained from ecclonies reared in the laboratory from
artificially overwintered queens in January - March 1966,
Because of the large numbers involved, it was not possible
to transfer‘cocoons to the incubator (as in the other two
species); instead, the colonies were inspected daily, and
all newly-emerged s-queens were removed, After randomisation,
each day's total was distributed among three treatments
(A, B, C) in a 2:2:3 ratio, so that treatments A and B each
received 2 out of every 7 bees, the remaining 3 going to
treatment C thus:

DAY 1 2

DATLY TOTAL L o 6

{No. of bees)

TREATMENT

ALLOCATION AABB CCCAABBCC CAABBC ¥

In this way, bias due to starting replicates with
treatments at different times was eliminated as far as

possible,



116

TABLE XIV

RADIAL CELL IENGTHS, INITIAL AND MAXIMJM BODY WEIGHTS AND WEIGHTS
OF OVARIES OF EIGHT B, perrlexus S-QUEENS HEID AT 32° C FCR 20 DAYS

Length of radial cell Initial body Maximum body Weight gain Weight of

weight weight (Maximum - ovaries
initial wt,) ‘

1 unit = 0,051 m g mgm mgm mgm
&0 503 518 15 Rk
77 400 573 173 4
79 433 527 % 18
@ 483 620 137 3
77 467 704 237 2
79 503 713 210 5
79 398 565 167 3
76 381 579 198 3
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All bees were weighed on removal from their colonies
and on alternate days thersafter. In treatments A and B,

& single s-queen was put in each box, but in treatment ¢
the s—queens were installed in palrs. Bees in treatments
B and C were dissected on the twentiesth day and those in
treatment A on the thirty-fifth day after their installation.

One bee in A and two bees in B died during the experi-
ment, and one bee from B escaped and was lost; thus Table XV
gives data for 19 s-queens in A, 17 in B and 30 in C.

An analysis of variance showed no significant differ-
ence between means of the lengths of the radial cells nor
between the mean maximum weilghts of the three groupsg.

A highly significant value of;{? was obtained by
applying Bartlett's test to the ovary-weight data. Using
the procedure suggested by HEALY & TAYLOR (1962), the most
appropriate transformation was found to be:

5 = x-0,1618
Analysis of varisnce of the transformed values for

ovary weights gave:

Source Be0a5, d.f, Est. variance F
Total 52,959,014 65

Between 5,707,762 2 2,853,881 3.81%
treatments

Residual 47,251,252 63 750,020

« (578 (4, B)
LSD g {526 (B, C)
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RADIAYL CELL IENGTHS, MAXIMUM BODY WEIGHIS AND WEIGHIS OF OVARIES
OF B, terricola S=QUEENS HELD AT 32° C

Group A : individually confined and dissscted after 35 days

Iength of radial cell Maximum body Fat-body Weight of Transformed values

weight statusg ovaries on of ovary weights
35th day
1 wnit = 0,051 mn mgm mgm ]_QZ*'a mgm=C.1618
770 &9 MLY 16 6386
75.0 834 CW 3 8371
66,5 567 CW 5 7707
67,0 532 CH 3 8371
. 76.0 928 MLY 13 6604
67.0 523 CLY 10 6889
65,5 429 MLY 3 8371
76,0 845 CHW 7 7300
64,0 425 MLY 12 6689
78.5 766 CW 9 7008
77,0 913 MY 12 6689
7460 594 Spy 8 TL4L
70.0 T41 MLY 13 6604,
73.0 532 CLY A 7991
67.5 627 CcwW 5 7707
79.0 764, cu 5 7707
T7.5 853 CW 7 7300
7545 773 CW 9 7008
6.5 478 CHW 5 7707

C = copious M = moderately abundant S = sparse W = yhite LY = light yellow
DY = dark yellow



TABIE XV contd. 119

Greup B ¢ individually confined and dissected after 20 days

Length of radial cell Maximum body Falt body Weight of Transformed values

weight status ovaries on of ovary weights
20th day
1 wiit = 0,051 mn ngm ngm 10%, ngn-0-1618
7.5 603 cH 6 748,
80.0 7L oW 5 7707
730 672 cW 3 8371
75,0 780 oW 6 V484,
7565 743 MLY 7 7300
73.0 650 cW 4 7991
T7.5 716 CW 3 8371
71.0 599 MLY 6 .8,
TR .0 750 CH 5 7707
7060 578 CH 3 8371
73.0 759 cw 2 8939
69,0 437 MLY 3 8371
750 681 cW 4 7991
73,0 750 cH 3 8371
68.5 425 MLY 3 8371
740 678 CH 2 8939
72.0 574 CW 4 7991

C = copious M= moderately abundant W = white LY = 1light yellow
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Group C ¢ confined in pairs and dissected after 20 days

Length of radial cell Maximum body Fat-body Weight of

Transformed values

LY = 1ight yellow

dark yellow

weight status ovaries on of ovary weights
20th day
1 wmit = 0,051 mm mgm mgm“0°1618
76,0 753 CLY 8 TLhd,
76,0 767 CW A 7991
80.0 T4, cy 3 8371
7505 704, CcW 4 7991
77.0 883 CcW 6 7484,
74,0 504 MLY 7 7300
75.0 76 SDY 17 = 6323
7645 727 CW 3 8371
67,0 569 CW 4 7991
70.0 439 SpY R4 *# 5980
75.5 763 CW 1 10000
76,0 566 SpY 13 = 6604,
7R.5 609 CW 5 7707
67,0 511 MLY 14 6525
76.5 859 cW 5 7707
73.0 570 SDY 22 % 6064
ko5 742 CW 3 8371
76,0 678 CW 5 7707
75,0 686 cW 4 7991
73,0 706 SDY 17 6323
0,0 819 CW 3 8371
76,0 754 Cu 5 7707
715 726 CW 2 8939
77.0 657 CLY 8 yAVAA
69,0 4,86 SDY 31 % 5737
77.0 612 SpY 58 % 5184
70.0 YA/ SDY 7 7300
73.0 734 CH 2 8939
71.0 578 CW 3 8371
71.0 488 SDY 29 *% 5799
¥ = bee laid eggs during the 20 day period
copious M = moderately abundant S W = vhite
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The least significant difference for P < 0.05

separates the mean ovary weights of the groups thus:

X3 > Xp

*c > *p
but the mean ovary weight for treatment A does not differ
significantly from that for treatment C.

Since the newly emerged bees were not weighed before
feeding, it was not considered appropriate to test the
correlation between ovary weight and the difference
between initial and maximum weights, since much variation
had been observed in the weight increase during the first
twenty-four hours of imaginal life, presumably partly due to
myconium discharge.

To get at the relationship between ovary development
and weight gain, partial correlation coefficients were

calculated, relating ovary weight (0) to maximum weight

(W), keeping radial cell length (R) constant:

g dof.

A3 rgy = 0.857617FF 17
rgo @ 00428605 17

rpo = 0,264,800 17

F%fO,R = Oel{-@éBNs 16
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| dofe
Bs rpy E 0067208 ¥** 15
ryo = 0,228805 15
rpg = 00360155 15
Tyo.p = <0.0192"° 14
C: rpy = 0671056 % 28
fyo = -Ook65197* 28
ro = -0.16835%° 28
- A K. >
rWOgR - w004983 27

Thus, only among the s-—queens confined in pairs (Group C)
was there any significant association between weight-gain
and ovary development. Eggs were laid by 8 s-queens in this
group, but not by any in groups A or Be The fat body was
sparse, deep yellow and speckled with brown droplets

{(cef. CUMBER 1949) in all the eight B. terricola s-queens
which oviposited and in some others in both groups A and B
which had well-developed ovaries (see Table XV). But in
others, generally with moderately developed ovaries, the
fat body was copious or moderately abundant with a light
yellow tinge,

Discussion

CUMBER (1949) placed all the adult female bees from
two colonies of B. agrorum F. in jars with, in one case,
honey, and in the other, honey and pollen, The bees were

weighed at the beginning and end of the experiments, which
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which lasted five and seven days respectively., Frequency
distributions by weight and by weight/wing length ratio
showed that the larger individuals had gained weight,
whereas the weights of the smaller bees had not altered
much. Oumber claimed that his experiments had shown that
it was pessible to widen the gap between the peaks of the
bimodal frequency distribution of weight normally found
in ®pocket-making®™ species of bumblebee., He found, however,
that even after his feeding treatment, there still remained
some individuals of doubtful status, whose weights lay in..
the trough between the peaks of the bimodal distribution;
but when these individuals were dissected it was evident
"that we are concerned with two very different physiological
types. Those which are workers have the scanty light-yellow
fat bodies typieal of all workers, the queens have the
prelific white fat bedies, and the distinection in all cases
could not be more strikinge o o . Thus a division on a
physiclogical basis may be made « o o o It is felt that
this latter division is more satisfactory than one based on
size alone. A few intermediate values still persist.
Dissection of these, however, showed that the true division
between queen and worker (based on the appearance of the
fat bodies) occurred at the first zerc point on the left of

the queen peak®,
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Clearly, Cumber's results are of great importance,
but his interpretation‘of the situation may be questioned.
First, it needs to be emphasised that the individuals
exposed to his feeding treatment were not all of the same
age; the smaller bees were presumably on the whole older
than the large ones., Moreover, sinee the bees were confined
together communally, it is possible that inter-action
between individuals could have influenced the results.

These objections prevent the drawing of any conclusions as

to the ontogeny of caste differences from Cumberts data,

but do not necessarily prevent us from acceptinglcumber’s

claim that an effective separation between the physiclegical

states of queens and workers has been demonstrated, provided
that we recognise that this separation only applies {pending
further experimental data) to the specific conditions
imposed by the application of his feeding treatment.

We must also note that while an effective dichotomy between
bees of two classes seems to be provided by the colour and
amount of fat body (though not by weight - see below),
no evidence of the isomorphism between this dichotomy and
that presumed to exist between queens and workers, other than
correspondence with size (a continuous variable), has been
provided by Cumber?s experiments, I do not doubt that those
bees which possessed copious white fat body were potentially

functional queens and those with scanty vellow fat bedy were
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functional workers (actual or potential), but the fact
remains that unless we decide to take the state of the fat
body as a definiens of caste, there is no justification for
the claim that bees with scanty yellow fat body were Ttrue
workers™, etc. Furthermore, it is not impossible that had
Cumber's experiments been continued over a longer period,
some of the bees with copious white fat body might have
graduated to the "scanty light-yellow® condition, or,
conversely, that had the smaller bees been given the
feeding treatment earlier in their imaginal lives, they
might have developed copious white fat bodies. WHEELER (1928)
discusses ®nutricial castration” (suggested by MARCHAL 1897)
in relation to the suppression of reproductive activity in the
worker caste, but the concept seems equally attractive when
applied to the suppression of fat body development. In
CGumber?s experiments, where the bees were removed from their
broodg‘the curtailment of nursing activity might beAexpected
to result in fat body accumulation in any bees which were of
a suitable age.

For these reasons, it was thought necessary to repeat
Cumber's experiment under more precisely controlled conditions.
No evidence was found in the pattern of daily weight records
to suggest development of fat body in the s-workers of
B. ternarius, but in view of the weight fluctuations due
{presumably) to changes in gut and honey-stomach contents,

it is doubtful whether fat body development would have been
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detectable in so small a sample by this method. But none of
these bees had copious white fat body on the twentieth day
after pupal emergence; moreover, all except two laid eges
during the experiment. Since the laying of unfertilised eggs
without diapause is a worker characteristie, the f-worker
status of the B. ternarius s-workers is further confirmed,
but the outstanding question (which will require further
work before an answer is fofthcéming) remains: was their
f-worker fate irrevocably determined by the time of
pupal emergence?

For s-queens of all three species (B. ternarius,
B. perplexus and B. terricola) ‘the experiments suggest
that caste-differentiation according to funetion may
not be completed until the insects are adult, for many bees
had well-developed ovaries and scanty yvellow fat-body when
dissected, and 9 even laid eggs. However, it might be
argued that those f-gueens which took the f-worker pathway
daring the experiment were already predestined to do so
before pupal emergence; but the significant difference in
ovary weights and incidence of egg-laying between treatments
B and € on the B. terricola s-queens indicates that imaginal
environment must play some part in determining the functional
fate of s-queens of this species, Though the quantity of
fat-body on dissection was not measured, there was an obvious
association between (a) copious white fat-body and undeveloped

ovaries and (b) sparse yellowish fat-body and well developed

ovaries., Furthermore, in all the groups where much ovary
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development had occurred (i.e., B. ternarius, B. perplexus

and B. terricola - treatment C) except for B. terricola -
treatment A, a significant negative correlation was found
between ovary weight and weight gain, suggesting that if
the weight gain can be taken as an acceptable measure of
the quantity of fat body which a bee has accumulated, those
bees which lay down the least fat body undergo the most ovary
development by the twentieth day. But it is important to
stress that no significant difference was found between the
mean maximum weights of the three groups of B. terricola
s-queens, nor were the regression coefficients for maximum
weight upon radial cell length in the bees of each group
signifiecantly different from each other. Thus, though
environmental factors (presence of other bees, length of
confinement) clearly influenced ovary development and
probably affected the breakdown of fat body, there is no
evidence that these factors had any effect upon the

accumlation of food reserves, Moreover, it is likely that

the inverse relationship between weight gain and ovary development

is not the whole story, for in the single B. terricola s-queens

"kept in boxes for thirty-five days (Treatment A) ovary
development was largely uncorrelated with weight gain.
The presence of food reserves is probably aegsociated

with a "diapause® state during which ovary development is
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impossible (supported by domestication experiments with
non-overwintered queens - see Section 2.311) and the
termination of dispause occurs (under the abnormal
@@nditioﬁs imposed by these experiments) earliest in those
bees which have laid down the least fat body, Thus, the
moderate amounts of slightly yellow fat body found in many
of the B. terricola s-queens which had only slightly
developed ovaries would indieate a transitional stage in
the proecess of diapause termination.

In the wild state it is possible that except under
abnormal conditions (see CUMBER 1963) any s=queen which
laid down fat body would enter hibernation; hence the
experimental results described above may not by themselves
Justify the conclusion that caste function remains plastie
until after pupal emergence,; since it could be argued that
a bee which accumulated food reserves must qualify as an
f=queen irrespective of whether or not subsequent fat body
degeneration and/or ovary development took place without
prior hibernation under abnormal experimental conditions.
To retain the concept of a qualitative distinction between
the two castes, this argument would require that f-workers

accumulated no fat body during the first few days of adult

life. The method of sequential weighing is probably subject

to too mueh error to be used to detect slight changes in the

fat body status of s-workers, but such changes should be

readily apparent on dissection,
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To summarise: the response of newly-emerged Ss-queens
of the three bumblebee species exposed to unlimited pollen
and honey at 32°C has been shown to involve both fat body
changes and ovary development., Though significant negative
correlations were found between weight gain and ovary
development in all groups of bees in which much ovary
development had o¢cﬁrred after twenty days, no such
correlation was found in the B. terricola group dissected
after thirtyefive days. Though further experiments will be
needed to show whether or not (a) all s=queens lay down some
fat body early in imaginal life and (b) any workers lay dowm
any fat body during the same period, we may conclude that the
apparent qualitative distinction between castes which Cumber
claimed to have demonstrated by his welght gain experiments
may have been at least in part due to bias in his selection
of experimental material (in that the smaller bees were on
the whole older than the larger ones) and that under certain
conditions s-queens may show some of the functional
characteristics associated with the worker caste.

3ok The distribution of size among adult females in

bumblebee colonies

It has already been remarked (Section 1.3) that there
exists a more pronounced bimodality in the sisze range of
females in colonies of ¥pollen-storing® species of Bombus

than in those of ®pocket-makers™, though even in the latter



130
the size distribution was fairly bimodal in the colonies
measured by CUMBER (1949).

As noted by FREE (1955 a), it was the opinion of
FRISON (19273 that the average size of the worker bees
produced by a bumblebee colony increased as the season
progressed. Attempts to verify this by RICHARDS (1946),
CUMBER (1949) and BRIAN (1951) produced rather conflicting
results, probably because of the reasons suggested by
FREE (1955 a) and FREE & BUTLER (1959). The matter is of
some importance, for if it could be shown that there is a
progressive increase in the average size of female bees
emerging during colony development, then it would be possible
to explain caste determination, at least in those species
which show a continuous size range of female bees
("pocket-makers®), quite simply on the basis of a steadily
inereasing worker/larva ratio. For three North American

“pocket-makers® (B. auricomus, B. griseocollis and

B. fervidus) a progressive increase in the size of female
bees over weekly intervals during at least the latter part
of the season has been demonstrated by KNEE & MEDLER (1965).

3okl Comparison of the degree of bimodality in female

sige distribution of colony populations of seven

species of Bombus

Estimates of the degree of bimodality of female sige

characteristics of B. terricola, B. borealis, B. fervidus,
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B. rufocinctus, B. perplexus and B. ternarius were obtained

by measuring the entire female population of colonies which
had been started in the laboratory (except for the
B. fervidus colony)} and then kept in complete captivity in
darkness at 29°C with abundant food until all female bees
had emerged. The colony of B. fervidus was started naturélly
in a rolled-up carpet in a garage near Winnipeg; it was
brought into the laboratory when three of the first-brood
workers had emerged, and kept thereafter under the same
conditions as the colonies of the other five species,

As CUMBER (1949) notes, weight is rather an
unsatisfactory measure of size in adult bumblebees;
MEDLER (1962) discussed various other methods for
determining size, and suggested that the length of the
radial cell of the forewing was one of the most useful
morphemetric characters for this purpose. I used both the
lengths of the radial cells and the distance between the
lateral mafgins of the two eyes (see Fig. 11). The female
bees of each colony were placed individually in numbered
receptacles, after which the heads and wings were excised
and the thoraces and abdomina discarded. The wings were
arranged serially along the sticky surfaces of strips
of cellulose tape which were then held between two
micrescope slides and the radial cell lengths were

measured under a microscope with a graduated eyepiece,
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)4

(& WIDTHE ACROSS EYES

Fig. 1l.- Anterior (dorsal) view of head of Be terricola
queen showing eye-width measurement,
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In order to measure the facial width, the tongue was
removed and the head placed on an inclined plane (ca.15°)
upon the mieroscope slide. By rotating the plane relative
to the head, it was possible to ensure that the outer
margins of both eyes were simultaneously in focus, thus
allowing consistent measurements to be taken,

The results are shown graphically in Figs, 12 - 17,
in which the ordinal values constitute the mean of both
radial cell measurements for each bee (1 unit = 0,0513mm)
and the abscissal values the width across the eyes, measured
to the nearest % unit (1 unit = 0,063mm). Inspection of the
scatter-diagrams shows that for eaéh species, the two characters
are highly correlated and the relationship between them does
not depart significantly from isometry, though there is a
"slight suggestion of allometry in some of the colonies in
favour of proportionately longer radial cells in larger
individualso There is no evidence from the data to suggest
:that small bees differ from large bees in the underlying
functional relationship between the two characters such that
a classificatory separation could be used to distinguish a
queen-type from a worker-type.

In Vespula, BLACKITH (1958) working with seven
morphometric characters, was able to show that eagés»
differentiation involved differences of form, as well as

of size, between queens and workers; for example, the width
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of the body posteriorly far more in queens than it does in
workers, even taking into account their different sizes -
i.es, an allemetric relationship exists here. However, as
Blackith points out, such differences in form are in no way
inconsistent with a purely quantitative distinction between
castes. If more characters in Bombus were submitted to
morphometric analysis, differences in form betwveen large
bees and small bees might be detected; but to demonstrate
a "qualitative® distinction between castes, it would, I think,
be necessary to show that the allometric index for workers
differed significantly from that for queens. Even in Apis,
where caste polymorphism is so pronounced, such a difference
does not seem to have been found so far for any pair of
characters., .

Some degree of bimodality is apparent in each species,

except possibly B. borealis and B. nevadensis. The

“pollen-storing™ species, B. terricola, B. rufocinctus and
B. ternarius, show the most marked size dimorphism, but in

the first colony (No. 58) of B. rufocinctus, several bees of

intermediate size were produced., It 1is interesting to note
that the main cluster of workers in this colony were of smaller
size than those in the second colony measured (No. 67).
BLACKITH (1958) found that the extent of the queen wing-length/
worker wing-length dimorphism in Vespula seemed to differ as

mach from nest to nest as from species to species, and
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MEDLER (1962 b) demonstrated that within various species of
Bombus considerable variation in the ratio of the radial-cell
lengths of queens and workers occurs. Unfortunately, however,
Medler does not state what criteria were used to assign the
bees (museum specimens) to the worker category or the queen
category, so one does not know how bees of intermediate size
were treated, if, indeed, any were represented in the 84
female specimens of each species which Medler measured.

The limited data presented here indicates that the
occurrence of bees of intermediate size is much more

proncunced in the $hree™pocket-making® species (B. nevadensis,

B. fervidus, B. borealis) than in the ”pollen»stérers”, with
B. perplexus (a species which appears to possess
characteristics of both groups) holding a position closer

to that of the "pocket-makers®™ than to the "pollen-storers®.
These results are in agreement with CUMBER's (1949) work on
English species, except on one important point: none of the
colonies of ¥pocket-making"™ species which I measured had
been able to feed its larvae by means of pollen placed in
wax pockets on the larval clumps, since the colony
pollen-intake was in the form of lumps of pollen-dough
rather than pellets carried in the corbiculae of the workers,
I observed all colonies of pocket-making species frequently
and found that although wax pockets were often constructed

on their larval clumps, these were never used, That such
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colonies were able to develop in an apparently normal
manner and to yleld a more continuous size range of female
bees than in Ypollen-storing' species under similar cond-
itions mekes 1% unlikely that competition for pollen by the
larvae during their fourth instar can be the only factor
associated with greater size variation in the workers of
Upocket-makers" than in "pollen-storers®,

3. 42 Varistion in size among bees produced during

colony development

That a progressive seasonal increase in the size of
female bumblebees occurs in at least some species was
confirmed during the summer of 1965, when it was noticed
that such a progressive increase in size occurred among
the female bees emerging in captive colonies of the

"pocket-making" species B. nevadensis, B. fervidus,

B. borealig and the "pollen-storing" species B. perplexus,

but no measurements were taken. Unfortunately, of these

species, only B. perplexus colonies were available in 1966,
Eight colonies of B. terricola, 7 of B. perplexus

and one of B. fernariusg were started in the laboratory by

naturally overwintered queens caught near Winnipeg during May

1966. Fresh pollen was supplied every day and honey solu-

tlon as required, but the bees were not allowed to fly outdoors.

Since the laboratory temperature was unusually warm, nest

material was removed shortly after the first second-brood
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workers had emerged., The number of cocoons in each brood-bateh
was noted, and photographic records were kept where successive
brood-batches might otherwise have been difficult to distinguish.

The numbers of bees emerging on each day were recorded,
and one forewing was clipped from each bee about one day
after it had emerged. The lengths of the radial cells of
the wings thus obtained were measured. The bees appeared to
suffer no ill effeects as a result of their clipping, though
in 8ix instances they were attacked and stung immediately
after reintroduction to their colonies. However, I found
that this could be avoided by either (a) handling them
during elipping with forceps only, or (b) in cases where a
finger had to be brought into contact with a bee during its
slipping, reintroducing the bee directly onto the comb after
having transferred the entire adult population to the
antechamber,

In B. terricola and B. perplexus, no workers were
produced after the second brood - all subsequent bees were
males or queens (B. terricola) or males only (B. perplexus).
In both species, therefore, the experiment was discontinued
as soon as all second-brood adults had emerged; but for the
B. ternarius colony, the clipping was continued until the
first queens emerged in the third brood. The results are
given in Tables XVI - XVIII and are presented graphically
in Figs. 18 - 20,
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RADTAL CELL IENGTHS OF FEMAIES EMERGING FROM FIRST- AND
SECOND=-EROODS OF EIGHT CAPTIVE B. terricola COLONIES

Colony 2
Date Brood Radial cell lengths Msan radial
1 unit = 0,051 mm cell length
19.6.66 PFirst 56 50 53 49 56 52,8
2,7.66 Secongd 57 57,0
3.7.66 u 59 59.0
4o7.,66 u 61 57 57 57 58,0
5.7.66 " 60 60 57 59.0
6,7.66 u 56 53 54e5
8.7.66 u 55 55 56 49 53.8
9.7.66 " 56 54 54 5467
10,7.66 L 56 50 52 5/, ©53.0
11.7.66 n 43 56 57 52,0
12,766 " 52 56 51 48 37 48,8
14,7.66 n 54 50 520
Colony 3
Date Brood Radial cell lengths Mean radial
1 mit = 0,051 mm cell length
18,6,66 First 5L 50 55 47 54 52,0

2,7.66 Second 7R 72,0




Colony 5

TABIE XVI contd.

Date

Brood _

Radial cell lengths
1 wnit = 0,051 mm

Mean radisl
cell length

10.6.66 First 51 55 59 49 54 50 57 49 53.0
23.6.66 Second 39 39.0
24,06,66 " 57 60 60 59.0
R6,6,66 # 54 55 545
27.6.66 " 49 43 50 47.3
30,6.66 u 50 51 50.5
1.7.66 n 50 55 55 57 5463
3.7.66 " 43 49 46,0
4o7.66 " 42 47 48,0
507,66 " 74 74,0
6,7.66 " 59 R 74 68,3
767,66 u 63 71 67.0
10,7.66 n 59 73 66,0
Colony 6
Date Brood Radial cell lengths Mean radial

1 wit = 0,051 mm

cell length

10.6.,66 First
246,66 Second

R5.6,66
26,6,66
28,6.66
1.7.66
2,7.66
47,66
57,66

6.7.66

i
]

£

1]

i

L

@

it

42 57 57 48 49 52 55 55 54
56 57

56 53 52 53 56

52 55 54 56 51

50

58 54 54 58

56 57

60 52

56

57 57 59 66

52,1
56,5
5450
53.6
50,0
56,0
56,5
56,0
56,0

59.8
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TABLE XVI contd.
Colony 7
Date Brood Radial cell lengths Mean radial
1 unit = 0,051 mm cell length
15,666 First 59 56 61 56 58.0
30.6.66 Second 56 57 60 57.7
3.7.66 4 54 5460
5.7.66 " 62 62,0
8,7.66 i 75 T 73.0
Colony 9
Date Brood Radial cell lengths Mean radial
1 unit = 0,051 mn cell length
906,66  First 61 66 63.5
20,6.66 Second 49 49,0
23,6,66 " 51 46 L7 52 51 494
R4 6,66 u 49 48 53 51 50.3
R5.6,66 8 L5 AT 46 146 46,0
26,6,66 " 55 55.0
27.6,66 n 49 49.0
28,6,.66 n 51 51,0
29,6,66 i 48 48,0
30.6.66 " 48 48,0
4766 " 74 T4 o0
5.7.66 " 50 74 62,0
10,7.66 i 59 75 76 70.0
14.7.66 " 75 75.0
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TABLE ZVI contd.

Colony 10

Date Brood Radial cell lengths Mean radial

1 unit = 0,051 mm cell length

10.6,66 Firgt 57 56 53 56 56 56 56 55,7
24.6.66 Second 58 58,0
25,6,66 i 53 51 58 54,0
26,6.66 n 52 59 57 56,0
28,6.66 o 48 55 57 46 51.5

2.7.66 # 52 56 49 52,3

bo'T.66 # 51 47 58 52,0

5,7,66  n 49 49.0
11,7.66 # 7375 73 75 74,0
Colony 11

Date Brood Radial cell lengths Mean radial

1 wit = 0,051 mm

cell length

22,6,66 First

23,6,66 "
28,6.66 n
30.6.66 n

3,7.66 Second
5,7.66 "

6,7,66 n

7766 n
10,7466 "
14.7.66 "
15,7.66 u
16.7,66 "
18.7.66 "

50 47 50
49

49

70

73

55

57 55

54 51 54
56 48 58
76

71 73

70 R TI
78 TR

49.0
49.0
49.0
70.0
73.0
55,0
56.0
53.0
54,0
76,0
72,0

73.0
75.0
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TABIE XVII 148

RADTAL CELL IENGTHS OF FEMAIES EMERGING FROM FIRST- AND
SECOND-BROCDS OF SEVEN CAFTIVE B. perplexus

COLONIES
Colony 1
Date Brood Radial cell lengths Mean radial
1 unit = 0,051 mmn cell length
46,66 First 50 49 53 52 48 50 49 46 49.6
15.6.,66 Second 51 55 53.0
16.6,66 i 54 54 54,0
17.6,66 B 57 54 57 56,0
18,6.66 " 57 60 58,5
20.,6.66 n 62 62,0
21,6,66 i 62 62,0
23,6,66 " 63 63,0
26,6,66 " 75 75,0
28,6,66 i 8 77 70 76 75,8
29,6,66 n 80 76 71 78 10 7560

30,6.66 n 75 75.0




TABIE XVII contd,

Colony 2
Date Brood Radial cell lengths Mean radial
1 wit = 0,051 mm cell length
9.6.,66 First 54 53 52 50 52 52 52,2
20,6,66 Second 54, 52 53.0
22,6,66 " 53 53.0
2L.6,66 " 59 59 59,0
25,6,66 " 58 54 56.0
26,6,66 i 61 61,0
29,.6,66 " 52 52,0
2,7.66 " 59 57 53 56,3
3.7.66 n 59 59,0
ko766 n 61 61 58 60,0
Colony 3
Date Brood Radial cell lengths Mean radial
1 wit = 0,051 mm cell length
106,66 First 53 &b L LR 47 46,0
16.6.66 u 50 50,0
18.6.66 n 60 60,0
20,6.,66 Second 52 52,0
21.6.66 H 64 64,0
22,6,66 " 51 58 51 53.3
23.,6.66 f 54 57 5545
29,6.66 " 73 76 7465
30.6.66 u 75 75,0
1.7.66 n i 77.0
2,7.66 u T4 740
3.7.66 u 81 81,0
57,66 u 67 67.0
70766 u 80 80.0
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TABIE XVII contd.

GColony 4
Date Brood Radial cell lengths Mean radial
1 unit = 0,051 mm cell length
9.6.66 TFirst 45 51 52 L9 55 47 49,8
15,6,66 " 51 51.0
25,6,66 Second 61 62 61.5
26,6,66 " 63 63.0
27.6,66 n 62 69 65.5
28,6.66 " 78 66 54 59 50 67 62 62,3
29.6,66 " 54 73 63.5
30.6.66 " 6l 81 K o7
1.7.66 H 8l 8.0
2,7.66 " 64 60 53 76 63.3
3.7.66 n 8 8 64 75.7
47,66 " 68 70 73 73 71.0
6.7.66  ® 71 71.0
Colony 5
Date Brood Radial cell lengths Mean radial
1 unit = 0,051 mm cell length
9.6.66 First 50 55 48 50 49 50 51 5064
16.6,66 n Sk 54.0
22,6,66 i 69 69.0
22,6.,66 Second 57 57.0
23,6,66 " 58 50 54 57 54,08
24,.6,66 " 60 60.0
25.,6,66 n 59 59.0
30,6,.66 n 61 61.0
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TABIE XVII contd,

Colony 6
Date Brood Radial cell lengths Mean radial
1 unit = 0,051 mm cell length
9.6.,66  First 53 51 52 5/ 54 48 52,0
20.6.66 Second 54, 54,60
21,6,66 n 58 58,0
23,6.66 n 61 63 62,0
24+6,66 f 59 57 58,0
25,6,66 i 60 59 57 59 58,8
27.6.66 " 55 55.0
28,6,66 i 59 61 60.0
29,6.66 " 59 80 67 78 71.0
30.6.66 " 51 54 53 52.7
1,7.66 " 53 50 58 53.7
2,7.66 " 64 66 65.0
3.7.,66 n 66 66,0
7.7.,66 " 73 76 7465
Colony 7
Date Brood Radial eell lengths Mean radial
1 wmit = 0,051 mm cell length
17.6.66 First 50 49 52 52 50 50,6
30.,6.66 Second 49 49.0
2,7.66 " 56 56,0
4o7.66 n 56 58 54 56,0
507,66 f 55 58 56 54 56 55,8
6,7.66 H 56 56 62 59 58,3
7.7.66 " 60 60,0
8.7.66 u 53 é2 57.5
9.7.66 i 60 62 61,0
10,7.66 i 62 62 64 62,7
13.7.66 " 68 68,0
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TABIE XVIII

RADIAL CELL IENGTHS OF FEMAIES EMERGING FROM FIRST- »
SECOND- AND THIRD=EROODS OF A CAPTIVE B. ternarius COLONY

152

Date Brood Radial cell lengths Mean radial
1 unit = 0,051 mm cell length
25,6,66 First 50 45 52 52 48 45 48,7
7:7.66  Second 46.5 L7 46.8
857:66 v 49 46 4745
967.66 n 50 50.0
10.7.66 " bho5 49 48 L8 45,5 46 46.8
11.7.66 Ul 51 46 53 50,0
13.7.66 n 52 50 45 49,0
147,66 " 53 53.0
15,7.66 u 46 46,0
16,7.66 " 4o 4T L9 46 47,0
17.7.66 u 36 47 50 48 45,3
18,7,66 u 48 49 50 50 49.3
19.7.66 " L7 48 46 Ll L4 39 43 43 bdo3
R4eT.66  Third 48 49 48.5
25,7.66 " 49 48 50 50 47 49 48,8
26,7.66 " 48 LT 48 48 L9 46 48 49 50 49 48,2
27.7.66 " 49 48 L9 49 52 L6 51 48 42.0
28,7,66 45 49 50 47 49 50 42 48.1
49 48 51 49 43 50 51
29,.7.66 " LR LT 46 L5 16 53 47,2
52 48 L2 48 50 47
30.7.66 " 42 42,0
31.7.66 " i b 49 49,0
2,8,66 " 45 45,0
4o8.66 " 65 65.0
5,8.66 " 65 68 66,5
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( 1 unit = 0.051 mm )
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KNEE & MEDLER (1965) analysed their results by

applying Duncen®s multiple-range test to the means of
wing measurements 1 on successive weekly batches of
newly emerged females, but it would seem better to work
with the correlation between size and date of emergence,
since in this way more degrees of freedom are available
than when pairs of means are compared., I therefore designated
the date on which the first worker emerged as Day 1 and
computed the correlation coefficients of mean radial cell
length on day of emergence for (a) all the female bees of
each colony and (b) all the female bees whose radial cell
lengths were less than 70 units (1 unit = 0.051 mm) for all
colonies of B. terricola and B, perplexus and less than 65
units for the B. ternarius colony. In this way it was hoped
to (a) inelude and (b) eliminate the distorting effect
produced by the emergence of young queens, The correlation

coefficients ere given as follows:

1 They claim to have measured the lengths of mrginal cells, justie
fying this procedure by reference to an earlier paper by MEDLER (1962),
However; in his earlier paper, Medler advocates use of rasdisl cell
messurements § Probebly "redial" cell should be read for "marginal®

cell wherever the latter oceurs in the later paper.



Species Colony Correlation
' coefficient for
all females

r d.f,

B. terricola 2 -0.1105% 10
5 0.4816%° 11

6 0.5988"° g

7 0.4759%8 3

9 0.5199™ 12

10 0.290088 7

11 0,7010™*™ 11

1 0,9191%** 10

2 0.6935% 8

3 068932%** 12

A 0.524885 13

5 0,8007* 6

6 0.,6128™ 12

7 0.8366™% 9

B. ternarius 1 OQBBOZNS 22

Two colonies of B, terricola (Nos. 2 and 6) and three of
B. perplexus (Nos. 2, 5 and 7) failed to rear any females with

radial-cell lengths exceeding the arbitrarily chosen value

Correlation
coefficient for:
females other than

s-queens
r
=0,110545
0,1021%
0.5988N5
0,083
=0,2582N8
-0,6703%°
0.8726

0.9155 **
006935~
0.7824 ™
077417
0.8007 *
0,5107N8
0,8366

0,2730M°

{70 units) in their second brood batches.

deC

10
10
8
2
10

12

11

20
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Wnile there is a significant positive correlation
between mean radial cell length and date of emergence in
all but one of the seven colonies of B. perplexus, even when
S=queens are excluded from the results, in B. terricola,
evidence for a progressive increase in worker size was
obtained in only one colony (No. 1l). In the B.ternarius
colony, no female size increase occurred until s-gqueens
were produced (Fig.20),

By comparing the variance due to deviations from
regression, with that within the daily samples, it was
possible to determine whether or not the regression of radial
cell length on date of emergence was linear, In Colony 1
of B. perplexus (the only one thus examined) the mean-square
of the deviations of the radial cell lengths from regression
(queens excluded) was significantly (p<0.0l) greater than
the variance within the daily samples, indiecating a
non=-linear regression. Further experiments, using colonies
which produce more workers than those studied here, are
planned in order to investigate in more detail the functional
relationship between female size and date of emergence.

These results, then, suggest that worker size generally
inecreases (though not necessarily in a linear fashion) during
the development of B. perplexus, while indieating that
progressive increase is by no means the general rule in

colonies of B. terricola and B. ternarius. However, none




165
of the .colonies of B, perplexus or B. terricola produced many
workers and no workers at all were reared in the third broods
by either species, It is quite possible that under natural
conditions, the seasonal pattern of size change might not
correspond with that occurring under the highly artificial
conditions imposed by this experiment, though the combs from
four wild B. perplexus colonies found near Winnipeg showed
an apparent gradual size increase in the dimensions of the
empty cocoons from the earliest and lowest to the more recent
in the upper layers of the comb.

It should be gquite easy to follow the progression in
size of female bees emerging in colonies which are allowed to
forage naturally. However, the method used by KNEE & MEDLER (1965)
in which workers were marked with paint spots and those still
surviving measured at the end of colony development, suffers
from the obvious disadvantage that bees which die while away
from the colony cannot be measured. I developed a modiﬁication
of their technique in the summer of 1965 (though shortage of
time did not allow its use), in which workers were either
chilled or anaesthetised by carbon dioxide so that their
radial cell lengths could be measured without the necessity
of removing their forewings, After measurement, each bee
was marked with a paint spot to indicate on future occasions
that it had already been measured. I also found it possible

to measure the radial cell lengths of bees which were not
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anaesthetised, though this was much more tedious since it
was necessary to confine each bee in a specially constructed
wire cage so that it could be rendered immobile. Nevertheless,
because chilling or anaesthesia might weaken those bees
subjected to such treatment, and hence exert an indirect
effect upon larval nutrition, I suggest that for at least
some colonies the usevof chilling or anaesthesia should be
avoided.

To summarise: in agreement with other investigators
(see Section 1.3), a greater bimodality in the distribution
of female size was found in "pollen-storing® species than in
fpocket-makers®; but one species -- B. perplexus -- which,

by virtue of its systematic position (Subgenus Pyrobombus D.T.),

would be expected to show pollen-storing characteristics,
possessed a rather weaker size-dimorphism than in other
¥pollen-storing™ species., Moreover, captive colonies of

B. perplexus generally reared progressively larger females
as they developed, in contrast to most colonies of two other

f'pollen-storing” species ~- B. terricola and B. ternarius.

3.5 The determination of imaginal size in female
bumblebees
3.51 Interaction between adult and larval populations during

colony development

CUMBER (1949) used an extensive method (i.e. one in

which a number of colonies were taken and killed at different
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stages of development) to study changes in the worker/larva
ratio in bumblebee colonies., He found that in colonies
which were rearing queens this ratic was higher than in those
at earlier stages in their development. BRIAN (1951) failed
to demonstrate any correlation between the worker/larva
ratic and the size of adults during an intensixe study of the
colony development of B. agrorum F., but both her colonies
remained small, and neither succeeded in rearing queens.

SLADEN (1912), using B. subterraneus L., and

FREE (1955 a), using B. pratorum L., have both provided
experimental evidence that queen production in bumblebee
colonies is governed by the number of adults available per
larva; by demonstrating that if sufficient workers and food
are provided experimentally, even the first batch of eggs will
develop into queens, whereas under normal circumstances,
when the queen rears her first brood unaided, only workers
are produced,

In the present work, study of the worker/larva ratio
has been used to investigate the determination of size in
both first and second brood females.

36511 The size of females produced in the first broods

of B. terricola and B. perplexus

ey

Date on the radial cell lengths of first brood females
of both species reared in Series III boxes in 1965 and 1966
have been given in Tables VII and XII, Significant negative
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correlative coefficients for radial cell length on number

of larvae per first brood were obtained for both species:

Species r ' dofs
Bs terricola ~0,3496* ** 123
B. perplexus -0,3593% * 73

We may conclude that the fewer larvae a queen has %0
care for in her first-brood batch, the larger tend to be
the resulting adults. Since the food available for use by the
queen was not a limiting factor in the early stages of these
colonies (all brooding queens were kept supplied with a
surplus of pollen and honey), it must be the demand on the
nursing activities of the queen which limits the size to
which the larvae can grow under these experimental conditions.
In nature, of course, the need for the queen to forage for
her brood would impose a further constraint upon the system;
it would be interésting9 therefore, to compare the number
and size of the first-brood workers reared in eaptivity with
those produced by queens in the wild state.

Queens were frequently reared in first broods of
Be terricola and oceasionally of other species. As one
might expect, queens usually appeared in boxes where the
number of first=brood larvae was small, but in a few instances
B. terricola queens reared a single queen in addition to a
normal complement of first-brood workers. In each case the

solitary queen remained as a larva for a few days after her
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sisters had pupated, during which time her phase of maximum
growth took place, This situation is easy to understand in
terms of the concentration of nursing attention which the
mother queen would be able to give to a single larva
remaining after all the worker larvae had pupated, but since
it will be shown later (Section 3.523) that presumptive queen
larvae of B. terricola are probably already determined by the
time they reach the fourth instar, we still have to explain
how these first-brood larvae succeed in becoming queen
differentiated in the presence of presumptive worker larvae,

Possibly these queen larvae result from eggs laid
subsequently to those which give rise to the worker complement
of the first brood. If this were so, the later-hatched larvae
might benefit from more liberal nutritive environment than
would have been experienced by their older sisters at a
comparable stage of development. Though bumblebee queens
of most species do not normally oviposit during the time
interval between completion of the first-brood egg cells and
the formation of first-brood cocoons, SLADEN (1912) found that

in B. subterraneus L. { = B. latreillelus Kirby) an

additional batch of eggs was commonly deposited alongside
the first brood.

An alternative explanation, adopting the premise that
presumptive queens undergo a longer larval stadium than

presumptive workers (see Section35l), would be that due to
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random inequality in the sharing of available food, one
larva in the first-broocd batch could feed so voraciously as
to enable it to become queen-determined, even though all the
larvae were approximately of the same age.

The problems thus raised are clearly similar to those
posed by the occurrence of mixed clumps of queen and worker
larvae in later brood batches, and will be discussed further
below (Section 3,522).

30512 The size of females produced in second broods of

B. terricola, B. perplexus and B. ternarius

Data on the number of bees in the first- and
second-brood batches of B. terricola, B. perplexus and
B. ternarius colonies, reared and allowed to develop in
captivity with unlimited food supply, are given in Table XIX,
The radial cell lengths of all the second-brood females were
measured in each of the colonies of the first two species
(Tables XVI and XVII), but in most B. ternarius colonies,
records were kept only of the number of queens and workers
in each batch, without any attempt to measure their size.

Correlation coefficients relating the number of first-
brood workers (x1), the number of second-brood bees (x,), el

and the size of the second=brood females (xB) were caleulated

for the colonies of B. terricola and B, perplexus:

Species deof defs

Txixa  Txpoxz Txyxg Tx1%3.%2

HEOR

B. perplexus 065197 = 0.1455 0.1843 141  0,3637%*% 1,0
B. terricola 0.2505™ 0,0296L4 0,2007* 157  0,2064% 156
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NUMBER, SEX AND CASTE OF BEES IN FIRST AND SECOND BROODS
OF CAPTIVE COLONIES STARTED BY NATURALLY OVERWINTERED
QUEENS OF B. terricola, B. perplexus AND B. ternarius
DURING 1966

Species Nos of No. of bees No. of bees in second
colony in first brood batches
brood gqueens- workers males
B. perplexus 1 8 11 12 11
2 6 16 32
3 6 7 8 4
L 7 12 12 1
5 9 35
6 6 b 24 3
7 5 23
B. terricola 2 5 32
3 g 1 14
5 5 22
6 9 26 7
7 L 2 5 2
9 2 5 21
10 7 4 18
11 6 9 9
B. ternarius 1 7 95
2 8 82
3 6 32 b
4 8 1 L Y4
5 8 54
6 3 32
7 5 1 33 5
8 4 61
9 10 2 51 9
10 6 1 Ls 1
11 8 3 ko 8

1 .
All females of B. terricola and B, perplexus with radial
0,051 mm)

cell lengths of 70 units (1 unit = or over are
classed as queens in this table,
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For B. ternarius a more insensitive test had to be used,
since the bees were not individually measured. Correlation
coefficients relating the number of first-brood workers (x;),
the number of second=brood bees (x,), and the number of queens

reared in the second-brood batches (XB) were calculated:

d.f.
?XQXB = “"O 8 3 98 5 9
erXB = 093260 y 9

Thus, in all three species there is evidence that
(under the experimental conditions used here) the size of
the female produced in the second-=brood batches is
positively correlated with the number of first=brood
workers and negatively correlated with the number of bees
in the second=brood batches,

In some of the B. terricola colonies, due to the
separation of the fourth instar larvae, which obscures their
relationship with others of the same egg bateh, it was
difficult to be certain of the precise number of second-brood
bees, even with the help of photographs. (This difficulty
was also experienced by CUMBER 1949, who made an error,
however, in supposing that it applied to all pollen-storing

bumblebee species; for in B. lapidarius L., the arrangement

of the brood batches shows up quite well in the cocoon
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clusters.) In cases of doubt, the most "unfavourable® of
the possible values for the number of seéond~brood bees was
taken, so the true value of the partial correlation
coefficient (PX1X3°X2) is probably greater than that
quoted.

The relationship between the numbers of first-brood
bees (x7) and the second-brood bees (x2) is to some extent
a measure of changes in the egg-laying rate of the queens.
Thus, the significant positive correlation coefficients
of x3 on x, obtained for all three species are in agreement
with the expectation of an exponential increase in egg=laying
rate during the early part of colony development (see
Section 3.513). However, pre-imaginal mortality ensures
that the number of adult bees emerging in a brood batch is
not a reliable measure of the number of eggs laid in the cells
from which the batch resulted. Though eating of third-brood
eggs by workers of go terricola and B. perplexus was
frequently observed, egg-eating by workers probably could not
contribute to the second-brood mortality, since by the time
the earliest first-brood workers emerge from their cocoons,
all, or almost all, of the second-brood eggs have hatched,
Larval mortality due to ejection of larvae, on the other
hand, certainly occurred in several colonies of both
B. terricola and B. perplexus and in one colony of

Bo ternarius. Though accurate counts were not made of the
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numbers of larvae thrown out by all colonies, it is
interesting that in B. perplexus, Colony 3, which reared
19 adult second-brood bees, ejected at least seven
second-brood larvae, whiie in Colony 2 (48 adult second-brood
bees) no second-brood larvae were ejected.  BRIAN (1951)
recorded considerable brood mortality in B. agrorum,
chiefly in the egg or early larval‘stage9 which she
attributed to cannibalism. In my colonies, if such early
mortality occurred, it was undetected; very young larvae
were seldom ejected by any species - most were thrown out
in the late third or early fourth instar.

Ejection of larvae may help to explain why the
numbers of second-brood bees were so much fewer in
B. terricola and B. perplexus colonies than in those of
B. ternarius, though it seems that queens of the latter
species lay more prolifically than those of B. terricola
and B. perplexus, at least under the experimental
conditions obtaining here.

Ejection of larvae invariably occurred in B. perplexus
and B, terricola when colonies were accidentally allowed to
run short of pollen (5 instances in B. perplexus and 4 in
B. terricola) but in the present experiment pollen-shortage
was never permitted to occur., In many cases, especially in
B. perplexus, larvae which were ejected were observed on the
previous day to be incompletely covered by wax, so it is
possible that shortage of wax may bring about the ejection of

larvae,
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Since all the colonies used in the present
experiment were ke?t liberally supplied with food and
their workers not permitted to forage, one might expect
that the division of labour among the workers would be
heavily biassed in favour of a predominance of nurse-bees
and hence that queens would be produced earlier in colony
development than would be the case in wild colonies. This
was probably so, at least in B. terricola and B. perplexus,
but since no controlled experiments were conducted on
colonies with restricted food supply and very little
information was available as to how many workers are reared
in wild colonies of these species before the changeover to
queen-rearing occurs, the matter cannot be conclusively
settled at the present time,

The results described above provide grounds for the
hope that it will soon be possible, by using colonies
allowed to develop under controlled conditions, to arrive at a
mathematical model by which the onset of queen production may
be related to the egg-laying rate of the queen, colony-intake,
brood mortality, etc, However, any technique which seeks
to estimate the worker/larva ratio in terms of the number
of bees emerging from successive brood batches suffers from
the disadvantage that it fails to take into account the
continuous nature of colony development in bumblebees,

For though there is a pause in egg-laying between the
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completion of the first-brood egg-cells and the spinning of
the first-brood cocoons, egg-laying proceeds more or less
continuously thereafter; thus the second brood normally
consists of at least two groups of egg cells (often four
groups in captive B. ternarius colonies) located at opposite
sides of the first-brood coecoon clumpe The queen requires
several days to complete her second-brood egg-cells, so that,
while the larvae hatching from the earliest-laid second-brood
eggs are fed by the queen alone during their early
development, those hatching later are cared for by the
first-=brood workers. Similarly, the earliest second-brood
adults usually emerge before the last second-brood larvae
have ceased to fee&, Thus, (a)the influence of the first
brood is not distributed evenly among the second brood,
and (b) the second brood may be partially capable of
influencing its own differentiation,

No doubt some gain in precision would be made by
subdividing the second brood into groups corresponding to
the several batches of egg cells of which it is comprised,
but even this procedure would fail to take into consideration
the temporal differences in development between the earliest
and latest members of each batch. Such differences may amount
to several days, especially in B. ternarius, whose queens
often construct up to six egg-cells at one location (in one
colony = No. 54 = eight eells comprised one of the two

second=-brood batches).
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The most accurate method for estimating the worker/larva
ratio is by taking actual counts of the numbers of adult workers
and larvae present at successive points in time during colony
development, as was done for B. agrorum by BRIAN (1951),
I took such counts for 6 colonies of B. terricola and 5 of
B. ternarius over a two week period during which the
changeover to queen production occurred, but could find
no satisfactory way by which the production of the first gqueen
larvae could be related to changes in the worker to larva
ratice It may not be out of placeg therefore, to consider
the extent to whiech the worker/larva ratio constitutes a
satisfactory measure of the availability of larval food.

It would seem that the capacity for food intake by
the brood in a bumblebee colony should be related not only to
the number, but also to the size of the larvae present -
larger larvée being capable of greater food consumption
* than smaller onés; this is confirmed by the generally
exponential pattern of the area increase of larval clumps of
B. ternarius during the early part of their development
{see Section 3.522), Presumably, a female larva at a stage
earlier than that at which its caste becomes determined is
capable of some maximum rate of food consumption which, if
fulfilled, permits it to become queen-determined; but larvae
which are past the point at which gueen determination is

possible will not necessarily show a capacity for food
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consumption related to their size. The most extreme
disparity would be expected to ocecur among larveae which
have reached the size at whieh (a) those destined to be-
come workers cease feeding in preparatioﬁ for pupation,
and (b) those which are queen-~determined continue to dig-
play a capacity for food intake proportional to their size.
However, such error due to the presence of larvae of both
castes could not arise until after the first queens become
differentiated,

The age, and hence the size and capaci%y for food
intake, of the larvae present in a colony at any pafticular
time must be dependent upon the temporal pattern of
oviposition over an earlier time interval. The number of
adult workers depends upon the oviposition rate at a still
earlier time, Assuming that other factors (colony food-
intake, nursing behaviour and broocd mortslity) can be
accounted for, it should be possible to relate the two
variables (adult population and capacity of brood for food-
intake) to a "single" one - the form of the temporal pattern
of oviposition.

To summarise: the size (as measured by the length of
the radial cell of the forewing) of first-brood females from
captive colonies of B. fterricols and B, perplexus was
negatively correlated with their number, presumably owing to
competition for food supplied by the queen. The size of

gecond-brood females in these species and the number of
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second«breeé queens preoduced per colony in B. ternarius
was significantly correlated with the ratio @ﬁhumber of
first-brood workers to number of second-brood bees, thus
providing statistical confirmation that the worker/larva
ratio is a factor in determining caste. However, since
colony development in bumblebees is a continuous process,
the worker/larva ratio at any time is only approximately
described by comparing numbers of bees in successive
broods, An attempt to express the worker/larva ratio as
a continuous function of the queen's egg-laying rate is
deseribed in the following section.

36513 The effect of the gueen’s oviposition rate upon

the worker/larva ratio

Of the two factors which have been suggested to
explain increase of the worker/larva ratic (and hence the
onset of queen production) during colony development =
increased brood mortality and decrease in the queen's
egg-laying rate - only the latter was investigatéd during
the present study. B. ternarius was chosen for this purpose,
since (a) queens of this species are exceptionally prolific
in contract to B. terricola and B. per lexus,(b) egg-eating
was never observed in any B. ternarius colony in captivity,
and (c) once the first brood has emerged, larval mortality

appears to be very low,.
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Five colonies of B. ternarius were selected from those
started by naturally overwintered queens in Series II boxes
and were kept in darkness at 29°C with abundant honey and
pollen. A record was kept of the number and position of all
new egg-clumps and of the date on which workers emerged from
each batch of cocoons. To facilitate this as the colonies
grew populous, daily photographs were taken of each colony
with a Polarocid-Land camera; larval clumps and pupae were
identified by labelling the photographs with a ball-point
pen (see Fig. 21). At the end of colony development, the
comb was carefully taken apart so that the accuracy of the
photographic records could be checked by counting the number
of cocoons resulting from each larval batch.

Though the number of eggs in’each cell was not counted,
the number of cocoons formed from each larval clump was taken
to be closely related to the number of eggs laid in each
batch of egg cells - i.e., a constant mortality rate was
assumede Cumulative frequency diagrams of the number of eges
laid which resulted in pupae in each colony are given in
¥ig. 22, It should be noted that in all colenies the queens
were still laying when thqexperiment had to be discontinued,
though in all but one colony (No. 28) the oviposition rate
had begun to fall off by this time, Most of the cumulative
frequenecy curves in Fig. 22 have a generally logistic form,

indicating that the queen's egg-laying rate builds up to a
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maximum and then gradually falls off, as found (using
extensive methods) by CUMBER (1949).

Up to the point of inflection, the logistic curve
is approximately exponential in form so that log y = a + bt
is approximately linear. Fig 23 reproduces the date of
Fig. 22 using the logarithmic values of the egg numbers;
as expected, the relationship between the variables is
satisfactorily linear over the earlier part of the range,
The coefficients of linear regression for 1og10 number of
egegs on time were calculated for the first 19 points in
Colony 21, the first 8 in Colony 26, the first 12 in
Colony 28, the first 3 in Colony 45; and the first 9 in
Colony 49, The following values of a and b in the
equation

logijg vy = a 4+ bt

(where y = the cumulative total of adult-producing eggs and
t = the time in days since the first eggs were laid) were

obtained for each colony:

Colony no. a b
21 0.7991 0.,0322
26 0,8008 0,0301
28 009365 0.,0310
L5 007430 0,0281

49 0,7678 03370
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from which the équations appropriate to the lower parts of the
curves in Fig., 22 can be obtained as?

y = 102 (10°)°
Since bumblebee ecolonies do not normally produce
any more workers once they have embarked upon queen
production (FREE & BUTLER 1959) we may take the total
number of workers produced by a colony as being related
to the duration of its development elapsing before changeover
to queen production., The Total number of workers reared by

each of the five B. ternarius colonies was:

No., of colony Total no., of workers
21 221
26 57
28 134
ks L9
Lo 234

The total number of workers produced by each colony is
significantly positively correlated (p<0.05) with the value
of the congtant b, thus providing further confirmation that
the changeover from worker to dqueen production is determined
by the egg~laying rate of the dueen. However, it should be
re-emphasiged that the method used here to assess the ovi-

poglition rate takes no account of brood mortality.
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CUMBER (1949(, BRIAN (1951) and FREE (1955 a) all
discuss the relation of oviposition rate to change in the worker/
larva ratioc, On the basis of date obtained by using an
extensive (see Section 3.51) method on colonies of
B. agrorum, Cumber concluded that the egg-laying cycle of
the queen would account for an increasing worker/larva
ratio towards the time of queen production, but since he
found that about twice as many eggs were laid as developed
into adults, he concluded that the egg-laying cycle was
probably irrelevant and that the change in ratio was brought
about by egg destruction effected by the workers., Cumber
considered that the rate of such egg destruction must
increase suddenly, and tentatively suggested that this
might be triggered by the laying of haploid eggs.

Brian, who found no egg-eating by the workers of her
two colonies of B. agrorum, pointed out that there was no
need to postulate an increase in the proportion of eggs
eaten, since a steady rate of egg destruction, in
conjunction with the queen's normal egg laying cyele, would
be sufficient to produce the change in ratio.

It is surprising that none of these authors discussed
the mathematical implications of the various possible types
of oviposition curves. TFree suggested that, by anslogy
with other population studies, it is likely that the egg

laying eycle of gueen bumblebees assumes the form of a
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sigmoid curve., He notes that a curve of this form would
account for the sharp difference which Cumber observed in
the larva/worker ratio between bumblebee colonies which were
and were not producing queens. However, he does not indicate
at which point on the curve the ratio will start to change.

It must be noted that the relationship of the oviposition
curve to changes in the worker/larva ratio will be modified
by the rate of adult mortality and that the operative effect
of the worker/larva ratic on larval nutrition will in turn
be modified by the pattern of division of labour among the
adult workers. In the absence of evidence to the contrary,

‘ I shall assume that adult mortality is insignificant (or, if
‘significant, that the mortality rate shows no proportional
inecrease over the relevant period of colony development) and that
the proportion of adult bees which take up nursing duties

remains constant. At least the first of these assumptions

seems Jjustified in the case of my captive B. ternarius

colonies, for very few bees had died in any of them by the

time that the first queens were produceds,

We must also distinguish between curves which describe
the oviposition rate of the queen and those which represent
the cumulative total of eggs laid. The diagram given by
CUMBER (1949: Fig. 9) is of the former type, whereas the
sigmoid curve mentioned by FREE (1955 a) must presumably

(by analogy, as he says, with the results from other
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population studies) describe the cumulative total of
eggs lald, In any case, since the former curve merely
degeribes the slope of the latter, it can be obtained by
differentiating the sppropriate function. Since it is
mathematically simpler to derive the worker/larva ratio
from a cumulative egg-total curve, the following discussion
is confined to a consideration of this type.

Given a functional relationship between the cumulsative
total of adulit-preducing egges laid (y) and time (t):

y = £(%)

the worker/larve ratioc can be derived in the following way.
Assuming insignificant imeginal mortality, the number of
workers present in the colony at any time (tn) - at least
during the earlier part of colony development (during which
no male eggs are leid) - is given by the value of y at an
earlier time (tn ~ d) such that 4 = the duration of pre-
imaginal development, which may provisionally be asgsumed to

be constant. The number of larvae present at t, is given by

the difference between the values of y at (t =e) and (%t -~ e =1)

where e = the duration of the egg stage and 1 = the duration
of the larval stage, both of which are assumed to be constant.

Thueg the worker/larva ratio (R) at t, is expressed as
follows:

R = f(tn = 4)
f(ty = e) = f(tn - € = 1)
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consbant, resulting in a linear rate of increase of the worker/
larva ratio: but before the point of inflexion is reached, the
oviposition rate increases, hence the worker/larvs ratio must
increase legs rapidly than at the point of inflexion or, if
the rate of increase of the oviposition rate is sufficiently
great, not at all. Beyond the point of inflexion the ovipo=
sition rate decreases, resulting in a more rapid rate of ine
crease of the worker/larvae ratio since, while the number of
adult workers converges upon & maximum value, the number of
larvae present at any one time decreases. Thus we may infer
that the worker/larva ratio increases slowly, if at all,
during the early part of colony development, but as time pro-
gresses the rate of increzse of the ratio accelerates.

Such a pattern of increase in the rate of change of
the worker/larva ratio would satisfactorily account for the
continuous size increase observed in females of pocket=
making species, without the need to hypothesise that egg-
destruction’ is required as an additional factor. Obviously,
however, if brood mortality should increase durlng colony
development, the worker/larva retio would be even further
inereased and the production of bees of intermediate size

more completely suppressed, Nor is it necessary to postulate
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If the oviposition rate remains constent, the func-
tional relationship between the cumulative total of eggs and
time is linear in form:
y3a<+ bt

so that we may write

R = a + bltn = 4) ‘
B+ b(t, - e)] - [&+ b(t, = e = 1)]

b(t, = e) = b(t, -~ e = 1)

therefore R

therefore R = a . (6, = &)
| B(t, - €) - b(t, ~ € = 1) (%, - e) = (& -& =1)
therefore R = 3, & tn —~ &

bl 1

Since a, b, 1 and 4 are constante, R varies directly
as %, i.e. if the oviposition rate remsins constant, & linear
increage in the worker/larva ratio occurs with regpect to
time, Thus we may conclude that provided adult mortality is

insignificant, it 1s not necessary that the gueenty ovipos-

ition rate should decresge in order that an increase in the
worker/larvae ratic shall occur - a steady oviposition rate
preduces this effect.

The curves in Fig., 22 suggest the logistie function
(or some other functlion which describes an s-shaped curve)
as an appropriate mathematical model for the relationship
between the cumulative egg-total and time, Around the polnt

of inflexion the oviposition rate musgst become approximately
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the existence of a developmentaswitching mechanism which
could segregate female iarvae into one or other
morphegenetic pathway,. |

But in pollen-storing species, such as B. ternarius,
though the data discussed above show that the worker-larva
ratio increases, there is no evidence that the increase is
sufficiently sudden that it could account for the rarity of
female bees of intermediate size which is characteristic of
the species (see Section 3.41). As mentioned earlier
{Section 3.2) the changeover from worker to gqueen production
in B. terricola and B. ternarius is normally marked by the
occurrence of cocoon clumps containing both s-queens and
s-workers. Though an increased worker/larva ratio probably
provides the conditions under which such mixed clumps can
oeccur, some other factor(s) must surely be responsible
for the striking dimorphism in the cocoon sizes within them.
Attempts to identify these factors are deseribed in the next

section,

352 Characteristics of larval development
To find out how the availability of larval food
could influence the course of development of female larvae
in pollen-storing species so as to result in the production
of two clearly differentiated size groups, three aspects of
development were investigated - (a) stadial duration,

{b) rate of larval growth and (c) prepupal sizes
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3.521 The length of larval and pupsl stedie in B. terricolas

and B. fernsrius

Using a Polaroid-Land camera, daily photographs were
taken of the combs of 6 colonies of B. ternarius and 6 of
B. terricols during part of their development., Each egg-
batch, larvel clump, fourth instar larva and cocoon was
given a code number so that its progress could be followed
by inspection of the photographs which were labelled
immediately after completion (see Fig, 21).

Of these colonies, 2 B, ternariusg and all 6 B. terrieola
changed over from worker to queen production during the 16
day period over which the daily photographs were taken.
Following this period the colonies were examined from time
to time to determine the sex and caste of bees emerging from
fmixed" clumps.

Altogether, 3 mixed clumps yielding queens and workers
of B, ternarius and 6 of B. terricols passed through enough of
their development during the 16 day photographic periocd to
allow the lengths of either the larval or the cocoon period
of their occupants to be estimated.

Since all that was required was comparstive information
for the two castes, no attempt was made to determine the
preclise point in time when the larval stadium began or ended,
The first day of the larvael stadium was taken as that on

which some or all of the egg cells in the batch were observed
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to have swelled, and the first day of the cocoon period was
designated as that on which, after feeding had eceased, the
change in shape from oblate-spheroid to ellipsoid was
completed (even though the pupal eedysis does not take
place for some time after this). Both of these events
were easy to recognise from the photographs = the former
because the new wax which is added to cover the newly hatched
larvae is of a rougher texture and lighter in colour than
that of which cells containing unhatched eggs are composed,
and the latter because the adult bees remove all wax from
the cocoon as soom as it has changed shape, resulting in a
pronounced lightening in celour which shows up well even
on black and white phbtcgraphs@ Furthermore, in B. ternarius,
the faecal smears in the walls of the cocoon become very
apparent following the removal of the wax.

In some cases, usually because the cccoon was located
on the side of the cocoon clump and hence partially obscured
from view, it was difficult to decide with certainty whether
or not a larva had ceased feeding. Such individuals were
ignored, as also those (mostly in B. ternarius) which were
entirely hidden beneath the brecod clump.

Table XX gives the values for the larval periods of both
species, and in Table XXI the durations of cocoon periods are
given for B, terricola. (Though data on the lengths of cocoon

pericds of B. termarius show that the queens spend about 2 = 3
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THE DURATIONS OF THE LARVAL STADIA OF FEMAIES FROM

MIXED CLUMPS OF B. terricols AND B, ternarius

Species Colony & Duration of larval stadium (days)

clunp workers

queens

B. terricols 60F 7777
6RG 107888789

13H 978
I 88
B. ternariug 26D 778777778
F 687877
28H 77777V

99 810 8 810
10 11

101011 91010999
1191212

1

8

g 10 10 10




TABLE XXI

THE DURATIONS OF THE COCOON STAGE IN FEMALES
FROM MIXED CLUMPS OF A B. terricola COLONY (NO, 33)

Clump Duration of cocoon stage (days)
workers queens
D 10 10 9 9 9 12 12

E 9 12 12 12 12 12 11

198
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days longer as pupae before emerging than do workers, the
bees concerned were not from the same cocoon clumps, so I
have not included these results in Table XXI. In each case,
the qﬁeens spent significantly longer (P<0,C0l) in the
relevant development stage than workers in the same brood
batches, in contrast to the situation found in honeybees.

It must be stressed that the figures given in Table XX
for larval development of the bees in the same brood clumps
differ only insofar as some larvae ceased feeding earlier
than others. No account has been taken of the differences
in time of hatching from the egg. Thus it is quite possible
that the longer larval develcpment apparently shown by the
queens is merely a result of the fact that the larvae which
subsequently developed into queens hatched later than those
destined to be workers and that no real difference in duration
of larval development exists; or that a real difference does
exist but is not so great as would appear from Table XX,
However, this ambiguity is not important here, since the
argument which will be developed in Sections 3,522 and 3.533
is concerned mainly with the time at which larvae cease
feeding, irrespective of when they hatched from the egg.

It may be noted that FRISON (1928) gave detailed

information on the development of 4 B. bimaculatus colonies

from which he concluded that the larval and pupal stadia of

queens were of longer duration than those of workers or males,
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though he did not subject his data to statistical analysis.
Table XXII gives the lengths of larval stadia (in hours)
for two of Frisen's colonies, from which the following

analysis of variance was obtained:

Source Se0.S. defe BV F

Total 124,570 57

Colonies 104 1 104,

Castes 38,957 2 19,478 13418
Colonies x castes 29,04l 2 14,522 13,37 X ¥X
Residual 56;465 52 1,086

Thus, a highly significant interaction between colonies
and castes was obtained, the meaning of which is evident by
inspection of the mean stadial lengths for the three castes of

the two coloniesg

Caste Queens Workers Males
Colony 5 33265 236.0 215.L
11 280,7 25647 26543

The mean stadial length for males in Colony 5 was
shorter than that of the workers, whereas in Colony 11 the
reverse was true. Significant differences between the
means are shown in Fig., 24.

Thus, though the mean duration of the larval stadia of

queens in Colony 5 significantly exceeds that of both males
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THE DURATIONS OF THE LARVAL STADIA OF QUEENS, WORKERS
AND MAIES OF B. bimsculstus CRESSoN 1

Colony  Clump Length of larvel stadium (hours)
workers queens ' males
5 G 218 218 241 241
J 359 391
L 262
N 311 311 344
370 381

0 286 286 286
P 199 199 199 199
Q 249 249
R PAVA

11 F 240 : 240 240
G 240
L 3i1 311 311
M 290 290 290 312 312
N 190
0 240 216
R 312 240 240 312
S 290 263
T 315 289 289
U 289 26/, 289 264 264
\ 289 2091 264,
£ 243

1 from FRISON (1928)
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s P<G.001 P<0,001

Pige 28,~ Comparisons between mean durations of larvel stadia
ef sastes in bwe eolenies of Be 1 ulatus Cresson,
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and workers, no differences between the castes were evident
in Colony 11. HMoreover, the mean duration of the larval
stadia of queens and males differed significantly between
the two colonies. It is not surprising that such a situ-
ation should arise in colonies which are allowed (as these
were) to forage naturally, for FRISON (1928) noted that the
larval stadia of workefs reared in the early stages of
colony development were often much prolonged, probably
because of poor nutrition, Furthermofe, BRIAN (1951),
working with B. agrorum F., found great variability in the
‘rates at which larvae in different brood:-batches developed.
On several occasions, the adults from one batch of eggs
emerged well in advance of those from a batch laid pre-
viously, even though both groups were of the same sex and
caste. Unfortunately gqueens were not produced in either of
.Brian®s colonies, so she was unable to compare their devel-
opmental periods with those of workers and males,

Though insufficient data are at present available to
prermit statistical anglysis, it is probable that the dura-
tlon of the larval stadia of queens and males in B. ternarius
colonies kept in complete captivity at constant temperature
with abundant food becomes shorter as colony development
progresses, presumably because of the increased availability
of larval food. On two occasions, also, fourth instar lar-

vae intermediate in size between worker and queen were



204

neglected by B. ternarius queens which had reared them in
their first broods. Both larvae remained as such for over a
week without pupating. WHEELER (192&) considered the abil-
ity of larvae to survive long periods of sub=optimal nutri-
tion to be important in the origin of polymorphism in
colonies of socigl insects,

Although SLADEN (1912) had reported that the develop-
mental stages of queens were of longer duration than those of
males and workers, FREE (1955a) did not find that the dura-.
tion of the developmental stages of queens of B. pratorum L.
were greater than those of workers. Free suggested that the
duration of the pre-imsginal stages does not in itself play
an important pert in the prqduction of queen bumblebees.
However, Free's colonies were arranged to test several wor-
ker/larva ratiocs, so that the availability of larval food
would have wvaried from colony to colony. In my opinion,
useful comparisons between developmental rates of the dif-
ferent castes can only be made between individuals in the
same colony, and preferably in the same brood clump. In any
case, the relevance of the lengths of the larval stadia to
the changeover fronm worker to queen production chiefly cen-
ters around the fate of mixed cluwmps of worker and queen
larvae, as will be shown in the nest section.

Nevertheless, even within the same colony (Wo. 8),

Free found that the six queens in the first brood emerged
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before the three workers reared in the same brood clump. I
have obtained mixed queen and worker first broods in 6

colonies of B. rufocinctus, 7 of B. ternarius, 3 of

B. perplexus and numerous ( > 20) of B. terricola during the
past two years. (In fact, the rearing of queens in first
broods has been something of a problem when attempting to
rear vigorous colonies in captivity.) In all but two cases
the workers emerged before the gqueens and in the exceptions
(both B. terricola) the single woikers which emerged after
the first of the gqueens were from cocoons hidden beneath the
brood clumps and were of diminutive size.

To summarise: 1in two North American bumblebee spe-
cies (B. terricola and B. ternarius) and probably in a third

(B. bimaculatus), larvae destined to become queens cease

feeding later than presumptive worker larvae in the same
brood clump, at least in captive colonies kept supplied with
a perpetual food surplus. Though this may to some extent be
due to age differences within the brood clump (see FREE &
BUTLER 1959) in that some larvae result from eggs laid later
than others, it is likely that the durations of the larval
stadia of queens exceed:those of workers (and probably males
also). The relevance of these results to the process of
caste determination will be discussed in the following sec-

tiong,
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3.522 The development of mixed larval clumps in B. terricola

and B._ ternarius

From a study of daily photographs of B. ternarius and
B. Lerricola colonies as they approached and passed through
the period of changeover from worker to queen production, a
detailed comparison of the mode of origin of mixed cocoon
clumps (i.e. those containing both queen and workef pupae)
was made., Colonies of both species usually produced sdeh
mixed clumps, though two B. terricola colonies began queen
production by rearing clumps containing only queens and
males, and one of B, ternarius, after a period during which
only males were produced, later reared a single queen among
a bateh otherwise composed entirely of males,

As previously mentioned (Section 3.2), larvae of
B. terricola, és in other speclies of its subgenus, separate
from each other early in the fourth instar, so that the com=
pact form of the brood clump is lost. Though thencaste fates
of the larvae are probably already determined by this stage
(see following Section), it is not always possible to dis-
tinguish the castes with certainty, but after a day or two
the queens can be distinguished from males or workers by
their greater size and the less advanced state of their
cocoons, The queen larvae continue to grow after the worker
and male larvae in their brood batch have ceased feeding and

have completed thelr cocoons in readiness for pupation,
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Those larvae which became queens were almost always in the
most exposed (but not necessarily the most central) parts of
their brood clumps; and even in colonies which were well
past the changeover from worker to queen production, occa-
sional worker cocoons were found concealed underneath those
of males and gqueens, suggesting that their position had pre-
vented them from receiving enough food for them to develop
into queens.

In B. ternarius, the larvae remain enclosed within a
comnmunal wax envelope until their cocoons have changed shape
after the cessation of feeding, though as in B. agrorum
(CUMBER 1949) their relative positions become fixed by their
partially spun cocoons well before they cease to feed.

There are no external signs by which presumptive queen lar-
vae may be distinguished from workers until the latter have
ceased feeding.

Fig. 25 comprises nine photographs taken at 24 hour
intervals of part of the comb of a B. ternarius colonj (No.,
L45) reared and maintained in complete captivity during the
summer of 1965. The brood clump “C¥" was the first "mixed"®
clump (fifteen workers and three queens) to be produced by
this colony; its development was similar to that of the ear-
liest mixed clumps in all the other B. ternarius colonies
studied. It will be seen that the presumptive queen larvae

(Cgs Crs and Cqy) were not distinguishable from the workers
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until most of the latter had ceased feeding and had had the
waX removed from their completed cocoons (5th day). By the
sixth day, all the worker cocoons had been completed and the
three queen larvae were distinctly larger than any of the
worker cocoons, and by the ninth day all three gqueen larvae
had ceased feeding.

Since all the mixed (i.e. worker and gqueen) clumps in
B. ternarius colonies (24 were studied) at the point of
changeover originated in the same way, we may assume pro-
visionally that this mode of development is characteristic
of the species, in which case the interesting question
arisesé are the larvae which develop into queens already
caste=-determined by the time that their worker clump-mates
cease feeding, or is the latter event causally connected
with their differentiation into queens? An attempt to pro-

ide a partial answer to this question is described in the
following sections; at this point the results of a procedure
for estimation of the rate of growth of B., ternarius are
discussed.,

Since the daily photographs of B. ternarius colonies
were taken at a fixed distance from the surface of the comb,
the dally increase in area of the larval clumps may be taken
as a measure of their rate of growth (though because the
clumps were not equidistant from the lens of the camera,

comparison between the areas of different clumps would be
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misleading). Areas were measured by projecting the photo-
graphs with an epiééscope and tracing the outlines onto
paper, from which area measurements were taken using a plan-
imeter. The dally area increase in two mixed clumps from
Colony 26 and two from Colony 28 are shown in Fig. 26, An
arrow on each plot marks the point at which all the worker
members of the clump had ceased feedling.

The curves in Fig. 26 are obviously sigmoid. The
cessation of feeding of the worker larvae does not appear to
have much effect upon the shape of the curve, i.e. the
increase in size of the remaining (queen) larvae allows the
geéneral sigmoid form to be continued until these queen lar-
vae have ceased to feed, This seems tovsupport the hypo-
thesis (developed in the following section) that the rate at
which food is brought to a mixed larval clump does not
sharply decrease when its worker members cease feeding; from
which it follows that the remaining queen larvae must
receive an increased rate of food supply when their worker
clump-mates cease to feed,

30523 Caste determination in female larvae of B. terricola

pretomem ey

and B. ternarius

To find out whether queen determination occurs during
or prior to the fourth instar, a study was made of the rela-
tion between the width of the last larval instar (fourth)

head capsule and the welght of prepupae.
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Two colonies of B. terricola and two of B. ternarius
were reared Irom naturally overwintered queens in the summer
of 1966 and allowed to develop in captivity at 30°C with
abundant honey and pollen. Prepupse were removed from the
colonies by cutting open recently completed cocoons, and
after weighing, were chilled for about 5 minutes at 1°C to
render them temporarily immobile. After positioning the
brepupae in the grooves of a piece of corrugated cardboard,
their head capsule widths were measured under a microgcope
with a graduated eyepiece,

After they had been measured, and in ordexr that their
sex might be determined, the prepupae were held at 32°C (RH=
50% approxX.) until they had pupated. The sex of bumblebee
pupae is easily ascertained by inspection of the genital and
sting rudiments (Fig. 27). Adults from the pupae of
B. terricola thus obtained were allowed to emerge and their
radial cell lengths were measured, but shortage of time did
not allow this to be done for B. ternarius.

Data for both species are given in Tables XXIII and
XXIV and in Pigs. 28=30. A significant positive linear cor-
relation (p < 0.01) between prepupal weight and head capsule
width was obtained for B. terricola, but inspection of Fig.
28 shows that we are evidently dealing with two populations
which do not show an overlaé of valuves of either character.

Furthermore, two cocoon clumps (C and D) from the second



Fig, 27.=- Ventrsl views of the nosterior abdominal
segments of B. ternarius vpunae {unpper = Temale,

lower - male).



TABLE XXIII 214

PREPUPAL WEIGHTS, FOURTH-INSTAR HEAD-CAPSULE WIDTHS AND RADIAL
CELL IENGTHS OF FEMALES REARED IN TWO B. terricola COLONIES

Colony Brood Clump Prepupal Head-capsule width Radial cell length
weight
mgm 1 uwnit = 0,025 mm 1 unit = 0,051 mm

1l First A 215 TR
- 23R T4
171 75
209 75
205 72
199 75
8 First A 139 72 47
131 72 45
171 71 51
146 73 50
Second B 247 73 56
223 7, 53
206 70 50
212 7L 55
240 72 55
222 75 55
C 213 73 55
T4 g1 70
152 72 46
67 69 36
148 13 &7
692 78 73
761 22 72 S
195 76 51
228 76 53 R
597 83 70
740 79 73
798 R 75
705 81 T4
714 78 T4
738 83 Tl
a2 & 75
D 753 78 73
201 Tk 59
735 77 75
755 78 T4
752 78 76
753 83 75
793 83 76

762 R 76




TABLE XXIV 215

FREPUPAL WEIGHTS AND FOURTH-INSTAR HEAD-CAPSULE WIDTHS
OF FEMALES REARED IN A B. ternarius COLONY

Brood Clump Prepupal weight Width of fourth-instar head-capsule

mgm 1 wnit = 0,025 mm
First A 98 70
115 68
88 69
110 yal
119 67
Third G 550 70
618 70
148 64,
20/, 70
140 70
135 66
219 75
180 68
122 63
179 65
178 65
169 69
147 67
184 65
H 219 72
228 72
202 75
140 7L
760 71
197 74
205 74
168 71
169 69
200 73
497 70
I 158 70
166 68
166 71
655 77
597 76
642 78
569 70
621 73
601 T4
650 69
156 72

169 67
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brood of Colony 8, contained members of both of these popu~
lations,

It may be noted that within Colony 8, the radial cell
lengths of the adults are highly correlated with prepupal
weight (r = 0.9773" " for 32 d.f.). The width of the fourth
instar head capsule is also highly significantly correlated
(r = 0.8857**F for 32 d.f.) with radiel cell length. BSince
the partial correlation coefficient for head capsule width
on radial cell length, keeping prepupal welght constant, is
also highly significant (r = 0.6333***rfor 31 d.f.), it
seems that adult size is influenced by the size of the lar-
vae as they begin the fourth instar, independently of the
size attained by the prepupal stage.

The regression of radial cell length on prepupal
weight is obviously non=linear (Fig. 30a). Physical con=-
siderations would suggest a relationship of the form:

radial cell length = (weight)1/3
Accordingly the logarithms of the prepupal weights were
plotted against the logarithms of the radial cell lengths
(Fig. 30b). The correlation coefficient for log prepupal
weight on log head capsule width is 0.9916 ™ ®ror 32 d.f.,
indicating a better fit than was obtained with the untrans-
formed data., The appropriate regression equation is:

X = 1.0784 & 0.276y |

where X = logqg radial cell length and § = logig prepupal
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weight. The slope (0.276) is significantly (p < 0,001) less
than the expected value of 0.5 but no explanation has been
suggested for this.

In B, ternarius, though the distribution of prepupal
weights is again heterogeneous with no overlap (Fig. 29)§
the range of head capsule widths of s—quéens overlaps that
of s-workers. Furthermore, though the head capsule widths -
of the s-queen prepupae in the final mixed clump which was
produced in the colony (Clump I) are mostly greater than
those of the s-workers in the same clump, there is no evi-
dence that within the earlier mixed clumps (G and H) the
s=queens have larger head capsules than the s-workers.

It follows, therefore, that if the existence of a
difference in the width of the fourth instar head capsule of
the two castes can be taken as evidence that the caste fate
of larvae is determined by the end of the third instar, we
may conclude that in B. terricola at least, such an early
determination coes oceur. The only alternative explanation
for the data which has so far been suggested is that the
head capsule might be somewhat extensible, so accounting for
the greater widths in B. berricola s-queen larvae, but this
explanation would require as é sub~hypothesis that the head
capsules of B. terricola behaved differently from those of
B. ternerius. In any case, if the variability in head cap-

sule width were attributable to expansion during fourth
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instar larval growth, one expect an overall regression (not
necessarily linear) to be continued within as well as
between the two size groups. This is clearly not the case
in Fig. 28,

Assuming, then, that the width of the fourth instar
hesd capsule as measured on prepupae is a reliable indica-
tion of its size at the start of the instar, we may presume
that the size of the larvae as they enter ecdysis at the
close of the third instar is related to their caste fate.
Whether large larvae at this stage of development inevitably
become queens is not known, but should provide an interesting
topic for further study. In any event, it is unlikely that
queen determination in B. terricola is a matter of simple
correlation between size {e.g. at the beginning of the
fourth instar) and the potentiality for subsequent growth,
if only because the distribution of the head capsule widths
is so much more continuous than that of prepupal weight.
Some sort of “threshold" concept seems unavoidable at pre-
sent in our approach to caste determination of B. terricola
and allied specles, 2nd in the absence of any detectable
external event which could be linked with the origin of the
very striking difference between the sizes of mature larvae
of the two castes, often even within the same brood clump,
it must be supposed that the mechanism which so effectively

separates the defelopmental pathways is of an internal
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physiological nature., How 1% operates is unknown.

The situation in B. Sernarius may be rather gimpler,
Though the absence of any elear difference between the head-
capsule widthe of s-queen and s-worker prepupae is not by
jtself evidence that the larvae remain undetermined until
the fourth instar, the observations discussed in the pre-
vious section, taken together with the head capsule data,
are consistent with the following tentative hypothesis,

At the point of changeover from worker to queen pro-
duction, the capacity of the colony for brood feeding is
pregumably inadequate %o allow the rearing of more than a few
queeng from all the available female larvae., Thus most of the
larvae in each brood clump cease feeding end complete their
cocoong when they have reached worker slze., However, because
the larvae in a clump vary somewhat ln age (see Sections 3.1
and 3.52) it will seldom happen that all of them cease feeding
gimultaneously. We may suppose that those still feeding
after their sisters have ceased receive a sudden surplus of
nursing attention which causes the onset of pupation to be
delayed until the larvae have attained queen size.This hypo-
thesis, which is consistent with the facts as they are known
at the present time, suggests that the tdiscontinuity
mechaniem® (i.e., the isolstion of larvae by the pupation
of their clumpmates) is at least in part external to the

1larva., However, at least one physiological mechanism is
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required to explain the absence (or great rarity) of inter-
mediate size bees; why do not some larvae cease feeding when
they are larger than worker- yet still smaller than queen-
size? It is hoped that future experiments will help to pro=-

vide an answer to this problem.
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3.6 Conclusgions

The two aspects of the caste phenomenon which have
been investigated in this thesis=mthe origin of size dimor-
phism and the relationship between adult size, environment
and caste fate--though obviously interrelated, may neverthe-
less deserve to be considered separately as the manifesta-
tions of two stages in the evolution of caste in Bombus.

In claiming advanced status for the subgenus Bombias
on the grounds that only one egg is laid per cell, HOBBS
(1964a) gives a very misleading impression. In that they
rest upon a supposed homology between bumblebees and honey-
bees, Hobbs' arguments do not seem very convincing, but even
if it were accepted that the oviposition behaviour of
Bombias queens is of an advanced and specialised type, there
are good reasons for considering that so far as the evolu-
tion of caste is concerned, the species of Bombias and other
pocket-making subgenera are representative of a more primi-
tive state than that reached by the pollen-storing speclies.
I see no reason, therefore, to doubt that the discontinuous
female size distributions achieved in the latter group had
its evolutionary origin in the continuous distribution of
female size which is characteristic of the pocket-makers,

CUMBER (1949) suggested that the method: of larval
feeding used by pocket-makers could be a sufficient cause of

the greater variability in the size of their adults, but as
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mentioned earlier, the Tact that continuous size distribu=
tions resulted even from colonies unable to practise thelr
normal method of larval feeding, throws doubt upon Cumber?s
suggestion. Probably the continucus distribution of female
gsize in pocket-meking specles is related to the physiological
mechanlsme which control growth and ecdysis in thelr larvae,

Although the pocketi-makers have not evolved a mecha-
nism which so efficlently suppresses the production of female
bees of intermediate size, as has been developed in pollen=
gtoring species, they do show a well developed funetional
caste differentiation related in a general way %o adult
size, It is for this reason that I have considered it Justi-
fiable to separate caste differentiation from size deter-
mination. BRIAN (1957) expresses the two concepts by
stating that in Bombusg caste 1s a matter of size and die-
pause,

More work of the sort described in Section 3.3 will e
needed before the relationships between caste funetion, adult
size and imaginal experience can be known in detail. It
should be posaible %o extend such studles to include mating
and hibernation behaviour in females of both pollen-storing
snd pocket-meking specles. The negative correlation between
welght-galin and ovary development that was demonstrated in
females of B, ternarius and B. perplexus (see Section 3.3)

supports the hypothesis that diapause as a physiological
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state in Bombus is connected with fat body status, at least
in thess two species. It was also demonstrated that if one
accepts that oviposition without prior hibernation 1is a
defining characteristic of worker caste=funetion, the caste

fate of B. terricola s-dqueens appears to be modifiable by

the imaginal environment., In default of reliable technigues
for the estimation of small changes in fat body status, it
was not possible to be certaln that s-wWorkers experisnced
analogous changes in Tat body status during early imaginal
1ife to those experienced by dqueens, but such results as
were obtsined sugzested that CUMBER's (1949) claim that
queens and workers represent two physiologically distinct
types may need some critical re-ecxamination. The valldity
of the experimental results upon which Cumber based his
claim may be open %o question, I do not eonsider that
imaginal caste differentiation can be discounted, at least
for pocket-making speclies, on the basis of the information
which we have available at present.

Determination of adult female size was studied by
examining colony and larval development in captive colonies

of B, terricola, B. perplexus and B. ternariug. A progres-

give lncrease in the size of females emerglng as colonles
developed was found in B. perplexus, in some coloniesg of
B. terricola, but not in the single colony of B. ternarius

which wae studied. Unfortunately, it was not possible to
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obtain detailed information on the gseasonal variation of
female size in either of the two pocket-making species coi-
mon near Winnipeg (B. borealis and B. fervidus) but observa-
tions on captive colonles of these specles suggested that a
progressive size lncrease occurs throughout thelr colony
development, as in B. perplexus.

The size of the females of first broods of both
B. terricola and B. perplexus (ss measured by the lengths of
the radial cells of thelr forewings) was shown %o be in-
versely proportional to the number of bees in each brood,
since excess food was always present while the first-brood
1arvae were being fed, 1t was inferred that the size of the
first-brood adults must be limited by "competition® for
nursing attention from the queen.

The size of second-brood females of B. terricola and
B. perplexus was found %o be significantly correlated with the
ratio of number of first-brood workers/ number of gecond-brood
larvae. Algso correlated with this ratio was the number of
gqueens produced in second broods of B. ternarius colonies. It
was also shown that the fotsl number of workers produced in
B. ternarius colonles was highly correlated with the constant b
in the function: logig ¥y = & + DT which satisfactorily
desoribes the early part of the cumulative adult-producing
egg-total curve. ©Slnce egg destruction was at no time

observed in B. ternarius colonies, it was assumed that the
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ratio of number of egge lald to number of resulting gdults
remained constant during at least the earlier part of colony
development.

Insofar ag bumblebee colonies which change over to
queen production early rear fewer workers than those whose
changeover is delayed (but see below) we may elaim that in
B. &ternariug the association between the egg-laylng curve
and total number of workers produced is evidence for the
dependence of the changeover upon the oviposition rate. In
Seetion 3.513, the five B, termarius colonies whose egg=laying
rotes were studied gave sigmoild cumulative egg-total curves.
Assuming insignificant pre-imaginal mortality, the worker/
larve ratio should therefore show an increasing rate of
inerease as colony development proceeds. In the vicinity
of the point of inflexion, the worker/larva ratio must
show an approximately linear rate of increase, but above
the point of inflexion the ratio should increase more and
more rapidly. It may be concluded, therefore, that
{making the assumptions specified sbove) 1t is not necessary
for the queen's oviposition rate %o decline in order that

the ratio should start to increase; all that is required is
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that the increase in oviposition rate should fall off,

Since the colonies used in thig study were reared and
maintained under highly artificial conditions, it is neces-
gsary to consider to what extent the conclusions reached here
can be applied to the development of bumblebee colonies in
the wild state. Though records of the numbers of bees‘pron
duced in wild colonies of bumblebees in southern Manitoba
are scanty, it has been noted above that those of
B. terricola and B. perplexus probably achieve larger worker
populations on average than those I reared and kept in cap-
tivity. Captive B. fernarius colonies, on the other hand,
usually achieved worker populations as large as, or larger
than, the worker populations reported in the few wild
colonies of the speclies taken in the Winnipeg area,

It seems difficult to explalin these results on the
basis of CUMBER's (1953) suggestion that liberal colony food
intake tends to hasten the changeover from worker to gueen
production, for if the B. terricola and B. perplexus
colonies started queen production abnormally early because
the colonies were liberally fed, why did not the
B. ternarius colonies, all of which had surplus honey and
pollen present at all times, also undergo premature change-
over to queen production?

Perhaps the explanation lies in differential brood

mortality. As noted earlier, egg eating and ejection of
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larvae were commonly observed in colonies of B. terricola
and B. perplexus, but egg eating was never seen (and ejec=-
tion of larvae only rarely) in B. ternarius colonies. This
is reflected in the figures for numbers of second-brood
adults in the three species (Table XIX). In any case, the
effect of colony food intake upon the onset of queen produc-
tion is likely to be complex, since both variables are pre-
sumably linked to the queen's oviposition rate, brood mor=
tality and forager/house-bee polyethism. For example,
though an increased colony food intake may be supposed to
result in more liberal larval nutrition both (a) directly,
inasmuch a8 more honey and pollen will be available per
larva, and (b) indirectly in that the division of labour
among adult workers may be shifted in favour of a greater
proportion of house-bees (see FREE 1955b), the effect may be
to some extent counteracted by (c¢) increased oviposition, and
(d) lower larval mortality. In species such as B. perplexus,
where ejection of larvae may be of regular occurrence (see
Sections 3.2 and 3.51), increase of the worker/larva ratio
by worker-regulated larval mortality could possibly be of
great importance in initiating queen rearing.

Further speculation on the factors responsible for
the c¢hangeover to queen production in wild colonies nmust
awailt the results of more research, but at least it 1is fair

to conclude that some of these factors, insofar as they were
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inoperative in captive colonies, do not play an essential
part in the process. For instance, CUMBER (1949) states
ﬁhat in colonies of pollen-storing specles it is thought
that . . . there is a sudden change to all or almost all
male brood when the eggs giving rise to the sexual forms are
laid, so that a return to female brood occurs at a higher
level of economy in the colony." By this he seeks to
explain the rarity of femsles of intermediate size. Though
I do not gquestion Cumber'®s suggestion that a preponderance
of male brood exerts a stabilising effect upon female size,
the experimental results presented above (Sections 3.4 and
3.5) refute the hypothesls that the production of the first
gueens is consequent upon any sudden change to all or almost
all male brood. Such a sudden change at about the time that
the first queens were reared did occur in some captive
colonies, but it was by no means general-=the first queens
in B. terricola and B. ternarius usually resulted from brood
batches which also contained workers, and though males were
generally reared shortly thereafter, in at least three
colonies of B. ternarius a series of two or more mixed:
gueen/worker brood clumps were produced.

Similarly, though failure to observe the occurrence
of egg eating in B. ternarius colonies is‘not proof that it
never occurred, it seems unlikely that destruction of éggs

by workers could have contributed much to the changeover
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from worker to dqueen production.

In B. perplexus, which exhibits a fairly continuous
range of female size, the progressive increase in the size
of female bees produced throughout the course of colony
development is probably explicable in terms of a gradually
increasging worker/larva ratio, coupled with random differ~
ences in the nursing attention given to larvae within the
same brood bateh. Perhaps, as suggested by CUMBER (1949),
differences in age among the larvae in each brood clump con-
tribute to the variability in size, in that those larvae
which are youngest may recelve food at a rate appropriate %o
the size of their older companions. The data given in Sec=

ion 3.41 indicates that where males are feaﬁed 8t the same
time as the first s-queens, thelr presence may help %o pro-
duce discontinuity in size between s-workers and s-dueens.

The measurements on prepupae of B, terricols and
B. ternariug appear to show that the two species differ in
the point at which the caste fates of female larvae become
getermined., Determination in B. terricola occurs before the
fourth instar, whereas B. ternariug larvae remain undeter-
mined (at least ag far as thelr head-capsule widths are con-
cerned) until in the fourth instar. Observations on the way
in which mixed gueen/worker clumps originate suggests that a
possible mechanism for the productlon of s-queens in

B. ternarius may involve the #isolation? of presumptive

P
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queen larvae by the pupation of the other bees in their
clumps. Such isolation could result in extra lavish feeding
which perhaps has the effect of postponing the onset of
pupation. This hypothesis should be tested experimentally.

I feel that in the present state of our knowledge, 1t
ig impossible to avoid the conclusion that caste differen-
tiation in B. terricola is effected by means of some inter-
nal physiological mecharism which switches the larvae into
one pathway or another (see BRIAN 1957), of which the dif-
fering head capsule widths are the earliest obvious external
manifestation. Because female bees of intermediate size,
though rare, do occur in B. terricola colonies, I suggest
that if such a mechanism exists, it is likely that whide

worker larvae are determined (in the sense that however

liberally they are fed subsequently, they are unable to
exceed a certain size before they cease to feed in prepara=
tion for pupation), presumptive queen larvae enter the

fourth instar only as queen-potential in the sense that if

undernourished during the fourth instar they may nevertheless
survive to become adults of intermediate size. The elucida-

tion of the mechanism of'caste determination of larvae of

B. terrigcola and allied species presents a fascinating field

for fuithef‘study@



CHAPTER IV
SUMMARY

1. In this study some aspects of domestication and caste
differentiation in bumblebees (genus Bombus Latr.,
Hymenoptera) were investigated. The need to increase wild
populations of these insects has been recognised by numerous
authors, some ©f wWhom have maintained that domestication
should constitute an essential part of this process. The
phenomenon of caste also has some bearing upon the economic
usefulness of bumblebees, in that pollinating efficacy of
bumblebee colonies depends upon the synchronisation of their
maximum foraging capacity (coincident with the attainment of
peak worker population) with the time of flowering of the
crop to be pollinated.

2. Domestication experiments were restricted to an
attempt to clrcumvent the problems of inducing captive-
bumblebee queens to found colonies in the laboratory, with
the eventual aim of developing techniques for maintalning
laboratory cultures on a year-round basis. Colony founding
trials were run on eight of the species occurring in and
around Winnipeg, using (a) naturally overwintered (b) arti-
ficially overwintered and (c¢) non-overwintered queens.,

3. Two patterns of laboratory nest box, incorporating

features from the designs employed by previous investigators
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as well as a number of original features, were tested on
naturally overwintered queens., In the first type (Series
II), Tun at 29-30 C in total darkness, each nest box con-
sisted of a pair of small glass-covered wooden boxes with
corrugated cardboard floors and with or without nest mater-
ial. The second pattern of nest box (Series III), held at
room temperature on the laboratory bench, comprised a larger
glass-covered wooden box for feeding and defaecation and a
smaller box, lined with upholsterer's cotton, in which a
central honey-smeared cavity contained a lump of pollen
dough. Both types of nest box were effective in stimulating
colony initiation by most of the species tested, though.

B. fervidus (F.) could not be induced to start colonies in
any type of nest box. Of the species in which twenty or
more queens were tested, very successful results, both-in
incidence of oviposition and rearing of first broods, were
obtained for B. terricola Kirby (an important alfalfa pol-
linator) and Ee perplexus Cresson using Series III boxes in
both 1965 and 1966, while B. ternarius Say appeared to start
colonies most readily in Series II boxes. Of the other
species, in which only small numbers of gqueens were avall-
able, encouraging results were obtained in Series II for

B. nevadensis Cresson and B. vagans F. Smith, and in Series

IIT for B. borealis Kirby and B. rufocinctus Cresson.

Oviposition occurred more rapidly in Series II boxes
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containing pairs of B. ternarius queens than in those in
which queens . wére confined individually, but it was shown
that this does not necessarily mean that queens confined in
pairs show an inter-stimulatory effect, In Series II boXes
containing pairs of gueens, one dqueen almost invariably died
at about the time that the first eggs were laid, but the
survivor generally succeeded in rearing the brood. The pre-
sence of nest material in Series II boxes was not found to
encourage colony initiation and probably actually inhibited
successful colony founding in some cases. Even at room tem=-
perature queens of several species constructed thelr first
egg cells in unenclosed situations, confirming the sugges-
tion of HOLM (1966a) that the presence of nesting material
is not an essential factor for eliciting oviposition in
gueen bumblebees.

b, Attempts were made to get colonles started by artifi-

cially overwintered queens of B. terricola, B. nevadensis,

B. borealis, B. rufocinctus, B. perplexus and B. ternarius,

using a variety of experimental methods, DBest results were
had with B. terricola, but some success was obtained for all

species. Though large colonies of B. rufocinctus and -

B. ternarius were reared, premature changeover to the
rearing of sexual forms was found to be a frequently occur-
ring problem with colonies started by artificially overwin-

tered gueens. Thus, though the number of first-brood eggs
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and the radial cell lengths of first=brood females from
colonieg of B. terricola started by artificially overwin-
tered queens did not differ significantly from similar data
for colonies started by naturally overwintered queens, the
incidence of queens and males in second broods was higher in
the former group than in the latter.
5e Oviposition by non=-overwintered queens cceurred in

B. terricola, B. nevadensis, B. rufocinctus, B. perplexus

and B. ternarius. Though some vigorous colonies were

obtained, and a culture of B. rufocinctus was maintained

over four generationé, e number of technical problems remain
to be solved before colony founding by non-overwintered
queens can be used as the basis of a reliable method of
bumblebee domestication.

6, To determine whether caste status is irrevocably
fixed by the beginning of imaginal 1life, female bees were
removed from colonies of B. terricola, B. perplexus and

B. ternarius either just before or just after they emerged
from their cocoons and were held at 32°C with abundant honey
and pollen. An estimate of changes in the fat-body status
of these bees was obtained by daily weighings, and at the
end of the experimental period each bee was dissected and
the state of its ovaries and fat body noted. In queen-glze
bees of B. perplexus and B. ternarius, ovary development was

significantly negatively correlated with weight gain,
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indicating that those bees which laid down least fat body
underwent the greatest ovary development during the experi-
mental period. Many queen=-size bees of all three speclies,
2gs well as most worker-size bees of B. ternarius, laid eggs
during the experiment, although none had mated., The inci-
dence of egg-laying in B. terricola was significantly
greater when queens were confined in pairs than when they
were in solitary confinement. If egg-laying without mating
or prior hibernation is taken as a defining characteristic
of the worker caste, then it may be concluded that (a) not
all queen-size imaginal females are irrevocably determined
as functional queens, and (b) the caste fate of queen-size
bees, at least in B. terricola, can be modified by imaginal
experience., Further investigation will be needed to dis-
cover whether a classificatory physiological separation on
the basis of fat-body metabolism can be used to distinguish
queens from workers.

7 Colonies started by queens in leboratory nest boxXes
and meintained in total captivity with abundant food were
found to show a pattern of development similar to those in
the wild state, though in some species the changeover to
queen production may have occurred carlier in captive than
in wild colonies. Bimodality in the distribution of female
size was more pronounced in captive colonies of "pollen=

storing" species than in those of "pocket-makers" even
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though captive colonies of the latter group were not per-.
mitted to feed their larvae in the usual manner due to the
abnormal way in which pollen was supplied to the colonies,
It was concluded, therefore, that the feebler dimorphism in
size between queens and workers in pocket-making than in
pollen-storing bumblebees cannot be fully explained by the
difference in mode of larval nutrition normally existing
between the two groups. In captive colonies of B. perplexus,
a species which seems to have affinities Wiﬁh both &roups, &
progreséive increase in the size of femeles reared during
colony development was usually found, in contrast to two
charscteristic pollen-storing species, B. terricola and
B. ‘ternarius, in which the changeover from worker to queen
production is generally marked by a sudden increase in the
size of females produced.

8. The radial cell lengths of first-brood females of

B. terricola and B. perplexus were negatively correlated
with the number of bees per brood and the radial cell
lengths of second-brood females of the same species were
negatively correlated with the number of bees in each second
brood and positively correlated with the number of first-
brood workers. In B. ternarius, the number of queens pro=-
duced in the second brood was also negatively correlated
with the number of second-brood bees and positively corre=-

lated with the number of first-brood workers. These results
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support the claim of previous investigators that the worker/
larva ratio is an important factor in the changeover from
worker to queen production in bumblebee colonies, An
jnerease in this ratio could result either from inereased
brood mortality or from changes in the egg-laying rate of
the queen, No attempt was made 1in this study to obtain
quantitative data on brood mortality, but in both
B. perplexus and B, terricola eggs were eaten by workers and
apparently healthy larvee were ejected from colonies. Egg
eating was not observed in captive B. ternarius colonies and
1arvél ejection seldom occurred from gecond and gucceeding
broods of this specles. Accordingly, an attempt was made to
asccount for the changeover from worker %o dqueen preduction in
B. ternariug in terms of the queen's oviposition rate, by re-
cording the number of adult-producing eggs 1aid over the first
60 days of colony development in five colonies.. The cunul-
ative toital of nuwber of adult-producing eggs plotted agalinst
time gave & sigmoid curve for each colony, and the congtants
of the exponential equations which fitted the lower parts of
the curves were significantly correlated with the total number
of workers produced by each colony. A theoretical investigo-
tion of the mathematical implications of the forms of ovipos-
1¢tion curvee on changes in the worker/larve ratio showed that
s sigmoid cumulative egg-total curve implies an increasing

rate of increase of the worker/lerva ratio as colony develop=
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ment proceeds., Even were the queents oviposition rate %o
remein constant the worker/larva ratiec would show & linear
rate of increagse provided that adult mortality remeined
insignificant,
% To investigate the mechanism of queen determination
in larvae of pollen-storing species, detailed observations
on the process of changeover from worker to dueen produetion
in ecaptive colonies of B, terricols and B. fernarius were
made, 1In most colonies of both species, the firgi dqueen
larvee developed in brood clumps which also contained worker
larvae, In such mixed clumps, the presumptive queen larvae
ceased feeding later than thelr presunptive worker compan-
jons. In B, terricols, the fourth-instar head-capsule
widths of presumptive queen larvae were wider than those of
presumptive worker iapvae in the same brood bateh, sug-
gesting that 1in thie species caste is already determined by
the close of the third inster. But in B. ternarius, though
a marked discontinuity between the prepupal weighte of the
two castes was found, and though the fourth-insgtar head-cap-
sule widths of presumptive queen larvae in later batches
generally exceeded those of presumptive workers in the same
elumps, in the garliiest mixed clumps of the colony which was
studied the heasd-capsule widths of fourth-instar larvae of
the two castes showed an overlepping distribution, nor was

there any evidence that the head-capsule widths of presump-
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tive queens tend to exceed those of presumptive workers.
Possibly, therefore, the caste fate of B. ternarius lar-

vae remains undetermined until the fourth larval instar; it
is suggested that the first queens produced during the devel-
opment of colonies of this species may result from a sudden
increase in rate of food supply to one or more larvae in a
clump (brought about by the pupation of all other individuals
within that clump) having the effect of postponing the onset
of pupation and thus allowing these larvae to continue feed-

ing until they reach queen-size.
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1. B. terricola

APPENDIX

TABIE XXV

COLONY FOUNDING BY NON-OVERWINTERED BUMBLEBEE QUEENS

one queen per box

Box no. No. of days between Remarks
ingtallation and
egg=laying

i 12

2 no eggs laid queen died on day 13

3 i n discontinued on day 20
4 it i it i ]

5 " " discontinued on day 15
6 n n discontinued on day 20
7 " " discontinued in day 15
8 " " queen died on day 9

9
10 no eggs laid discontinued on day 20
1 n u wax secreted; discontinued on day 20
12 " " discontinued on day 15
1 3 L] 9 it #
14 i # f i

15 n i discontinued on day 17
16 8
17 no eggs laid discontinued on day 13
18
19 12
20 9
21 no eggs laid discontinued on day 13
22 n i digcontinued on day 21
23 12
24 no eggs laid died on day 2

25 n " egg cells on day 12 but no eggs laid
26 o died on day 12
27 f " discontinued on day 16
28 12
29 no eggs laid died on day 8

Boxes in which eggs were laid @ number = 8

28

i

% of total




B. terricola contd.

TABIE XXV contd. 251

two queens per box

Box no. No. of days between Remarks
installation and
egg-laying
1 6
2 6
3 18
4 4 one queen escaped
5 no eggs laid discontinued on day 22
6 7
7 12
8 no eggs laid one queen died on day 10
9 3
10 no eggs laid both queens dead by day 8
1 f i both queens dead by day 10
12 u # both queens dead by day 11
13 10 both queens died on day 10
14 no eggs laid discontinued on day 12
Boxes in which eggs were laid number = 8

% of total 57




TABIE XXV contd.

252

2, B. termarius one queen per box
Box 1o, No. of days between Remarks
ingtallation and
egg=laying
1 no eggs laid discontinued on day 24
2 n u queen died on day 7
3 " " discontinued on day 18
4‘ it 1} i ]
5 ] L] 1] 4}
6 12
Boxes in which eggs wers laid number = 1
% of total = 17
two queens per box
Box no. No. of days bstween Remarks
installation and
egg=laying
1l 12
2 10
3 1
Boxes in which eggs were laid s number = 3
% of total = 100




TABIE XXV contd. 253

3. B. perplexus one queen per box

Box no, No, of days between Remarks
installation and
egg-laying
1 6
2 6 queen died on day 12
3 no eggs laid discontinued on day 18
Boxes in which eggs were laid : number

= 2
% of total = 67

two queeng per boX

1 no eggs laid discontinued on day 13
2 ] " ] f
Boxes in which eggs were laid 3 number = 0
% of total = O
Lo Be. fervidus one queen per box
Box no,. No. of days betwsen Remarks
ingtallation and
egg=laying
no eggs laid discontinued on day 381
" 1 disconbinued on day 34
3 il i 1] 4]

; This queen was provided with comb, workers and nest material



TABIE XXV contd. 254

B, fervidus contd. one queen per box contd.
Box no. No. of days betuween Remarks
installation and
egg=-laying
& no eggs laid discontinued on day 18
5 4] ] i i
6 n L] f n
7 ] i1 ] i
g # # ] ]
9 1 u queen died on day 8
Boxes in which eggs were laid ¢ number = 0
% of total = O
two queens per box
no eggs laid discontinued on day 17
i 1 9 1]
Boxes in which eggs were laid ¢ number = 0
% of total = O
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B. ternarius contd.

TARIE XXVI contd.

An= 10 nest material, queens confined

One queen per boX 1965

in a cage for one week prior to

258

ingtallation
BoX noe No. of days between Adults Remaxks
installation and reared
egg-laying
i L8 *
2 6 +
3 no egegs laid = disconbinued on day 50
A u u o discontinued on day 50
5 30 *
6 45 +
7 30 +
8 36 - queen died while brood still
larveae
B = with nesgt material
BoxX 1nOe No., of days between Adults Remarks
ingtalletion and reared
egg=leying
1 no eggs laid o discontinued on day 22
2 i u - discontinued on day 22
3 19 + nest consgtructed in nest
material
b no eggs laid - discontinued on day 22
5 " " = discontinued on day 22




TABIE XXVI conbde 259

B. terparius contd. Two queeng per boX 1965

¢ = po nest materisl

Box noe No. of days between Adults Remsrks

jnstellation and reared
egg-laying

1 no eggs laid o discontinued on day 22

2 6 %

3 18 +

4 14 +

5 8 = queen died on day 17

6 6 - brood neglected

7 A %

8 5 *

D = with nesgb material

Box no,  No. of days between  Adults Remarks g
instellstion and reared : S
egg=-laying
1 10 + eggs laid in antechamber, 1.0
not in nest material
2 no eggs laid - @igcontinued on day 22
3 6 + nest constructed in nest
material
A 6 + eggs laid in antechamber
5 7 o eggs laid in antechanber; brood
not successfully rearsd
6 8 + eggs 1laid in nest compartment

put not in nest material




TARIE ¥XVI contd.

5. B. yagens One queen per LOX 1965

no negt material

260

Box 10 No. of days between Adults reared Remarks
snstallation and
egg laying
1 16 *
2 not recorded +

3 14 -

queen died on day 28




1. B

TABIE XXVII

COLONY-FOUNDING BY NATURALLY OVERHINTERED QUEENS IN Series 11X

o terricola 1965

[

261

Box noe. No., of days between Adults Remarks
installation and reared
egg-laying

1 11 + set out in the field
2 7 +

3 11 + get out in the field
L 17 o+ # {1

5 9 + n (5

6 2 + " n

7 i & 8 n

8 6 + " u

9 no eggs laid - queen died on day 6
10 5 + get out in the field
11 18 + @ n
12 6 + 0 "

13 5 +

1 5 +
15 13 +
16 12 +
17 5 +
18 3 + sst out in the field
19 L & ' # ]
20 A + n n
231 L + f #

22 7 *
23 6 %
2L 2 +
25 6 +
26 5 *

27 A *

28 3 +
29 no eggse laid o queen died on day 16
30 3 +



TABLE XXVII contde

B. terricols contd. 1966

262

Box no. No. of days between Adults

Remarks

egge laid in tunnel betueen
compartments of nesb box

ingtallation and reared
egg=laying
1 3 +
2 13
3 13 +
4 10 +
5 4 +
6 4 -
7 9 +
8 b
9 3 +
10 5 *
1 8 +
2., Be fervidus 1965

Box 10, No., of days between Adults Remarks
sngtallation and reared
egg=laying
1 nc eggs laid = discontinued on day 20
1966
1 no eggs laid = aiscontinued on day 30




TABIE XXVII contd. 263

3. B. borealig 1965
Box n0e No., of days between Adults Remarks
installation and reared
egg=laying
1 5 +
2 %
1966
no eggs laid - discontinued on day 30
17 -
10 +

4. B. rufocinctus 1965

Box nc. No. of days between Adults Remarks
installation and reared
egg=laying
1 no eggs laid = discontinued on day 303
ovaries well developed
2 3 EX
3 5 - queen died on day 19
b 4 +
5 5 +
6 no eggs laid - discontinued on day 303
" 1 + ovaries well developed
8 ne eggs laid - disconbinued on day 303
ovaries well developed
9 n u -~ 7 n




TABIE XXVII contd.

5, B. perplexus 1965

26k

Box no. No. of days betuween Adults Remarks
jnstallation and reared
egg-laying

1 16 + set out in the field
2 2 *

3 6 +

A 6 %

5 2 % get out in the field
6 8 & f ]

7 6 & ] %

8 12 +

9 5 + original queen dieds;

brood reared by a
10 5 + foster mother
1966

1 2 &

2 2 *

3 2 *

A 2 +

5 3 +

) 2 +

7 1 +




TABIE XXVII contd.

6., B. ternarius 1965

A SR

265

No. of days between Adults

Remarks

discontinued on day 25

9 fl

] it

queen died on day 18-
first=brood mostly male

Remarks

Box no.
snstallation and reared
egg-laying
no eggs laid -
] # -
3 n u -
1966
1 22 +
2 12 -
3 3 +
7. Be. vagens 1965
Box nc. No, of days between Adults
installation and reared
ovipogition
1 no eggs laid -

" u -

queen died on day 12

queen died on day 1l




