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ABSTRACT

In a honeybee colony, the loss of a queen is ceresitito be a serious occurrence and, if a
new queen is not produced, ultimately doomed. H@wein colonies ofApis mellifera
capensis (Cape honeybees), numerous pathways are avail@blea colony which

unexpectedly losses a queen.

At the onset of this experiment, four coloniesfoim. capensisere dequeened. Following
this photographs of all brood frames in each colerye taken and the contents of the cells
analysed. Cells were chosen at random but oneetedl were repeatedly analysed for the
duration of the experiment. The contents of altofa44 888 individual cells were
analysed. Any queen cells constructed during thenpiag period were removed,

maintaining a queenless state.

In each colony, as predicted, the removal of theequevoked a variety of responses in an
attempt to rectify the sudden loss. However, wtly three of the four colonies
absconded, leaving little by way of stores. Thokéhe four colonies initially attempted to
rear a new queen while one colony was immediatetgded by a presumed foreign queen
and hence any attempt at queen cell constructiaseck An increased number of queen
cells in the swarm position were recorded in albo@s. The invasion of a colony by a
foreign queen was considered to be a new pathwanaale for queenless colonies Afm

capensis

Worker policing and suspected brood cannibalism pvasalent in all sampled colonies yet
in addition, the transfer of eggs and larvae fragth ©© cell was also observed which may
have increased the suspected cases of policingamdbalism. It was unclear whether an
egg or larva had been consumed or simply movecdadthar cell on the brood frame. All
colonies contained eggs from laying workers to wayydegrees, based on the length of
each individual sampling period which varied betwemlonies due to differences in

absconding dates.



A steady breakdown in the effectiveness of thestbvi of labour amongst the worker bees
was observed in each of the colonies highlightimg\tital role of a queen. This breakdown
was clearly seen in the reduction in general haeesgikg within a colony. An increase in

stores indicated a possible increase in the nurabéorager bees, thereby reducing the
number of worker bees available for other duties.

Pathways available to broodright colonies and egjias used following sudden queen loss
are discussed.
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“To men, time isnoney;to bees, it ihoney;
and all the arrangements of the hive should
be such as to economize it to the utmost.”
L.L. Langstroth
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INTRODUCTION

1.1 Honeybee queens

In a honeybee colony, the queen is generally tie seproductive (Ribbands 1953),
pheromonally suppressing ovarial development inkexs (Butler 1954; Free 1977,
Hepburnet al 1988; Hepburn & Radloff 1998; Winston & Sless®98&; Hepburn &
Radloff 2002; Moritzet al 2002). The queen, through the production of akizoic of
inhibitory pheromones secreted by her mandibulandg, also inhibits any queen cell
construction (Butler 1956; Anderson 1965; HepburrR&dloff 1998; Tribe & Allsopp
2001a).

The loss of a colony’s queen creates apparent cuaess considered to be a very serious
occurrence within a colony (Laidlaw & Eckert 1998utler 1954; Sakagami 1958; Free
1977; Fell & Morse 1984; Skirketius 2004). On the loss of their queen and in the
absence of queen pheromone production, workergnitithlly attempt to rear a new queen
from her existing brood (Ribbands 1953; Hepbetrral 1988). If this is unsuccessful, the
workers themselves will begin ovipositing (Onior&l2; Anderson 1963; Hepbuet al
1998; Miller & Ratnieks 2001). In most races Apis melliferaLinnaeus, workers in
gueenlessolonies will construct drone cells and lay unfemid haploid eggs in them.
However, in queenlesipis mellifera capensiBscholtzcolonies, some laying workers will
begin ovipositing unfertilized diploid worker eggsthers haploid, drone eggs (Anderson
1963; Hepburn & Radloff 1998; Lattoréit al 2005; Lattorffet al 2007). In additionA.

m. capensisvorkers are able to reproduce via thelytokoushesrgenesis (Hepburn &

Crewe 1991; Hepburet al. 1999; Hepburn 2001) under both queenright ancejess



conditions (Moritzet al 1996; Moritzet al 1999; Hepburn 2001; Martiet al 2002).
These workers have well developed ovaries compargdother races, enabling rapid egg

production following queen loss (Anderson 1963; blep 1992; Greeff 1996).

On queen loss, and in the absence of young laivaa, races ofA. melliferaexcept A.

m. capensiscolonies are doomed and the only available rapriik strategy open to them
is the export of colony genes through the productibdrones (Moritz & Southwick 1992;
Hepburn 1994; Hepburn & Radloff 1998; Hepburn 200Bpis mellifera capensitas
several reproductive strategies on queen loss (itepp001). Many pathways may be
taken by amA. m. capensisolony in an attempt to raise a new queen, efttoen queen-
derived brood or from laying worker brood (Hepb®®01). On the loss of a queen,
particularly when this is a sudden event, workeitsbgin to construct emergency queen
cells around existing queen brood (Ribbands 19%8teB1957; Seeley 1985; Hateh al
1999) either with eggs or larvae no more than thi@es old (Ribbands 1953; Hepbweh
al. 1988). However, Fell and Morse (1984) observedeq cells being constructed over
larvae of up to four days old in bees of mixed pa@n races. Hatadt al (1999) found
that on dequeening the construction of queen egls rapid, occurring within 24 hours,
while Fell and Morse (1984) maintained that the stauction of queen cells could be

initiated as early 12 hours following queen loss.

Apis mellifera capensiworkerswill rapidly begin developing queen-like pheromoroes
the loss of their queen (Hepburn 1992; Hepburn 1988gFitz et al 2000; Hepburn 2001;
Moritz et al 2004). Katzav-Gozanskgt al (2003) found thatpis mellifera ligustica
Spinola laying workers developed a queen-like pimene that was attractive to other
nestmates, however, non-reproductive workers hasuob pheromone. However,An m.
capensidaying workers may either develop a queen-likerptr®nal bouquet or retain one
that is worker-like (Hepburn 1994). It has alscetveobserved that some non-laying

workers may begin to develop a queen-like pheronible@burn 1994).

Individual A. m. capensiworkers have the genetic ability to produce eithiploid eggs via
thelytokous parthenogenesis, or haploid eggs vieeantokous parthenogenesis (Lattetff
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al. 2005). In experiments conducted by Lattatfal (2005) it was found that laying
workers could only lay either female or male eggd m no cases did an individual show

amphitoky.

1.2 Worker policing

Conflict in eusocial insects is commonplace duthtogenetic differences occurring within
colonies (Ratnieks & Visscher 1989; Visscher 19%6)J worker policing, one source of
conflict, is thought to be a textbook example af kelection (Beekman & Oldroyd 2005).
Apis melliferaqueens are polyandrous and mate with as many-a207drones (Roberts
1944; Estoupet al 1993; Baudryet al 1998) although mating with up to 45 drones has
been recorded (Moritet al 1996; Krauset al 2005). Polyandry results in workers being
more closely related to their male offspring thhe gueen’s sons/their brothers (Ratnieks
1988; Ratnieks & Visscher 1989; Visscher 1996; Baet al 2001; Fosteet al 2002;
Martin et al 2002). In addition, the increased number of ipas lowers the mean

relatedness between workers and their sistersgiF&dRatnieks 2001b).

It has been observed that honeybee workers witliiyeaat worker-laid eggs but not thhose
laid by the queen in a queenright colony (Ratn&Réisscher 1989; Ratnieks 1993; Foster
& Ratnieks 2001a; Pirkt al. 2003; Pirket al 2002; Pirket al 2004; Beekman & Oldroyd
2005). In the European hornatespa crabroLinnaeus, an increased rate of policing of
worker-laid eggs was observed in queenright cobhiewever, in queenless colonies the
removal rate of queen laid eggs over worker laigsegncreased (Fostet al 2002). In
queenright colonies of a ponerine aAschycondyla inversdayr, worker-laid eggs were
policed, and subsequently eaten; however, in gassrdolonies, the majority of worker-

laid eggs remained untouched (D’Ettoeteal 2004).

Worker policing is thought to be favoured whenasmo cost effect on the colony, and is
successful in decreasing the number of individugdgse produced by laying workers
(Ratnieks 1993). I\. mellifera,workers are able to differentiate between eggshgithe

queen and those of laying workers, and will disanate against those laid by workers

3



(Ratnieks & Visscher 1989; Ratnieks 1993). A samitesult is observed in the dwarf
honeybeeApis floreaFabricius, where worker laid eggs are distinguistiech queen laid

eggs, and consequently eaten (Halt@l 2001).

Apis mellifera capensidisplays thelytokous parthenogenesis, so thatriilifed diploid
eggs are laid, resulting in female worker bees ¢@%i1912; Ruttner 1988; Hepburn &
Crewe 1991; Beekmaet al 2002). Apis mellifera capensiworkershowever either evade
worker policing (Moritzet al 1999, Martinet al. 2002), or policing is thought to be
significantly reduced as workers are equally relate eggs laid by the mother queen or

those laid by a worker (Beekmanal 2002).

The concept of worker policing is, however, congmial with opposing arguments being
put forward (Pirket al. 2003; Pirket al 2004; Beekman & Oldroyd 2005). Pidt al
(2004) showed that egg viability was an importattdr in determining worker policing.
Beekman and Oldroyd (2005) countered this by suggeshat the policing of eggs was
based on egg maternity regardless of its viabilBoth, however, do not deny that worker
policing is prevalent in colonies &. melliferadespite having differing conclusions on the

reasons for policing (Pir&t al 2003; Beekman & Oldroyd 2005).

1.3 Brood cannibalism

It is not uncommon for young social hymenopterawda to be cannibalized. Schmickl
and Crailsheim (2001) observed that larvaé\pis mellifera carnicaPoliman were eaten
following shortages of pollen in the colony duriagiearth. Similarly, in many other races
of honeybees, young bees may resort to brood calmsmi following bad weather and the
consequent reduction in pollen availability (Joremeier 2001). However, Nakamura
(1993) reported that in colonies Apis cerandabricius, brood cannibalism was prevalent
even in the presence of excess pollen stores stmggedbat pollen availability is not the
sole determining factor with regard to cannibali@Veiss 1984). Brood cannibalism may

be a result of nurse bee feeding capability, wativde on the edges of brood frames being



cannibalized first (Nakamura 1993; 1995) and maiitg brood in the centre of each

frame thereby forming the natural concentric brpattern (Camazine 1991).

Roubik (1982) found that the stingless bekklipona favosaFabricius andM. fulva
Lepeletier,showed signs of brood cannibalism towards uncapgpedd but noted that
pupae were never eaten or removed from cells. Eimge of older larvae has been
observed in colonies oA. ceranain an attempt to increase protein intake and avoid
absconding (Hepburn 2006). Before abscondingyrees will usually engorge themselves
on honey stores and eggs. In some cases the eatiagently capped brood has also been

recorded (Nakamura 1995; Hepburn 2006).

1.4 Absconding behaviour

Absconding behaviour is frequently observed in o@e of African races of. mellifera
(Hepburn & Radloff 1998; Spiewokt al. 2006). Absconding may be in the form of
seasonal migration and is usually as a result sduee depletion and a form of prepared
absconding (Nakamura 1993; Swart 2001; Hepburn Q806 rnatively, absconding may
be induced and fall into two categories: acutehwowic (Nakamura 1993; Hepburn 2006).
Acute disturbance absconding is an immediate fofnabsconding and is a reaction to
some external catastrophe, while chronic abscondingrepared absconding where no

brood and little or no stores are left behind (Hept2006).

When preparing to abscond in the case of eithesosed migration or chronic absconding,
honeybee colonies refrain from rearing brood angirbé eat available stores, but when
pressure to leave intensifies, the colony may atant$ capped brood (Nakamura 1993;
Tribe & Allsopp 2001a; Hepburn 2006; Spiewekal 2006). However, given sufficient

time to prepareA. m. capensisolonies will allow for brood to eclose before edasding,

thereby reducing the amount of brood being abardi(®giewoket al. 2006).

During absconding, the amalgamation of two sn#allm. capensisolonies has been

observed which involves the merger of two queerepfiirn 2006). Such mergers would
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increase the number of patrilines of the colonyaashole and the chance of survival of

small colonies (Hepburn 2006).

1.5 Cell usage

Honeybee combs are comprised of three differemtdscells: queen cells, drone cells and
worker cells. Queen cells hang vertically from tteamb and are larger than any of the
other cells (Tribe & Allsopp 2001b). Drone cellseabigger than worker cells, and
therefore are able to house and develop the lahgeres (Grout 1964). Drones raised in
smaller worker cells have been observed; this imllhs attributed to a queenless colony
with laying workers and will produce smaller sizérdnes (Grout 1964). Conversely, if a
worker emerges from a drone brood cell, a largedtadorker will be produced (Grout

1937).

It has been observed that cells used for storisgurees are not used for brood rearing,
indicating that there is perhaps a scent-markirey wsed for oviposition (Free 1977; Free
1987). Contrary to this, it has often been noteat brood cells can be utilised as storage
cells (nectar, honey and pollen) (Camazine 19949, iadeed it has been recorded that
honeybees prefer to utilise older comb for nedianagie (Johnson & Baker 2007), though it
is unlikely that storage cells will later be useghim as brood cells (Fig. 1.1) (Free 1977).
In addition, it is highly unlikely that pollen wilbe stored in the larger drone cells but is
rather found in the smaller worker cells (Grout 4p@&hile other stores (nectar and honey)

may be found in drone cells (Grout 1964).
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Figure 1.1Progressive use of cells in a natural honeybeengqlAdapted from Free 1977).

1.6 Developmental cycles ohpis mellifera capensis

The developmental time of a& m. capensisvorker, from egg to adult, has been recorded
at between 18 and 20 days (Tribe & Allsopp 200Hxjgs hatch after 3 days with a
subsequent larval period of between 5 and 6 daylsg®& Allsopp 2001b). Following this,
larvae are capped and remain in this cocoon forolD2 days (Tribe & Allsopp 2001b).
Slight variations in the duration of developmere egcorded in other races Af mellifera
(Tribe & Allsopp 2001b).

Camazine (1991) suggested a “self-organization”obiygsis for the repeated patterns
observed on brood combs in queenright honeybeeiesloThe hypothesis explains the
patterns observed in honeybee brood combs andtireniediate patterns observed between
brood cycles. This hypothesis is concerned with distribution, not only of brood, but
also the placement of pollen, nectar and honeyhendomb. Camazine's (1991) self
organisation hypothesis is concerned with queehiglonies; however, these ideas have
never been tested in queenless colonies. In addiéeen queenrighd. m. capensisnay
not fit the self organisation hypothesis in the saway that queenrighfpis mellifera

ligustica used in Camazine’s (1991) experiments, did.



Apis mellifera capensisolonies have a variety of pathways availablertsuee survival of
the colony following the loss of a queen (Hepbufi®D). With the onset of laying by
workers, worker policing increases (Pek al 2002); and, although not well documented
for A.m. capensjghere is the potential for brood cannibalism ttueolony store depletion

and reduced foraging (Schmickl & Crailsheim 20Gd)ofving queen loss.

This study aims to determine the pattern of brogdilng used inA. m. capensisvorkers,
following queen loss. Such loss is a critical évena colony and can induce a variety of
responses at the comb (or brood) level; ultimatilg may lead to the colony absconding.
As laying workers are present Aam. capensisolonies, brood cycling via laying workers
may continue for a number of weeks or months wthie colony attempts to raise a new
gueen. In addition, the study aims to see thectsffef queen loss on the colony, at a
cellular level of a comb, with specific interest timle movement of eggs and larvae, the

potential policing of eggs and the cannibalismao¥&e and brood.



MATERIALS AND METHODS

2.1 Study site

Four colonies ofApis mellifera capensiwere used throughout the experiment. That these
colonies were representative of the natural “wpdpulation is evidenced by the total lack
of any honeybee selection and breeding in the Easlape Province of South Africa
(Eardleyet al 2001). The experiment was conducted at the Deeat of Zoology and
Entomology, Rhodes University in Grahamstown, Hastéape Province, South Africa.
Colonies were kept in nucleus boxes with a minimointwo brood frames and three
storage frames with honey, nectar and pollen. @etwere placed approximately one
metre apart. The experiment was conducted from uaepr2007, the end of summer,

through autumn to the beginning of May 2007.

2.2 Queen removal

Each colony was dequeened on 25 February 2007heatohset of the experiment.

Throughout the experiment the presence and posifigueen cells were recorded and then
removed so as to ensure that no requeening of iesldaok place. If a queen was found
within a colony, it was assumed to be most likelyefgn and therefore it was concluded
that a merger had probably occurred. Indeed, nkasion of foreign queens has been
documented in other experiments in the same argheoEastern Cape Province, South

Africa (Moritz unpubl. obs.).



2.3 Photographical data recording

After the initial removal of the queens from thdaroes, the brood situation in each was
recorded photographically prior to any possibleivagt by laying workers present.

Photographs of each frame containing brood werentakPrior to photographing each
comb, a perspex and wire frame containing 5cm x Squoares labeled from A through Q
on the horizontal and 1 through 8 on the verti¢agg. 2.1 & 2.2), was placed over the
brood frame so that a precise point of refereneddcbe obtained. Brood frames and the
perspex frame were hung on a wooden stand to etisgrexact positioning of the comb
cells with respect to the grid when photographifgames were labeled prior to

photographing so as to ensure there was no confasier which frame or side of a frame

was used. This was standard procedure througheuwtutiation of the experiment.

For the first eight days following queen removdipfographs were taken every alternate
day. This interval was chosen so as to ensureetiga found after dequeening were those
derived from laying workers and, in addition, tlditqueen-laid eggs present at the onset
would be capped brood by day eight. However, ftoeneighth day onwards, photographs
were taken every third day until colonies eithesamded or a merger with a wild colony
occurred. A total of twenty-five photographic intals were conducted throughout the

research period.

A|/B|C|/DE|F|G|H|I |J|K|L| M N|lO| P| Q

Q| N O O &~ Wl N B

Figure 2.1 Stylized image of the perspex grid placed overtitted comb used to establish
precise positioning of squares for each photogagainpling interval.
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Figure 2.2 Typical data photograph with perspex grid placeerdhe brood frame.

2.4 Photographic analyses

Since there were 136 squares (17 x 8) on the tpidletermine the required number of
squares per frame to be sampled in the study, @domarsampling technique for stratified
sampling across three time periods (three consectitne intervals) was used. Randomly
generated sample sizes of 1 through 30 squaresugerkand the mean number of brood
cells for each sample size was calculated. Graptteanean number of brood cells against
sample sizes were plotted for three different fremmeamely frame 2Ba (colony B; side
“a”), frame 2Bb (colony B; side “b”) and frame 3@eolony D). Graphs showed that the
estimated mean number of brood cells convergedhdotrue mean number of Mhen
samples of 25 or more squares (i.e. after 8 squmesrame) were sampled (Figs. 2.3 to
2.5).
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Figure 2.3 Frame 2Ba: Mean number of brood cells (14) perasgwersus number of

squares sampled (n=30) showing convergence tortige mhean at 25 squares for three
consecutive intervals (i.e. after approximatelyy8ages).

15

14+ .
13 .
12t . .

1 f . o ° o

Mean # of Eggs

0 5 10 15 20 2 % 35

Number of Squares
Figure 2.4 Frame 2Bb: Man number of eggs (11) per square versus numbsquares
sampled (n=30) showing convergence to the true méa4 squares for three consecutive
intervals (i.e. after approximately 8 squares).
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Figure 2.5 Frame 3Da: Mean number of brood cells (20.5) peiase versus number of
squares sampled (n=30) showing convergence tortiee mhean at 25 squares for three
consecutive intervals (i.e. after approximatelyy8ages).

Cells in columns A, B, C, O, P and Q and rows 17 and 8 were excluded from analysis
because they lacked brood and concentration waeghlan the centre of the frames which
contained brood (i.e. 44 squares). This was doravoid skewed results due to the lack of
brood present at the edges of all frames. Focsstiexefore placed in the central area of
each frame and, from this subsample, squares vilasen randomly, but once chosen, the

same squares for each frame were analysed foutlati@h of the experiment.

Individual cells for each of the squares were tlebecked and the contents recorded.
Brood cell contents were defined into categoriesnely: empty, egg, larva, capped worker
brood, capped drone brood, queen cells (cappednoapped), nectar, pollen, honey,

uncapped brood and chalk brood. Prior to staictimalyses, these were condensed into
eight categories: 1) empty, 2) stores (nectar,epoind honey), 3) eggs, 4) larvae, 5)
capped brood (worker), 6) uncapped brood, 7) chalkd and 8) other.

Each square was then repeatedly analysed, forgraatbgraphic interval, until absconding

of the colony occurred or a merging event with @eifgn queen took place, in which case

the colony was considered to be new.

13



2.5 Statistical analyses

A total of 14 frames were analysed, with 8 gridesgs per frame and a mean of 27.4 £ 2.6
cells per frame. This was an average of 219.2 pelisframe, or 3068.8 cells in total, per
photographic interval (Table 2.1). Due to differimpsconding times, the number of

photographic intervals varied between colonies fibta 25 intervals.

Table 2.1The average number of cells sampled for each sgtrame and in total for each
colony, for the duration of the experiment.

Colony Intervals Frames Average number of Average number of cells Total cells
sampled cells per square per frame sampled
+ * per colony

standard deviations  standard deviations

A 25 3 26.7+2.9 213.7+19.5 16025

B 4 27.5+ 2.1 219.0+15.. 700¢

C 4 28.2+25 224.3+12.1 6279

D 24 3 27.0+£26 216.3+3.5 15576
Total 14 274+ 2.6 873.3 +50.5 44888

To test for differences within the data (i.e. bedw cell categories), a repeated measures
analysis of variance (ANOVA) was performed usingASTSTICA Software package
(version 8.0) for each colony. Tests were operated 5% level of significance. Data
generated from each frame were combined into taikdny data, and the means used in

each analysis.

For each colony, graphical representation of treprtion of cells used for each of the
categories, for each consecutive interval, was wotedl using a frequency of occurrence
graph generated through Microsoft Excel (2007)mikirly, graphs of the average number
of queen cells constructed following queen loss,dach colony, for the duration of the

experiment were produced as well as a graph af plesition on the comb.
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RESULTS

3.1Distribution of brood and stores

At the onset of the experiment, colonies lackeddaamounts of stores in the cells which
were sampled. This is not unusual as most of thes (nectar, pollen and honey) are
located on combs surrounding the central brood soffRiy. 3.1). In addition, a reduced
number of empty cells in the central region weresesbed. This is not uncommon as
queens begin ovipositing from the centre of the lzooutwards, in concentric rings,

limiting the number of central, empty cells. Calls the periphery of the comb contained
stores of nectar and pollen; however these celte wrcluded for the original analysis and

focus was placed on the cells in the central coeginn.

Following dequeening however, the colonies rapadignged the use of the central brood
combs and changed the function of cells which wesviously utilised as brood cells to
storage cells containing pollen or nectar. This typical of all four colonies, with storage
cells being interspersed with brood cells (Fig.).3Qontrary to that observed by Free’s
(1977) findings, two of the colonies used in thesearch projected, colonies A and D,

regularly interchanged cell use between storagebamold (Appendices A and D).

15
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Figure 3.1 Frame 2Ba from colony B immediately following degming. Capped brood,
larvae and eggs are located in the centre of #radrwhile nectar and pollen are found in
the peripheral cells.
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Figure 3.2 Frame 2Ba from colony B three photographic intervé6 days) after
dequeening. After young bees emerge, the cetlsaiitentre of the brood comb are utilised
as storage cells. Pollen and nectar stores ipdahipheral cells were reduced and relocated
to the central cells. (Note: Emergency queen cellittee left, in the swarm position, in
squareAb).
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3.2 Absconding

Colony A was the only of the four colonies to nbseond during the experiment (Fig 3.3).
Although colony B did abscond (Fig. 3.4), colonyv@s the first colony to after only seven
photographic intervals (14 days) (Fig. 3.5). Shyodfter this, after eight photographic
intervals (17 days) colony B absconded. Althoughaonclusive, it is thought to be highly
likely that, following absconding, colony C mergedth colony B. Following the
absconding of colony C, the number of individualgolony B increased greatly, indicating
an amalgamation, probably with colony C.

No stores or brood remained following abscondingath colonies B and C, suggesting
that this was an instance of prepared absconddgjore absconding, both colonies B and
C allowed all brood to emerge and any eggs fourdyed from the laying workers, were

policed.

Colony D absconded after 24 photographic intervéid days) leaving behind

approximately 10 percent of their stores in thescelhich were sampled (Fig. 3.14).
Again, absconding appeared to be prepared dueteettuction in the amount of stores left
behind and ensuring that all capped brood had edlpsor to absconding.

3.3 Queen cells

In all four colonies queen cells were constructhdywever, in only three of the four
colonies (A, B and C) were queen cell constructeedraimmediate response to dequeening,

and from queen-derived brood.

3.3.1. Queen brood

It is well documented that larvae older than thdegs are no longer viable for queen
rearing (Ribbands 1953; Hepbugt al 1988) except under extreme conditions where
larvae of up to four days are reported to have lseensed (Fell & Morse 1984). For the
three photographic intervals following initial despning (six days), any queen cells

observed were assumed to be from queen-laid brfeigd.(3.3-3.6).

17
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Figure 3.3 Colony A: number of queen cells observed, and emisntly removed.
Following dequeening, a large number of queen ceMse produced and all were
constructed in the swarm position. Queen celldyced at interval 5 (8 days after
dequeening) could possibly have been derived frdayiag worker egg; or, alternatively
using a queen-derived larva which would have teHasen older than three days.
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Figure 3.4 Colony B: number of queen cells observed and reoll larvae or eggs used
were assumed to be those of the queen as queerprcellction ceased after four
photographic intervals (6 days) indicating thateueroduced larvae were no longer viable
(i.e. were older than three days).
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Figure 3.5 Colony C: number of queen cells observed and rewhofhe queen cells
observed at interval 5 (8 days) indicate the pdssivesence of laying workers or the
unlikely utilization of larvae older than three day
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Figure 3.6 Colony D: number of queen cells observed and rechoVke lack of queen cell
production following initial dequeening indicatdsat there was possibly an immediate
merger with a foreign queen, thereby suppressirgg dblony from constructing any
emergency queen cells. The colony was again degde@he queen assumed to be
foreign) at day 38 (photographic interval 15) antlofving this, an increase in queen cell
production was observed. Any eggs produced betwlags 6 and 38 were assumed to be
derived from either the foreign queen or laying keos.
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3.3.2 Laying worker brood

Queen cells observed after 6 days (i.e. three ghapdic intervals) were assumed to be
those of laying workers, because workers will narese larvae older than 3 days for
emergency queen rearing (i.e. 3 days for eggsatchhand maximum 3 day old larvae
gives 6 days). Colonies A, C and D potentially uksdng worker eggs to produce queen
cells (Figs. 3.3, 3.5 & 3.6). Although laying werk were present in colony B (Figs. 3.10
& 3.11) no queen cells were constructed after day 6

3.3.3 Foreign queen invasion

In colony D, a queen (assumed to be foreign) wamwed at day 38 (photographic interval
15). Queens were assumed to be present when ting lggttern became concentric in the
brood frames. Following queen removal, a markedeim®e in the number of queen cells
produced was observed (Fig. 3.6). In assessiegnaltive cells in combs, new eggs were
observed between days 2 and 4 (photographic inge®/and 3) confirming the suspicion

that a foreign queen invaded colony D immediatelipfving initial dequeening.

In colony A, on day 68 (photographic interval 2&5%ingle queen was removed which again
was believed to be foreign. The queen was founchiaynce during a routine search of each
comb in the hive; no concentric laying patternrarease in brood stores were observed to
suggest the presence of the foreign queen. Frarttivas assumed that the queen had
recently invaded the colony and had yet to begipasiting in cells which were being

sampled. The possibility that the removed foreggieen may have been a young, virgin

gueen cannot be excluded, hence the lack of broesept.
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3.3.4 Position of queen cells

In all four colonies substantially more queen celere constructed in the swarm position
(situated along the edge of the comb) than in thergency queen cell position (Fig. 3.7).
Queen cells built in the swarm position requires thansfer of brood from cells in the
centre of the comb to cells constructed along #éppery of the brood comb. With the
number of queen cells in the swarm position bemdnigh, this may indicate that laying

workers start ovipositing in these cells earlierttexpected.

B Swarm OEmergency

30 -
25 -

20 -

15 -~

10 -~

5 -

0 - T T T 1
A B C D

Colony

Total number of queen cells

Figure 3.7 Total number of queen cells found in either theusw position or emergency
position for each colony.

Colonies B and D had the highest number of quedla censtructed in the emergency
position, both with eight cells in total. Colonidsand C had considerably fewer cells with
one and two in total, respectively. However, ifatien to swarm cells, colony B had the
smallest ratio of swarm cells to emergency cells/§1) with only 14 cells being
constructed in the swarm position, while colony Bdh23 cells in total in the swarm
position (a ratio of 2.88: 1). Colony A had thesnhqueen cells constructed in the swarm
position (33 in total) and the highest ratio of swao emergency (33:1) with colony C
close behind with a ratio of (9.5:1).
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3.4 Frequency of occurrence

3.4.1. Colony A

Upon dequeening, approximately 35 percent of thls sampled in colony A were either
empty or contained stores. The other 65 percerd w@ls containing either eggs, larvae or

capped brood.

Eggs were noted in cells at most photographic walerindicating the presence of laying
workers. At photographic interval 25 a single, sumably foreign queen was removed.
Based on the reduced amount of eggs, larvae anpedaprood at the time of this
discovery, it was assumed that the foreign queehdmy recently invaded the colony.
Over 90 percent of cells sampled on the final dayf{ographic interval 25 day 68), were
either empty or contained stores, with only 5 petrdeing filled with capped brood (Figs.
3.8 & 3.9). Multiple eggs were present in soméscal photographic interval 25 (day 68),
again verifying the presence of laying workers &l s supporting the inference that a
foreign queen had recently invaded (Appendix A)olldwing initial dequeening, the
proportion of empty and storage cells versus broells shifted dramatically, with the
percentage of storage and empty cells increasidigaity. The number of brood cells
initially decreased significantly, and continueddtnso throughout the experiment although

at a lower rate, due to the ovipositing by layingrkers (Figs. 3.8 & 3.9).

Chalk brood was observed in colony A, at a low leged at times was not immediately
removed, with the most extreme case remaining telafor 6 photographic sampling

intervals (approximately 18 days) (Fig. 3.8). Abpdgraphic intervals 20 and 21 (day 53
and 56) a dead pupa was observed in a cell ans@tasmoved until photographic interval
22 (approximately 5 or 6 days) indicating an appareduction in the thoroughness of

cleaning from workers undertaking housekeepingstask

22
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Figure 3.9 Colony A: Repeated Measures ANOVA with the dependariable plotted
against photographic intervals. Vertical bars derostandard error (Categofy; s= 10.7,

p < 0.0115; category and photographic interval sdtéon:Fgs 120= 2.6,p < 0.0001). The
empty and storage cell categories were signifigadifferent from the other categories
(Tukey:p < 0.05).

The large standard error bars denote the diffesepbserved not only within combs (i.e.
between individual cells) but the differences otedrbetween different frames within the
same colony (Fig. 3.9). The error bars were redladtr photographic interval 8, when the
number of empty and storage cells increased arelv@m proportions, covering over 90

percent of those cells sampled (Fig. 3.8).

24



3.4.2 Colony B

At the onset of the experiment, colony B had athgairood situation consisting of capped
brood, larvae and eggs accounting for approxima&@lpercent of total cells sampled, with
empty or storage cells found in the centre of thmalz, an estimated 10 percent. Further,
after dequeening, as brood eclosed, the amounttashge and empty cells steadily
increased while the number of capped brood, laavekeggs decreased (Figs. 3.10 & 3.11).

The presence of laying workers was observed aoghaphic intervals 5 and 7 (Fig. 3.10);
however, in accordance with laying workers, not ynaggs were observed. Due to the
erratic laying pattern of laying workers, it is pdde that this number does not accurately
depict the number of eggs present due to only eigiridomly selected squares being
sampled. Eggs found at photographic interval 5y (8 were no longer visible at
photographic interval 6 (day 12), nor were anydar¥ound in the cells, indicating that the
eggs had either been policed prior to photograptt@rval 6, or the larvae cannibalized or
moved. Eggs found at photographic interval 7 (d&y Were not found at photographic
interval 8 (day 18) due to the subsequent abscgraficolony B; it was assumed that these
eggs had been policed.

100 -

90 -

80 -

70

60 - ® Chalk Brood
50 - ® Capped Brood
40 - H | arvae

30 - ®Eggs

20 - H Stores

10 - = Empty

0 - T . . T . . .

1 2 3 4 5 6 7 8

Photographic Interval

Mean Distribution Frequency (%)

Figure 3.10 Colony B: Mean frequency of occurrence of categgrplotted against
photographic intervals before absconding.
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Figure 3.11 Colony B: Repeated Measures ANOVA with the depahdariable plotted
against number of photographic intervals. Vertluals denote + standard error (Category:
F415= 15.1,p < 0.0001; category and photographic interval axtgon: Fag10s= 7.2,p <
0.0001). The empty and capped brood cell categavere significantly different from the
other categories (Tukep:< 0.05).
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3.4.3 Colony C

The brood situation in the colony at the onsethaf éxperiment was healthy totaling 80
percent, while storage and empty cells accounte@@@ercent. As brood began to eclose,
the empty cells were either replaced with store®orained empty. Following dequeening,
no additional eggs were found in worker cells ie ttolony, indicating a lack of laying

workers, and consequently larvae and brood deckapdily (Figs. 3.12 & 3.13). Laying

workers were thought to be present during quedrcoaktruction however no evidence of
workers ovipositing in any other brood cells wasated. Due to the random sampling of
squares and cells during the experiment, it isiptesshat eggs may have been oviposited

in cells which were not part of those sampled.
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Figure 3.12Colony C: Mean frequency of occurrence of eackgaly, plotted against the
total number of photographic intervals before abhsaag.
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Figure 3.13 Colony C: Repeated Measures ANOVA with the depehdariable plotted
against number of photographic intervals. Vertluals denote + standard error (Category:
F415= 17.7,p < 0.0001; category and photographic interval st&on: Fz490= 9.3,p <
0.0001). The empty cell category was significardifferent from the other categories
(Tukey:p < 0.05).
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3.4.4 Colony D

The brood situation at the onset of the experimerg dominated by larvae but comprised
capped brood and eggs as well. The number of eamatystorage cells in the centre of the
comb was less than 20 percent. Following dequeefiie. photographic interval 2), the
number of empty and storage cells decreased t@=ippately 12 percent, indicating a high
probability that workers were transferring larvaecells located within the sampling area
(Fig. 3.14). In addition, at photographic intesv@land 10, larvae were present although at
the previous photographic interval no eggs werendax in these cells, again indicating the

movement of larvae from cell to cell.

The relatively steady amount of brood present ia tolony, even after dequeening,
supports the inference that a foreign queen invatledst immediately (Figs. 3.14 & 3.15).
The significant reduction in the number of eggsbegproduced following the dequeening
at photographic interval 15 indicates that layirygworkers was not immediate. The first
sign of eggs in the brood comb following the secaletjueening event occurred at
photographic interval 21 (day 51) and this wouldsirikely indicate the presence of laying
workers. These eggs were subsequently policed stiggethat they were laying worker

derived.
Chalk brood was seen to be not immediately remdr@d cells and in an extreme case,

remained in a cell for four consecutive photograpinitervals (approximately 12 days)

before being removed (Fig. 3.14 and Appendix D).
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Figure 3.15Colony D: Repeated Measures ANOVA with the depahdariable plotted
against photographic interval. Vertical bars denostandard error (Categofy; 10= 38.5,

p < 0001; category and photographic interval inteoac Fo, 230= 8.6, p < 0001). All
categories were significantly different to one &eotexcept between storage and larvae
cells (Tukeyp < 0.05).
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3.5 Brood

At the onset of the experiment, all colonies hagsed¢arvae and capped brood (Figs. 3.8 to
3.15; Appendices A to D). At photographic intenzZal(day 2), immediately following
dequeening, the brood situation in all coloniesapetp change and observations of worker
policing, brood cannibalism and the movement ofdar from cell to cell were noted
(Appendices A to D). In all colonies, cannibalisinlarvae was an immediate reaction to
dequeening (Appendices A to D). The movement vila from cell to cell was frequently
observed in colonies B and D at photographic imter®, directly after dequeening
(Appendices B and D). Worker policing was alsoutagy observed, in colonies C and D,
at photographic interval 2 although the frequentyhas observation was limited by the

initial number of eggs observed in each colony uandom sampling of cells.

3.5.1. Movement vs. cannibalism

It is commonplace for young honeybee larvae todmnibalized (Nakamura 1993; 1995);
however, the movement of larvae from cell to cel bbeen less frequently documented. In
all four colonies, the movement of larvae from dellcell was recorded and subsequent
cannibalism of moved larvae was also regularly doented (Appendices A to D). In
addition, cannibalism or possible movement of oldevae occurred in all colonies and
was regularly observed as well as the cannibalisnapped brood in colonies A, B and D
(Appendices A, B and D). It would appear that é¢aalism of both queen and laying

worker-derived larvae occurs.

Although not regularly observed, the movement deollarvae (i.e. between 3 and 5 days)
in colonies A and B (Appendices A and B) and of gipn colony A was also noted
(Appendix A). It was assumed that older larvae Heen used due to the sudden

appearance of capped brood in previously emptsg.cell

3.5.2. Worker policing

The policing of eggs was observed in all four casnwith varying frequency among
colonies. In colony A both queen- and worker-laglys were policed. In colony B only

worker-laid eggs were policed while in colony Cyogleen-laid eggs were policed.
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In colony D it was not possible to determine whethaicing was of queen- or worker-laid
eggs due to the removal of a foreign, laying quéening the experiment. It was assumed
that the eggs policed were queen-laid based on titheng of policing (between
photographic interval 1 and 2; day 0 to 2). Thé&ahqueen’s eggs were policed and this
may be attributed to the subsequent invasion obw, rforeign queen. Following this
invasion, policing was greatly reduced and was ooihgerved again at photographic
interval 15 and 16 subsequent to the removal ofdh&ign queen (Fig. 3.14 and Appendix
D).
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DISCUSSION

4.1 Strategies following queen loss

Apis mellifera capensisolonies utilise different pathways in an atteriptrectify the
sudden loss of a queen. Hepburn (1994) descrinadofathways that queenless, broodright
colonies ofA. m. capensisnight use. It was suggested that colonies mdee#) rear a
new queen from existing queen brood (“classicaleeqing”), b) initially use queen laid
eggs in queen cell construction but abort theseuardvorker laid eggs in queen rearing, c)
persist as a laying worker colony yet probablynudtiely dwindle or d) abscond. From this
experiment it was seen that, although all abovetimeed pathways were observed, they
were not necessarily utilised in isolation. Inaroés ofA. m. capensjsa combination of

these pathways may be used in an attempt to suavivenanticipated queen loss.

4.1.1 Queen rearing

Butler (1954) recorded that the initial reaction af colony to queen loss was the
construction of emergency queen cells. In additioe noted the loss triggered some
restlessness within the colony. The immediate r@adio queen loss, in three of four
colonies, namely colonies A, B and C, was an atteaahpaising a new queen from existing
gueen brood. Fell and Morse (1984) recorded thatdommencement of queen cell
construction as early as 12 hours but could béted as late as 48 hours following loss
(Free 1984).

At photographic interval 2 (day 2) these three ni@s had all initiated construction of
queen cells. It was assumed that queen brood herd Used in queen rearing based on the
time of construction and the presence of queen &uds in all colonies following

dequeening. However, with the majority of the queells being in the swarm position, the
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possibility that the eggs used were worker laidncarbe excluded. Without proof at a
genetic level however, it can only be inferred tifet cells constructed may have contained

eggs from a laying worker.

Queen cells constructed after day 6 (photographierval 4) were thought to be more
likely those of a laying worker. The utilizatiori karvae older than three days is highly
improbable and, although observed by Fell and M¢t884), was only infrequently noted
under extreme conditions.

4.1.2 Laying workers

The presence of laying workers was noted in thodenges, namely colonies A, B and D.
The onset of ovipositing via laying workers varieetween colonies however, ovipositing
may have commenced earlier in each colony but lwdyet been detected due to the

random selection of squares sampled.

In colony A the onset of ovipositing was almost igdiate and what was thought to be
worker-laid eggs were detected as early as phgtbgranterval 3 (day 4). Hepburn (1994)
reported the onset of laying for dequeeredn. capensisvorkers at 1 week while Tribe

and Allsopp (2001 a) suggested ovary developmena faorker, maturation of eggs and
then subsequent onset of laying, would be in tiggoreof 15 days following queen loss.
Few eggs were observed at this early stage (appately 1% of cells sampled) (fig 3.8)

suggesting that if indeed the eggs were those lajiag worker, the number of workers

with active ovaries present at that interval weneimal.

The idea that laying workers were present in tHergoprior to the loss of the queen cannot
be disregarded. Oldroyd and Osborne (1999) obdelaging workers in queenright
colonies ofApis melliferaand it has been recorded that in any given colapyto 10% of
workers show some signs of ovary development (J68;1Visscher 1996). Ratnieks
(1993) recorded that 1 in 10 000 workers had ayfdiéveloped egg in their ovaries,
suggesting that laying workers, although rare famed in queenright colonies. This would

explain the presence of presumed worker laid egg®sn after dequeening.
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At photographic intervals 5 and 7 (days 11 & 14)ihg worker eggs were present in
colony B. The subsequent policing of said egge aidicates a higher probability of the

eggs being worker-laid.

Worker-laid eggs were only found in colony D aftke second dequeening event and in
reduced numbers. Eggs found at one photograptaoval were not present at subsequent
photographic intervals, nor were young larvae, agldo the notion that they were worker-

laid and had therefore been policed.

4.1.3 Absconding

In the event that a queen could not be producddnies opted to abscond, leaving behind
little, if any, stores. Absconding occurred ingérof the four colonies, namely, colonies B,
C and D.

In colonies B and C there was it was believed wi#t a large and sudden reduction in
stores, the decline in brood and limited numberlayfing workers present, the only
available pathway for these colonies to utilise ldobe that of absconding. Initially,

colony C attempted to merge with colony B as a whwvoiding immediate absconding.
However, given the same reduction in brood andestobserved in colony B, absconding

following the presumed merger was immediate.

However, in the case of colony D, the presencefofe@ign queen deterred absconding for
a number of weeks. Following the loss of theirosetqueen, colony D did not recover and
only a limited number of eggs were produced viangyvorkers, which were subsequently
policed. As with colonies B and C, combined witle reduction in stores, lack of laying

workers and the steady decline in brood, abscondpeared to be the only pathway

available.

Nakamura (1994) suggested that, Apis cerana two types of absconding could be
observed, namely disturbance-induced abscondingsaadonal migration. Disturbance-
induced absconding could be acute or chronic baretie nature of the disturbance. The
same ideas of absconding can be used in undenstpadlisconding in colonies @&pis

mellifera The sudden removal of a queen could be consldeighronic disturbance and,
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with colonies B and C, be the major motivating éadbr said absconding. The absconding
of colony D was at the end of autumn (beginnindvialy) and a combination of seasonal
factors could also have contributed. The imminenset of winter, and subsequent
reduction in available stores, combined with a sdagueen removal, could have assisted in

the decision to abscond in search of a new foragieg.

4.1.4 Foreign queen invasion

In addition to the four pathways described by Hepb(1994), a fifth pathway was
discovered in the course of this experiment. TWas the invasion of a queenless colony by
a foreign queen. In two of the four colonies (ngnwlonies A and D) a presumed to be
foreign queen was removed. Queens which were fauadcolony following dequeening
at the onset of the experiment were thought toobeidn due to the thorough searching of
each comb during each photographic interval andowainof any queen cells during this

time.

In colony D, the presence of a foreign queen waslly detected by the concentric laying
pattern which was observed on the brood framess iflkiasion was thought to be almost
immediate due to a lack of queen cells construébddwing dequeening. With closer
inspection of the photographed combs, the preseheggs were noted between day 2 and
4 (photographic intervals 2 and 3) and, althougbsy those of a laying worker, the
placement of single eggs in the centre of each(€ale & Allsopp 2001 a) combined with

lack of queen cells, suggested queen-laid.

The presence of a foreign queen in colony A wagdet¢cted based on the increased brood
and concentric laying pattern but rather by chamicen surveying each of the combs in the
colony during a photographic interval. Due to ldek of eggs, larvae and capped brood, it
was assumed that the queen had recently mergedivéitbolony when she was detected.
There was little increase in the size of the colangicating the foreign queen invaded with

few, if any, of her own workers.
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4.2 Brood situation

The brood situation at the onset of the experinvesd typical of normaApis mellifera
capensiscolonies, with brood frames located in the ceofréhe hive and brood localized

to the central region of each comb.

4.2.1 Brood cannibalism

Reports of brood cannibalism Apis melliferacolonies are numerous. The idea that brood
cannibalism is a result of poor foraging conditio@®hannsmeier 2001; Schmickl &
Crailsheim 2001) do not apply to any of the colsngampled in this experiment. The
percentage of stores fluctuated throughout the raxpat, and between colonies, yet never
diminished to less than 15% in any one colony. Ehav, it is important to keep in mind
that squares samples were restricted to brood #aane samples were randomly taken
from the central, brood region, where previousiitlel by way of stores was observed.
Therefore, based on the amount of stores avail#bie,unlikely that the cannibalism of

larvae was due to a lack of nectar, pollen or hpnew poor foraging area.

Weiss (1984) suggested that the consumption ofribomtion of larvae, pollen and nectar,
not only improved the longevity of individual bedmit the additional protein from

cannibalizing larvae assisted in the rearing of ngplarvae to adulthood. Although
cannibalism proves to be useful when resourcediraied, it is regarded as a short term
solution, hindering colony growth (Nakamura 1995However, when larvae from

peripheral brood cells are consumed, this is censilto be a sustainable form of protein,
recycled by being fed to larvae in the central céNakamura 1995). Therefore, it is
possible that the cannibalism of certain larvae f@agheir protein content in sustaining a

colony.
The movement of a larva from cell to cell was omewous occasions noted. With this in

mind, it is then not known whether larvae were daalized or simply moved to another
cell.
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4.2.2 Movement of brood

The movement of larvae and pupae from cell tolwadl not previously been recorded. The
presence of larvae in cells that previously did catain eggs was an indication of such
movement. Although possible for the larva to cramt of or eat its way through one cell
into another cell, the idea is highly unlikely asvad larvae were not found in sampled
squares which previously had eggs or larvae. Ma@aeaw holes through cell walls were
detected. Therefore, it was assumed that tran$feggs and larvae were through physical

movement by the worker bees themselves.

4.2.3 Worker policing

As anApis mellifera capensigueen is polyandrous (Roberts 1944; Estetal 1993;
Baudryet al. 1998; Neumanet al 1999), numerous different patrilines are founcdam
the workers in any given colony. Following suddpreen loss, competition to become a
reproducer within a colony is observed (Morgizal. 1996; Neumaret al. 2000) and the
level of conflict between individuals, a resulttbe polyandrous nature of the queen and
their genetic relatedness (Ratnieks 1988; Ibal 2008).

Worker policing behaviour reduces the number ofseggen through to adulthood, hence
reducing the reproductive capacity for another mast (Ratnieks 1988; Oldroyd &

Ratnieks 2000). With the sudden loss of the quekrplonies policed eggs however, this
is not restricted to eggs laid by workers but,aloay D, the eating of eggs produced by the
gueen was also observed. It was thought that pattting was due to the presence of a

foreign queen shortly after the initial dequeening.

4.3 Behaviour in queenless colonies

Unconventional behaviour was recorded in all foalonies following queen loss. The
reduction in basic housekeeping was noted, wheedkchrood was not immediately
removed but rather left in a cell for days. Thiswd suggest that, with colonies steadily

dwindling numbers, the emphasis placed on housékgewuld also be reduced.
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The increased pollen and nectar found could passiljgest an increase in the number of
forager bees in the hive due to the need for lassenbees with the lack of brood. It could
also be that, with the lack of young and develogingpd, there is a reduced need for the
utilization of stores in the feeding of larvae, bemn increase in stores available. Ribbands
(1952) suggested that it was possible that in a&yloee colony the division of labour was
not solely determined by the age of the workers tatiter on the requirements of the

colony at any given time.

The uncapping of capped brood was noted on sewecalsions, exposing either a larva or
pupa. The recapping of said cell in subsequentaginaphic intervals was also recorded.
However, on occasion the cell remained uncappedfire than one photographic interval
and the presumed dead larva or pupa removed. Agas,adds to the idea of reduced

emphasis of particular duties within the colony.

To summarize, colonies all utilised the pathwaysone degree or another observed by
Hepburn (1994). Foreign queens invaded two cotomibich was thought to be a new
pathway available to queenless coloniesAofm. capensis The number of queen cells
constructed varied between colonies yet in all mi@® significantly more were built in the
swarm position. Worker policing and cannibalismlafvae was recorded in all colonies;
however accurate numbers for such cannibalism cooilde determined as, in addition to
some being eaten, larvae and eggs were moved fem driginal cells to a new ones,
presumably by worker bees. The behaviour of therget following queen loss varied, yet
in all colonies, a reduction in housekeeping waseoled where chalk brood, dead larvae

and pupae were left in cells for days without beimoved.
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APPENDIX A

Appendix A Colony A: Contents of the cells for each squaread for the duration of the experiment

FRAME | CUBE CgLOLfS 1 2 3 4

4Ab E4 22 -I Brood | Brood | Brood

4Ab E4 Brood | Brood | Brood | Brood

4Ab E4 Brood | Brood | Brood | Brood

4Ab E4 Brood | Brood | Brood | Brood

4Ab E4 Brood | Brood | Brood | Brood

4Ab E4 Brood | Brood

4Ab E4 Brood | Brood | Brood | Brood

4Ab E4 Brooc | Brooc | Brooc | Brooc

4Ab E4 Brood | Brood | Brood | Brood

4Ab E4 Brood | Brood | Brood | Brood

4Ab E4 Brood | Brood | Brood | Brood

4Ab E4 Brooc | Brooc | Brooc | Brooc

4Ab E4 Brood | Brood | Brood | Brood

4Ab E4 Brood | Brood | Brood | Brood

4Ab E4 Brood | Brood | Brood | Brood Stores| Stores
4Ab E4 Brood | Brood | Brood | Brood Stores| Stores
4Ab E4 Brood | Brood | Brood | Brood \
4Ab E4 Brood | Brood | Brood | Brood \
4Ab E4 Brood | Brood | Brood | Brood \
4Ab E4 Brooc | Brooc | Brooc | Brooc Store:

4Ab E4 Brood | Brood | Brood | Brood \
4Ab E4 Brood | Brood | Brood | Brood \
4Ab H6 26 | Brood | Brood | Brood | Brood \
4Ab H6 Brooc | Brooc | Brooc | Brooc \
4Ab H6 -I Brood | Brood | Brood \
4Ab H6 Brood | Brood | Brood | Brood | Brood \
4Ab H6 Brood | Brood | Brood | Brood | Brood \
4Ab H6 -I Brood | Brood | Brood | Brood \
4Ab H6 Brood | Brood | Brood | Brood | Brood | Stores \
4Ab H6 Brood | Brood | Brood | Brood | Brood \
4Ab H6 Brood | Brood | Brood | Brood | Brood
4Ab H6 Brooc | Brooc | Brooc | Brooc | Brooc \
4Ab H6 Brood | Brood | Brood | Brood | Brood
4Ab H6 Brood | Brood | Brood | Brood | Brood \
4Ab H6 Brood | Brood | Brood | Brood | Brood \
4Ab H6 Brooc | Brooc | Brooc | Brooc | Brooc \
4Ab H6 Brood | Brood | Brood | Brood | Brood \
4Ab H6 Brood | Brood | Brood | Brood | Brood \
4Ab H6 Brood | Brood | Brood | Brood | Brood
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4Ab H6

4Ab H6

4Ab H6

4Ab H6

4Ab H6

4Ab H6

4Ab H6

4Ab H6

4Ab H6

4Ab D5 28

4Ab D5

4Ab D5

4Ab D5

4Ab D5 |
4Ab D5 |
4Ab D5 |
4Ab D5 |
4Ab D5 |
4Ab D5
4Ab D5 |
4Ab D5 |
4Ab D5 |
4Ab D5 |
4Ab D5 |
4Ab D5 |
4Ab D5

4Ab D5

4Ab D5

4Ab D5

4Ab D5

4Ab D5

4Ab D5 Stores | Stores
4Ab D5 \ \ Stores | Stores
4Ab D5 | | |
4Ab D5 | | |
4Ab D5 | | |
4Ab D5 | | |
4rb |34 23 |
anb |4 | |
ano | 34 Brood |
4Ab J4 Brood
4Ab J4 Brooc | Brooc |
4Ab J4 Brood | Brood
4Ab J4 Brood | Brood | Brood \
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4Ab J4 Brooc |
4Ab | 4 Brood | Stores| Stores| Stores|
4Ab J4 Brood |
4Ab J4 Brood |
4Ab J4 Brood | Brood \ Stores | Stores| Stores| Stores
4Ab J4 Brooc | Brooc \ Store: | Store: | Store: | Store:
4Ab J4 Brood \ Stores | Stores| Stores| Stores
4Ab J4 Brood \ Stores | Stores
4Ab J4 Brood Stores| Stores| Stores
4Ab J4 Brood \ Stores | Stores
4Ab J4 Brood | |
4Ab J4 Brood | |
4Ab J4 Brooc \ Store:
4Ab J4 Brood Stores | Stores
4Ab J4 Brood \ Stores
4Ab J4 Brood \ Stores
4Ab F5 30| Brood | Brood | Brood | Brood | Brood Stores
4Ab F5 Brooc | Brooc | Brooc | Brooc | Brooc Store:
4Ab F5 Brood | Brood | Brood | Brood | Brood Stores| Stores
4Ab F5 Brood | Brood | Brood | Brood | Brood Stores | Stores
4Ab F5 Brood | Brood | Brood | Brood | Brood
4Ab F5 Brood | Brood | Brood | Brood | Brood
4Ab F5 Brood | Brood | Brood | Brood Stores | Stores
4Ab F5 Brood | Brood | Brood | Brood Stores
4Ab F5 Brooc | Brooc | Brooc | Brooc | Brooc Store:
4Ab F5 Brood | Brood | Brood | Brood | Brood
4Ab F5 Brood | Brood | Brood | Brood | Brood Stores
4Ab F5 Brood | Brood | Brood | Brood | Brood Stores
4Ab F5 | | Stores
4Ab F5 Brooc | Brooc \
4Ab F5 Brood | Brood \ Brood | Brood
4Ab F5 Brood | Brood | Brood | Brood | Brood \
4Ab F5 Brood | Brood | Brood | Brood | Brood \
4Ab F5 Brood | Brood | Brood | Brood | Brood \
4Ab F5 Brood | Brood | Brood | Brood \
4Ab F5 Brood |
4Ab F5 Brooc | Brooc | Brooc | Brooc | Brooc
4Ab F5 Brood | Brood | Brood | Brood | Brood
4Ab F5 Brood | Brood | Brood | Brood | Brood \
4Ab F5 Brood | Brood | Brood | Brood \
4Ab F5 |
4Ab F5 Brooc | Brooc | Brooc | Brooc | Brooc \
4Ab F5 Brood | Brood | Brood | Brood | Brood \
4Ab F5 Brood | Brood | Brood | Brood | Brood \
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4Ab F5 Brooc | Brooc | Brooc | Brooc | Brooc
4Ab F5 | |
4Ab 14 23 Stores
4Ab 14
4Ab 14 Brood | Brood Stores
4Ab 14 Brooc | Brooc \ Store!
4Ab 14 Brood | Brood | Brood Stores
4Ab 14 Brood | Brood | Brood
4Ab 14 Brood | Brood | Brood Stores
4Ab 14 Brood | Brood \ Stores
4Ab 14 \ \ Stores
4Ab 14 Brood | Brood Stores
4Ab 14 Brooc | Brooc \ Store!
4Ab 14 Brood | Brood \
4Ab 14 Brood | Brood | Brood
4Ab 14 \ \ Stores
4Ab 14 Brood | Brood \
4Ab 14 Brooc | Brooc \ Store:
4Ab 14 Brood | Brood Stores
4Ab 14 Brood | Brood Stores
4Ab 14 Brood | Brood Stores
4Ab 14 Brood | Brood
4Ab 14 Brood | Brood Stores
4Ab 14 Brood | Brood Stores
4Ab 14 Brooc | Brooc Store!
4Ab G3 24| Brood | Brood | Brood | Brood | Brood
4Ab G3 Brood | Brood | Brood | Brood
4Ab G3 Brood | Brood | Brood | Brood | Brood Stores
4Ab G3 Brood | Brood | Brood | Brood
4Ab G3 Brooc | Brooc | Brooc | Brooc Store!
4Ab G3 Brood | Brood | Brood | Brood Stores
4Ab G3 Brood | Brood | Brood | Brood | Brood Stores
4Ab G3 Brood | Brood | Brood | Brood
4Ab G3 Brood | Brood | Brood | Brood | Brood Stores
4Ab G3 Brood | Brood | Brood | Brood Stores
4Ab G3 Brood | Brood | Brood | Brood Stores
4Ab G3 Brooc | Brooc Brooc \
anp | G3
4Ab G3 Brood | Brood | Brood | Brood \
4Ab G3 Brood | Brood | Brood | Brood \
4Ab G3 Brood | Brood | Brood | Brood \
4Ab G3 Brooc | Brooc | Brooc | Brooc -
4Ab G3 Brood | Brood | Brood | Brood -
4Ab G3 Brood | Brood | Brood | Brood \
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4Ab G3 Brooc | Brooc | Brooc | Brooc
4Ab G3 Brood | Brood | Brood | Brood
4Ab G3 Brood | Brood | Brood | Brood
4Ab G3 Brood | Brood | Brood | Brood
4Ab G3 Brood | Brood | Brood | Brood
4Ab N6 24| Brooc | Brooc | Brooc | Brooc
4Ab N6 Brood | Brood | Brood | Brood
4Ab NG Brood | Brood | Brood | Brood
4Ab N6 Brood | Brood

4Ab N6 Brood | Brood | Brood | Brood
4Ab NG Brood | Brood | Brood | Brood
4Ab N6 Brood | Brood | Brood | Brood
4Ab N6 Brooc | Brooc | Brooc | Brooc
4Ab N6 Brood | Brood | Brood | Brood
4Ab NG Brood | Brood | Brood | Brood
4Ab N6 Brood | Brood | Brood | Brood
4Ab N6 Brood | Brood | Brood | Brood
4Ab N6 Brooc | Brooc | Brooc | Brooc
4Ab N6 Brood | Brood | Brood | Brood
4Ab N6 Brood | Brood | Brood | Brood
4Ab N6 Brood | Brood | Brood | Brood
4Ab NG Brood | Brood | Brood | Brood
4Ab N6 Brood | Brood | Brood | Brood
4Ab N6 Brood | Brood | Brood | Brood
4Ab N6

4Ab NG Brood | Brood | Brood | Brood
4Ab N6 Brood | Brood | Brood | Brood
4Ab NG Brood | Brood | Brood | Brood
4Ab N6 Brood | Brood | Brood | Brood

Stores

Stores
Stores

|
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9 10 11 12 13 14 15 16 17 18
Stores Stores | Stores Stores | Stores| Stores

Stores

|

| |
| |
| |
\ QCup| Qcup

Stores | Stores Stores | Stores

Stores | Stores | Stores | Stores

Stores | Stores | Stores \ \

Stores | Stores \

Stores | Stores
Store! | Store!

| |
| |
\ Stores \

Stores | Stores
Stores | Stores

Stores
Stores

|
|
|
|
|
|
|
|
|
Stores | Stores | Stores

Stores | Stores | Stores
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| |

| |
Stores | Stores | Stores \ \ Stores | Stores
Stores | Stores \ \ Stores | Stores
Stores | Stores | Stores | Stores Stores | Stores| Stores
Store! | Store: | Store: | Store: Store:

| | |
Stores | Stores | Stores | Stores| Stores| Stores Stores

Stores | Stores | Stores | Stores| Stores| Stores \ Stores
Stores | Stores | Stores | Stores| Stores| Stores \ Stores
Store: | Store: | Store:! | Store: | Store: | Store: Store: Store: Store: | Store:
Stores | Stores| Stores| Stores | Stores Stores Stores
Stores | Stores| Stores| Stores \ Stores | Stores

Stores Stores Stores Stores

|
|
|
Stores \ Stores | Stores \ Stores
|
|
|

Store: | Store!

Store: \ \ Store: | Store:
Stores | Stores| Stores | Stores Stores
Stores | Stores | Stores

Stores Stores Stores Stores

Stores | Stores| Stores Stores

|
Stores \

|
| Stores
\ Store: Store: Store:

Stores | Stores Stores| Stores| Stores |

Stores | Stores | Stores |

|
| Store: | Store: |

|
|
|
\ Stores
|
|

|
Stores | Stores |

Stores | Stores|
Stores | Stores |
Stores | Stores | Stores | Stores| Stores
Stores | Stores | Stores | Stores| Stores
| Store: |
Stores \
Stores \
Stores \
|
|

Stores
Store!
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Store: | Store!

|
|
Stores
Store!

Stores \
Stores |
|
|
|
|

|

| |
Stores

Store!

Stores | Stores Stores | Stores| Stores | Stores
Stores | Stores Stores| Stores| Stores | Stores
| |
|
Stores | Stores \ \
Stores | Stores \
|  Store:
Stores | Stores | Stores |
Stores | Stores \ \

\ Stores | Stores| Stores| Stores | Stores Stores
Stores | Stores | Stores | Stores| Stores| Stores | Stores Stores
Store: | Store: | |
Stores | Stores | Stores \ Stores | Stores
\ Stores | Stores \ Stores | Stores Stores
Stores | Stores | Stores Stores | Stores Stores | Stores| Stores
Stores | Stores \ Stores Stores | Stores| Stores
| Stores | Stores | Stores | Stores
Stores | Stores \ Stores | Stores
Store: | Store: | Store: | Store: |
Stores | Stores | Stores | Stores| Stores| Stores
Stores Stores | Stores| Stores| Stores \
Stores Stores | Stores | Stores \
\ \ Stores| Stores | Stores
Store: \ Store: | Store: Store:
Stores \ Stores | Stores | Stores

|
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| Stores |
|
|
 Store: | |

|

|

Stores

Stores
Stores | Stores
Stores | Stores \

\ Store! | Store! \
Stores | Stores | Stores
Stores Stores

Stores

Stores

Store:

Stores

|
|
|
Stores
|
|
|
|

Stores
Stores

Stores
Store!

Stores \
Stores Stores \ \
Stores | Stores

Store: | Store: Store:
Stores | Stores | Stores | Stores Stores Stores
Stores | Stores Stores Stores | Stores
\ Stores | Stores| Stores
Stores | Stores
Stores

|

| |

Stores
-Stores -Stores \ -Stores _Stores -Stores
|

|

|

|

|

Brood | Brood | Brood | Brood \
Stores | Stores | Stores| Stores \

\ Stores

\ Stores | Stores

|
\ Store: | Store:
|

Stores | Stores
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Store!
Stores

|
| Stores |

|
Stores| Stores| Stores | Stores
Stores Stores| Stores | Stores
Stores | Stores | Stores | Stores | Stores| Stores | Stores
Stores | Stores | Stores | Stores Stores | Stores
Stores | Stores | Stores | Stores Stores | Stores Stores
Stores | Stores | Stores Stores | Stores Stores
\ Stores | Stores Stores | Stores
Stores | Stores | Stores | Stores Stores | Stores Stores | Stores
Store: | Store: | Stoles | Store: | Store: | Store: Store: Store:

Stores | Stores | Stores | Stores| Stores| Stores \
Stores | Stores | Stores

|
-Stores ‘
|
|
|

Stores

Stores
Stores

Stores
Stores

|

Stores | Stores| Stores| Stores Stores
\ Stores | Stores
Store: | Store!

Store! Store!
Stores

| Stores| Stores

Stores | Stores
Stores | Stores

\ Stores | Stores

\ Store:
Stores | Stores

Stores
Store!

Stores | Stores
Stores | Stores

Stores
Stores
Stores

Stores

Stores

| Stores
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Stores

|
_Stores -Stores -Stores -Stores -Stores -Stores -Stores
|
|
|
|
|
|

-Stores
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|

|
|

|

|
_Stores
|
|
|
|

Brood
|
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Brood | Brood

Brooc | Brooc

Brood | Brood

Stores

|
|
|
|
|
|
|
|
|
|
|
|

|

\ Brood | Brood | Brood

Stores | Stores | Stores
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Brood

Brood

Stores

Stores Stores

Stores

Brood | Brood
Brood | Brood

Stores_| Stores

Stores

Store: MULTI

Stores

Stores

Stores

Stores | Stores

Stores | Stores
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|

\ Stores | Stores

Stores | Stores

Stores | Stores | Stores | Stores | Stores | Stores

Stores Stores | Stores | Stores | Stores

|
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APPENDIX B

Appendix B Colony B: Contents of the cells for each squarepded for the duration of the experiment

# of
FRAME |CUBE | CELLS
2Ba D4 32
2Ba D4
2Ba D4 Stores | Stores | Stores
2Ba D4 Stores| Stores | Stores
2Ba D4 Stores | Stores
2Ba D4 Brood | Brood | Brood
2Ba D4 Brood | Brood | Brood
2Ba D4
2Ba D4 Stores
2Ba D4 Stores
2Ba D4
2Ba D4
2Ba D4
2Ba D4
2Ba D4
2Ba D4
2Ba D4 Brood | Brood | Brood
2Ba D4 Brood | Brood | Brood
2Ba D4 Brood | Brood | Brood
2Ba D4 Brooc | Brooc | Brooc
2Ba D4 Brood | Brood | Brood
2Ba D4 Brood | Brood | Brood
2Ba D4 Brood | Brood | Brood
2Ba D4 Brooc | Brooc | Brooc Store! | Store:
2Ba D4 Stores | Stores
2Ba D4
2Ba D4 Brood | Brood | Brood Stores
2Ba D4 Brood | Brood
2Ba D4 Brood | Brood
2Ba D4 Brood | Brood
2Ba D4 Brood | Brood
2Ba D4 Brooc | Brooc
2Ba E6 32| Brood | Brood | Brood | Brood | Brood
2Ba E6 Stores | Stores
2Ba E6
2Ba E6
2Ba E6
2Ba E6
2Ba E6




Stores

Stores

Brood

Brood | Brood
Brood | Brood

Brood | Brood
Brood | Brood

Brood

Brood

Brood

2Ba E6 Brooc | Brooc | Brooc | Store:
2Ba E6 Brood | Brood Stores
2Ba E6 Brood | Brood
2Ba E6 Brood | Brood
2Ba E6 Brood | Brood
2Ba E6 Brooc | Brooc

2Ba E6 Brood | Brood

2Ba E6 Brood | Brood

2Ba E6 Brood | Brood | Brood

2Ba E6 Brood | Brood | Brood

2Ba E6 Brood | Brood | Brood

2Ba E6 Brood | Brood | Brood

2Ba E6 Brooc | Brooc | Brooc

2Ba E6 Brood | Brood | Brood

2Ba E6 Brood | Brood | Brood | Brood
2Ba E6 Brood | Brood | Brood | Brood
2Ba E6 Brood | Brood | Brood | Stores
2Ba E6 Brooc | Brooc | Brooc | Brooc
2Ba E6 Brood | Brood | Brood

2Ba E6 Brood | Brood | Brood

2Ba E6 Brood | Brood | Brood

2Ba E6 Brood | Brood | Brood

2Ba E6 Brood

2Ba E6

28a | E6

2Ba F3 26

2Ba F3

2Ba F3

2Ba F3

2Ba F3

2Ba F3
2Ba F3

2Ba F3

2Ba F3

2Ba F3

2Ba F3

2Ba F3

2Ba F3

2Ba F3

2Ba F3

2Ba F3

2Ba F3

2Ba F3

2Ba F3
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Stores | Stores| Stores

Stores | Stores| Stores

Stores | Stores| Stores

Brood

2Ba F3

2Ba F3

2Ba F3

2Ba F3

2Ba F3

2Ba F3

2Ba F3

2Ba G6 25

2Ba G6

2Ba G6 Brood | Brood
2Ba G6 Brood | Brood
2Ba G6 Brood
2Ba G6 Brooc
2Ba G6 Brood
2Ba G6 Brood
2Ba G6 Brood
2Ba G6 Brood
2Ba G6

2Ba G6 Brood
2Ba G6 Brood
2Ba G6 Brood
2Ba G6

2Ba G6

2Ba G6

2Ba G6

2Ba G6

2Ba G6

2Ba G6

2Ba G6

2Ba G6

2Ba G6

2Ba G6

2Ba K5 33

2Ba K5

2Ba K5

2Ba K5

2Ba K5

2Ba K5

2Ba K5

2Ba K5

2Ba K5

2Ba K5

2Ba K5

2Ba K5
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Brood | Stores

Stores

Brooc

Stores

Stores

Stores

Stores

Brood

Brood

Brood

Stores

Brood

Stores

Brood

Stores

Stores

Stores

Stores

Brood

Brood

Brood

Brood

Brood
d

Broo

Brood

Brooc | Brooc

Brood | Brood

2Ba K5
2Ba K5
2Ba K5
2Ba K5
2Ba | Ks
2Ba K5
2Ba K5
28a | Ks
2Ba K5
2Ba K5
2Ba K5
2Ba K5
2Ba K5
2Ba K5
2Ba K5
2Ba K5
2Ba K5
2Ba K5
2Ba K5
2Ba K5
2Ba K5
2Ba H4
2Ba H4
2Ba H4
2Ba H4
2Ba H4
2Ba H4
2Ba H4
2Ba H4
2Ba H4
2Ba H4
2Ba H4
2Ba H4
2Ba H4
2Ba H4
2Ba H4
2Ba H4
2Ba H4
2Ba H4
2Ba H4
2Ba H4
2Ba H4
2Ba H4
2Ba H4
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Brood | Brood

2Ba H4

2Ba H4

2Ba H4

2Ba H4

2Ba H4

2Ba H4

2Ba H4

2Ba H4

2Ba H4

2Ba L4

2Ba L4

2Ba L4

2Ba L4

2Ba L4

2Ba L4

2Ba L4

2Ba L4

2Ba L4

2Ba L4 Brood
2Ba L4 Stores
2Ba L4 Brood
2Ba L4 Brood
2Ba L4

2Ba L4

2Ba L4

2Ba L4

2Ba L4

28a | L4
2Ba L4

2Ba L4

2Ba L4

2Ba L4

2Ba L4

2Ba L4

2Ba L4

2Ba L4

2Ba L4

2Ba L4

2Ba L4

2Ba L4

2Ba M5

2Ba M5

2Ba M5

2Ba M5

Brood | Brood




2Ba M5 Brooc

2Ba M5 Brood

2Ba M5

2Ba M5

2Ba M5

2Ba___ | M5
2Ba M5

2Ba M5 Brood
2Ba M5 Brood

2Ba M5 Brood

2Ba M5 Brood | Brood

2Ba M5 Brood | Brood

2Ba M5 Brooc

2Ba M5

2Ba M5

2Ba M5

2Ba M5

2Ba M5 Brooc

2Ba M5 Brood

2Ba M5 Brood
2Ba M5

2Ba M5

2Ba M5
2Ba M5 Brood | Brood
2Ba M5 Brooc | Brooc

2Ba M5 Brood | Brood
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APPENDIX C

Appendix C Colony C: Contents of the cells for each squanepdad for the duration of the

experiment

# of
FRAME | CUBE | CELLS 4 5 6
2Cb G6 25 Stores | Stores | Stores
2Ch G6 Stores | Stores | Stores | Stores | Stores
2Ch G6 Stores | Stores | Stores | Stores | Stores
2Cb G6 Stores | Stores
2Cb G6 Brood | Stores
2Ch G6 Stores | Stores | Stores
2Chb G6 Stores | Stores | Stores | Stores | Stores
2Cb G6 Store: | Store: | Store: | Stores
2Cb G6
2Ch G6
2Cb G6 Stores | Stores | Stores
2Cb G6 Brood | Brood | Brood | Brood | Brood
2Ch G6 Stores | Stores | Stores | Stores
2Cb G6 Stores | Stores
2Cb G6 Stores | Stores
2Cb G6
2Chb G6 Brood | Brood | Brood
2Cb G6 Stores | Stores | Stores
2Cb G6 Brood | Brood | Stores | Stores | Stores
2Ch G6 Store! | Store! | Store: | Store:
2Ch G6 Brood | Brood | Brood | Brood | Brood
2Cb G6 Stores | Stores | Stores Stores | Stores
2Ch G6 Brood | Brood | Brood Stores | Stores
2Cb G6 Brood | Brood | Brood
2Cb G6 Stores
2Cb F5 30
2Cb F5
2Cb F5 Brood | Brood | Brood
2Cb F5 Stores | Stores
2Ch F5 Stores
2Cb F5 Stores
2Ch F5
2Cb F5
2Cb F5
2Cb F5
2Cb F5 Brood | Brood | Brood
2Ch F5 Stores | Stores
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2Cb F5

2Cb F5 Brood | Brood | Brood | Stores

2Cb F5 Brood | Brood | Brood
2Cb F5 Stores | Stores | Stores

2Ch F5 Stores | Stores | Stores

2Ch F5 Store: | Store!

2Cb F5
2Cb F5 Stores | Stores
2Ch F5 Stores | Stores
2Ch F5 Stores | Stores
2Cb F5 Brood | Stores
2Ch F5
2Cb F5 Brooc | Store: | Store:

2Ch F5 Stores | Stores | Stores | Stores
2Cb F5 Stores | Stores | Stores | Stores
2Ch F5 Stores | Stores | Stores | Stores

2Cb F5 Brood | Brood | Brood

2Cb F5 Brooc

2Cb L5 Stores | Stores

2cb |15

20|15

2Cb L5

2Ch L5

2cb |15

2Cb L5 Brooc

2Cb L5

2Ch L5

2Cb L5

2Ch L5

2Ch L5

2Cb L5

2cb |15

2Ch L5

2cb |15

2Cb L5 Stores | Stores | Stores | Stores
2Ch L5 Stores | Stores | Stores | Stores
2Cb L5 Store: | Store: | Store: | Store:

2Ch L5 Stores | Stores | Stores

2Cb L5

2cb |15

2cb |15

2Cb L5
2Cb L5
2Cb H4
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2cb | Ha4

2Cb | Ha

2Cb H4

2cb | h4

2cb | 14

2Ch Ha

2Cb H4

2Ch H4 Stores | Stores | Stores
2Ch H4 Stores | Stores | Stores
2Ch H4 Stores | Stores | Stores
2Ch H4 Stores | Stores

2Ch Ha

2Cb | Ha

2Ch H4 Stores | Stores

2Cb H4 Stores | Stores

2Ch H4 Stores | Stores | Stores

2Cb H4 Brood Stores | Stores

2Cb H4 Brooc | Brooc | Brooc | Brooc

2Cb H4 Brood | Brood | Brood | Stores

2Ch H4 Stores | Stores | Stores | Stores

2Cb H4 Stores | Stores | Stores

2Ch H4 Stores | Stores | Stores | Stores

2Cb | Ha

2cb | h4

2Cb H4
2Cb H4
2Cb H4
2Cb H4
2Cb H4
2Cb G3
2Cb G3
2Cb G3

2Ch G3

2cb | G3

2cb | G2

2Cb G3
2Cb G3
2cb | cs
2Cb G3

2cb | G3

2cb | G3

2Cb G3
2Cb G3
2Cb G3
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Brood

Brooc

Stores | Stores

Stores

Stores

Brood | Brood

Brood

Stores

Brood | Brood

Brood

Stores

Store: | Store:

Store!

Store!

Stores | Stores

Stores

Stores

Stores | Stores

Stores

Brood | Brood
Store:!

Brood

Store!

Brood | Brood | Brood

Brood

Brood | Brood | Brood

Brood

Brood | Brood | Brood

Brood

Stores

Stores

Stores

Stores | Stores | Stores

Stores

Stores | Stores | Stores

Stores

Stores

Stores | Stores | Stores

Stores

Stores

Stores

Stores

Stores

Brooc | Brooc | Brooc | Brooc

Stores

Brooc

Store:

Stores

Stores

Stores

Stores

Stores

Stores

Stores

Brooc

Brood | Brood | Brood

Brooc

Brood

Stores

Brood

Stores | Stores

Stores

Stores

Brooc | Brooc | Brooc

2Cb G3
2Ch G3 Stores
2Cb G3
2Ch G3 Stores
2Cb G3 Brood
2Cb G3
2Ch G3
2Ch G3
2Cb G3
2Cb G3
2Ch K5
2Cb K5
2Ch K5
2Cb K5
2Ch K5
2Cb K5
2Ch K5
2Ch K5
2Cb K5
2Cb K5
2Ch K5
2Ch K5
2Cb K5
2Ch K5
2Cb K5
2Ch K5
2Cb K5
2Ch K5
2Cb K5
2Cb K5
2Ch K5
2Ch K5
2Cb K5
2Cb K5
2Ch K5
2Cb K5
2Ch J4
2Cb J4
2Ch J4
2Cb J4
2Ch J4
2Ch J4
2Cb J4
2Cb J4

Brooc

Store!
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2Cb J4 Brooc | Brooc

2Cb J4 Brood | Brood

2Cb 4 Brood
2Cb 34
2Cb J4 Brood | Brood | Brood | Brood | Brood
2Ch J4 Brooc | Brooc Brooc

2Cb J4

2Cb J4 Brood

2Cb J4 Brood | Brood | Brood | Brood

2Ch J4 Brood | Brood | Brood | Brood | Stores
2Cb J4 Brood | Brood

2Cb J4 Brood | Stores
2Cb J4 Brooc | Brooc | Brooc Brooc

2Ch J4 Brood | Brood | Brood | Brood

2Cb J4 Brood | Brood | Brood | Brood | Stores
2Ch J4 Brood | Brood | Brood | Brood

2Cb 34
2Cb J4

2Cb J4

2Cb J4

2Cb J4

2Cb J4

2Cb 13 24
2Cb 13
2Ch 13 Store! Store!
2Cb 13 Stores | Stores | Stores
2Ch 13 Stores | Stores | Stores
2Cb 13 Stores | Stores | Stores
2Ch 13 Stores | Stores

2Cb 13

2Cb 13

2Cb 13 Brood | Brood | Brood | Stores
2Ch 13 Stores | Stores | Stores

2Ch 13 Stores | Stores | Stores
2Cb 13

2Cb 13

2Cb 13

2Ch 13 Brood | Brood Brood

2Cb 13 Brood Brood | Brood
2Cb 13

2Cb 13 Stores | Stores
2Cb 13 Store: | Store: | Store: Store!
2Cb 13 Brood | Brood | Brood | Stores
2Ch 13 Brood | Brood | Brood
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2Cb 13 Brooc | Brooc | Brooc | Store:
2Cb 13 Brood | Brood | Brood | Brood | Stores
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APPENDIX D

Appendix D Colony D: Contents of the cells for each squarepdad for the duration of the
experimer

# of
FRAME CUBE | CELLS
3Da K3 26
3Da K3
3Da K3 Stores
3Da K3
3Da K3
3Da K3 |
3Da K3 Stores | Stores | Stores | Stores
3Da K3 Brooc | Brooc | Brooc | Brooc
3Da K3 |
3Da K3 Brood | Brood | Brood
3Da K3
3Da K3 Brood
3Da K3
3Da K3
3Da K3
3Da_ | K3
3Da K3
3Da K3 Brood
3Da K3
3Da K3
3Da K3
3Da K3 Stores | Stores
3Da K3
3Da K3
3Da K3
3Da D3 24
3Da D3
3Da D3
3Da D3
3Da D3
3Da D3
3Da D3
3Da D3
3Da D3
3Da D3
3Da D3
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3Da D3

3Da D3

3Da D3

3Da D3

3Ds D3
3Da D3

3Da D3
3Da D3

3Da D3

3Da D3

3Da D3

3Da D3

3Da D3

3Da F5 25

3Da F5

3Da F5

3Da F5 Stores
3Da F5 Brood | Brood | Brood | Stores
3Da F5 Brood | Brood | Brood | Brood

3Da F5 Brood | Brood | Brood | Brood | Stores
3Da F5 Brood | Stores
3Da F5 |

3Da F5 ‘ Stores
3Da F5 Brood | Stores
3Da F5 |

3Da F5 | Stores
3Da F5 Brood | Brood | Brood Stores
3Da F5 Brood | Brood | Brood | Brood | Stores
3Da F5 Store!

3Da F5 | Stores
3Da F5 Brood | Stores
3Da F5 |

3Da F5 Brood | Brood | Brood | Brood

3Da F5 Brood | Brood | Brood | Brood

3Da F5 Brood | Brood | Brood | Brood | Stores
3Da F5 Brooc | Brooc | Brooc | Brooc | Store:
3Da F5 Brooc | Brooc | Brooc | Brooc | Store:
3Da F5 Brood | Brood | Brood | Brood

3Da N4 30| Brood | Brood | Brood
3Da N4 Brood | Brood | Brood | Brood

3Da N4 Brood | Brood | Brood | Brood

3Da N4 Brood | Brood | Brood | Brood | Brood
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Brood

Brood

Brooc

Brooc

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brooc

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Store!

Brood

Brood

Brood

Brood

3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da N4
3Da G3
3Da G3
3Da G3
3Da G3
3Da G3
3Da G3
3Da G3
3Da G3
3Da G3
3Da G3
3Da G3
3Da G3
3Da G3
3Da G3
3Da G3
3Da G3

Stores
Stores

Stores
Stores
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3Da G3 Brood | Brood | Brood | Brood | Brood | Stores
3Da G3 Brood | Brood | Brood | Brood | Brood

3Da G3 Brood | Brood | Brood | Brood Stores
3Da G3 Brood | Brood | Brood | Brood Stores
3Da G3 Brooc | Brooc

3Da G3 Brood | Brood | Brood | Stores
3Da G3 Stores | Stores | Stores | Stores
3Da G3 Stores | Stores

3Da G3 Brood | Brood

3Da L5 30 Brood | Brood | Brood | Brood

3Da L5 Brood

3Da L5 Brooc

3Da L5 Brooc

3Da L5 Brood | Brood | Brood | Brood

3Da L5 Brood

3Da L5

3Da L5

3Da L5

3Da L5

3Da L5

3Da L5

3Da L5

3Da L5

3Da L5

3Da L5

3Da L5

3Da L5

3Da L5

3Da L5

3Da L5 Brood

3Da L5

3Da L5

3Da L5

3Da L5
3Da L5

3Da L5

3Da L5

3Da L5

3Da L5

3Da M4 26

3Da M4

3Da M4




3Da M4 Brood | Brood | Brood | Brood | Brood
3Da M4 Brood | Brood | Brood | Brood | Brood
3Da M4 - Brood | Brood | Brood | Brood
3Da M4 Brood | Brood | Brood | Brood
3Da M4 Brooc | Brooc | Brooc | Brooc | Brooc
3Da M4 Brood | Brood | Brood | Brood | Brood
3Da M4 Brood | Brood | Brood | Brood
3Da M4 Brood | Brood | Brood | Brood
3Da M4 Brood | Brood | Brood | Brood
3Da M4 Brood | Brood | Brood | Brood
3Da M4 Brood | Brood | Brood | Brood | Brood
3Da M4 Brooc | Brooc | Brooc | Brooc | Brooc
3Da M4 Brooc | Brooc | Brooc | Brooc | Brooc
3Da M4 - Brood | Brood | Brood | Brood
3Da M4 Brood | Brood | Brood | Brood | Brood
3Da M4 Brood | Brood | Brood | Brood | Brood
3Da M4 Brood | Brood | Brood | Brood | Brood
3Da M4 Brood | Brood | Brood | Brood
3Da M4 Brood | Brood | Brood | Brood
3Da M4 Brood | Brood | Brood | Brood
3Da M4 Brood | Brood | Brood | Brood
3Da M4 Brooc | Brooc
3Da M4 Brood | Brood
3Da 13 Stores | Stores | Stores | Stores
3Da 13 Stores | Stores | Stores | Stores
3Da 13 Stores | Stores | Stores | Stores
3Da 13 Stores | Stores | Stores | Stores
3Da 13 Stores | Stores | Stores | Stores
3Da 13 Store! | Store! | Store: | Store:
3Da 13 Stores | Stores | Stores | Stores
3Da 13 Brood | Brood | Brood | Brood
3Da 13 Stores | Stores | Stores | Stores
3Da 13 Brood | Brood | Brood | Brood
3Da 13 Stores | Stores | Stores | Stores
3Da 13 Brood | Brood | Brood | Brood
3Da 13 Brooc | Brooc | Brooc | Brooc
3Da I3 Store: Store: | Store: | Store: | Store:
3Da 13 Stores | Stores | Stores | Stores | Stores
3Da 13 Stores | Stores | Stores | Stores
3Da 13 Brood | Brood | Brood | Brood
3Da I3 Stores
3Da 13 Brood | Brood | Brood
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3Da 13
3Da 13
3Da 13
3Da 13
3Da 13
3Da 13
3Da 13
3Da 13
3Da 13
3Da 13
3Da 13

Brood

Brood

Brood

Brood

Stores | Stores

Stores

Stores

Stores

Stores | Stores

Stores

Stores

Stores

Stores | Stores

Stores

Stores

Stores

Brooc

Brooc

Brooc

Brooc

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Stores

Stores

Stores

Stores

Stores

Stores

Stores

Stores
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8 10

11 12 14
Brood | Brood | Brood | Brood
Brooc | Brooc | Brooc | Brooc
Brooc | Brooc
Brood | Brood | Brood | Brood
Brood | Brood | Brood | Brood
Brood | Brood | Brood | Brood
Brood | Brood | Brood | Brood
Brood | Brood | Brood | Brood
Brood | Brood | Brood | Brood
Brood | Brood | Brood | Brood
Brood | Brood | Brood | Brood
Brood | Brood | Brood | Brood
Brood | Brood | Brood | Brood
Brood | Brood | Brood
Brood | Brood | Brood
Brood | Brood | Brood | Brood
Brood | Brood | Brood | Brood
Brood | Brood | Brood | Brood
Brood | Brood | Brood
Brood Chalk
Brooc | Brooc
Brood | Brood | Brood | Brood
Brood | Brood Brood
Brood | Brood | Brood
Brood | Brood | Brood
Brood | Brood | Brood | Brood
Brooc Store!
Brooc Store!
Brood | Brood | Brood | Brood | Stores | Stores
Brood | Brood | Brood | Brood | Stores| Stores
Brood | Brood | Brood | Brood | Stores| Stores

=
\,

=
oo

Stores

Stores

Brood

Brood
Stores
Store:

Stores
Stores | Stores

Stores | Stores Brood | Brood | Brood | Brood Stores
Brood | Brood | Brood | Brood Stores

Store: | Store:
Stores | Stores

Brooc | Brooc | Brooc
Brooc | Brooc | Brooc
Brood | Brood | Brood | Brood

Brooc
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Brood | Brood | Brood | Brood Stores
Stores Brood | Brood | Brood | Brood Stores
Stores | Stores Brood | Brood | Brood | Brood | Stores| Stores
Stores | Stores Brood | Brood | Brood | Brood Stores
Store: | Store! Brooc | Brooc | Brooc | Brooc Store!
Stores | Stores Brood | Brood | Brood | Brood | Stores| Stores
Stores | Stores Brood | Brood | Brood | Brood | Stores | Stores
Stores | Stores Brood | Brood | Brood | Brood Stores

Brood | Brood | Brood | Brood ‘

Brood | Brood | Brood | Brood

Brood | Brood | Brood | Brood ‘
Brooc | Brooc | Brooc | Brooc
Brooc | Brooc | Brooc | Brooc ‘
Brood | Brood | Brood | Stores| Stores| Stores
Stores| Stores| Stores

Stores | Stores

Stores | Stores
Brood | Brood | Brood | Brood | Stores| Stores| Stores
Brood | Brood | Stores| Stores| Stores
Brood | Brood | Brood Stores | Stores
Brooc | Brooc | Brooc | Brooc | Store:
Brood | Brood | Brood | Stores| Stores
Brood | Brood | Brood | Stores| Stores| Stores
Brood | Brood | Brood | Stores| Stores| Stores
Brood | Brood | Brood | Stores| Stores| Stores
Brood | Brood | Brood | Stores| Stores
Brood | Brood | Brood | Stores| Stores| Stores
Brooc | Brooc | Brooc | Store: | Store: | Store:
Brood | Brood | Brood | Stores| Stores| Stores
Brood | Brood | Brood | Brood Stores
Brood | Brood | Brood | Brood Stores
Brood | Brood | Brood Stores| Stores
Brood | Brood | Brood Stores| Stores
Stores Brood | Brood | Brood Stores | Stores
Brooc | Brooc | Brooc Store! | Store:
Brooc

Brood ‘
Brood | Brood

Brood

‘ Brood | Brood

Brood

Brood | Brood
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Brood | Brood

Brood | Brood

Brood | Brood

Stores

Brood | Brood

Stores

Stores

Brood | Brood

|

Brood | Stores| Stores

Stores | Stores

Stores| Stores

Store: | Store: | Store:
Stores| Stores| Stores
Stores| Stores| Stores
Brood | Stores| Stores

Stores| Stores

Stores | Stores
Stores| Stores
Store: | Store:
Store: | Store:

Stores
Store: | Store:
Stores | Stores
Stores| Stores
Stores | Stores
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Brood | Brood | Brood | Brood
Brood | Brood | Brood
Brood | Brood | Brood
Brood Brood
Brooc | Brooc | Brooc

Brooc | Store:

Stores

Stores | Stores

Store!

Stores
Stores

Store!

Brood | Brood | Brood
Brood | Brood | Brood
Brood | Brood | Brood
Brood | Brood | Brood

Stores

Stores

Stores

Stores

Stores
Stores
Stores

Brood

Brood

Brood Brood | Brood Stores
Brood | Brood | Brood Brood | Brood | Brood
Brooc Brooc | Brooc | Brooc
Brooc | Brooc | Brooc Brooc | Brooc | Brooc
Brood | Brood | Brood Brood | Brood | Brood
Brood | Brood | Brood Stores | Stores

Brood | Brood | Brood | Brood Stores| Stores
Brood | Brood | Brood | Brood Brood | Brood | Brood
Brood | Brood | Brood | Brood Brood | Brood | Brood
Brood Brood | Brood | Brood
Brood Brood | Brood | Brood
Brooc | Brooc | Brooc | Brooc Brooc | Brooc | Brooc
Brood | Brood | Brood | Brood Brood | Brood | Brood
Brood | Brood | Brood | Brood Brood | Brood | Brood

Brood | Brood | Brood | Brood

Brood | Brood | Brood | Brood Brood | Brood | Brood
Brood | Brood | Brood | Brood Brood | Brood | Brood
Brood Brood | Brood | Brood
\ Brooc | Brooc | Brooc

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brooc

Brood

Brooc

Brood

Brooc

Brooc | Brooc

Brooc

Brooc

Brood | Stores Brood | Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood | Brood
Brood | Brood | Brood

Stores

Brood

Brood

Stores

Stores

Stores

Stores
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Brood | Brood | Brood
Brood | Brood | Stores| Stores

Brood | Brood | Brood
Brood | Brood | Brood

Brood | Brood

Brood | Brood

Brooc | Brooc

Brood | Brood | Brood
Brood | Brood | Brood

‘ Brood | Brood | Brood

Brood | Brood | Brood
Brood | Brood | Brood | Brood | Brood
\ Brood | Brood

Brooc

-Brood ‘
|
|

Brood

Brood | Brood
Brood | Brood

Brood | Brood
Brood | Brood
Brood | Brood | Brood
Brood | Brood | Brood
Brood | Brood | Brood
Brooc | Brooc | Brooc
Brood | Brood | Brood
Stores| Stores

Stores
Store!

Brooc | Brooc | Brooc Store!
Brood | Brood | Brood | Brood
Brood | Brood | Brood | Brood
Brood | Brood | Brood | Brood
Brood | Brood | Brood
Brood | Brood | Brood
Brood | Brood | Brood
Brooc | Brooc | Brooc
Brooc | Brooc | Brooc
Brood | Brood | Brood
Brood | Brood | Brood
Brood | Brood | Brood | Brood
Brood | Brood | Brood | Brood
Brood | Brood | Brood | Brood

Stores
Stores

Stores

Store!
Stores

Stores
Stores
Stores

Stores
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Brood

Brood

Brood

Brood

Brood

Brood

Stores

Brood

Brood

Brood

Stores Brood

Brood

Brood

Brood

Brooc

Brooc

Brooc

Brooc

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood
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Stores Stores
Stores

Stores Stores
Stores

Stores| Stores




Stores
Stores ores
Stores ores
Stores ores
Stores ores
Stores Stores
Stores Stores Stores

o
=
D
(%]

o

Stores| Stores ores

Stores| Stores| Stores| Stores
Stores Stores| Stores
Stores Stores
Stores
Stores
Stores Stores| Stores
Stores Stores| Stores
Stores

Stores

Stores

Stores

Stores
Stores| Stores

Stores| Stores Stores

Stores| Stores|

Stores
Stores

Stores
Stores
Stores
Stores

Stores
Stores

Stores

Stores
Stores
Stores

-Stores

Stores
Stores

Stores
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Stores

Stores
Stores

Stores| Chalk| Stores| Stores| Stores

Stores| Stores

Stores| Chalk
Stores| Stores

Stores| Stores Stores| Stores
Stores| Stores Stores| Stores
Stores| Stores

Stores| Stores Stores
Stores| Stores Stores
Stores| Stores| Stores| Stores

Stores| Stores

Stores| Stores

Stores| Stores
Stores| Stores
Stores| Stores|

Stores| Stores
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Stores| Stores

Stores| Stores

Stores| Stores

Stores Stores
Stores

Stores
Stores

Stores

Stores

Brood
Brood
Brood
Brood

Stores

Stores

Brood

Brood
Brood

Brood
Brood
Brood
Brood

Brood
Brood
Brood
Brood
Brood
Brood
Brood
Brood
Brood
Brood
Brood
Brood
Brood




Stores

Stores
Brood

Brood
Stores
Stores
Stores
Brood
Brood

Brood

Brood

Brood
Brood

Brood
Brood
Brood
Brood
Brood
Brood
Brood
Brood
Brood
Brood | Brood
Stores| Stores| Stores
Brood | Brood | Brood
Stores| Stores| Stores
Brood | Brood | Brood

Stores| Stores

Brood | Brood | Brood | Brood

Brood | Brood | Brood | Brood

Brood
Brood

Chalk

Stores

Brood

Brood | Brood | Brood | Brood
Brood | Brood | Brood | Brood
Brood | Brood | Brood | Brood
Stores
Stores
Stores| Stores
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Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Stores

Stores

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood

Brood | Brood | Brood | Brood
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