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Bumble bees (Bombus: Apidac) are a long-standing model system for understanding animal behaviour, ecology and evolution. However, how workers in this system are organized to perform
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fundamental tasks related to brood feeding and food collection remains unclear. Bumble bees undergo dramatically different [ife stages, across which the social environment, and therefore task

organization, changes over time. Queens initiate nests solitarily, and when the first cohort of workers emerge, they help the queen carry out brood-feeding and food collection tasks, whereas the queen

transitions to primarily egg laying. Although task organization has been studied in mature colonies, few studies to date have explored how these tasks are organized in young, incipient nests. Here,
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we explored how food-related tasks, including brood feeding and food collection, are organized by workers in incipient colonies. We found that food - related tasks were nested, in that the majority of

workers fed brood, a subset also collected nectar and a smaller subset also collected pollen. These patterns suggest that brood feeding is a task shared by most workers, and that the distinction between

pollen collecting versus nonpollen collecting might be the most important axis of division of labour in bumble bee nests, at least at the early nesting stage.
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A prindpa[ dﬁerence separating the social and so[itﬂry insects is that in the former, ﬁmdamenta[ tasks related to
feed'mg and repmduction are pelgformed coopevaﬁve[y ]oy social group mem- bers, rather than by a single individual. All
reprodudlve fem,:de insects, whether so[itavy or social, have to pe}form the ﬁmdamen{a[ tasks vf ﬁnding food and suitable places
to deposit and/or rear their offspvlng, in order to survive and reproduce. However, in the social insects, these tasks oﬁen change
in both form and comp[exi[y and are coordinated between multiple individuals that co([ective[y pelgfovm a broad suite (yr
tasks (Michener, 1969; Wilson, 1971). Identifying how tasks are coordinated between multiple in- dividuals isa
major goal in social insect research (Korh & Heinze, 2008; Oster & Wilson, 1978; Toth & Rehan, 2017; Toth
& Robinson, 2007; Wheeler, 1928).

Specialization, defined as individuals repeatedly performing the same task or task repertoire, to the exclusion of
other tasks, is a prevalent component of social insect societies (Beshers & Fewell, 2001; Gordon, 2016; Wilson, 1971).

Specia(izaﬁon is considered adaptive fov social groups because it can improve collective
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qfﬁc{emy; however, groups ofben peyform more optimaﬂy when they contain both specia[ized and flexible individuals

(Fisher, 2019; Muller & Chittka, 2008; Oster & Wilson, 1978). Social insects can vary dramatically with vespect to the

degree that ﬂrwy specia[[ze on tasks. Some systems are organized by mor r' logical or age—velated p lyethism, where worker ageor

morphology are associated with specialization on speciﬁc tasks (Mildner & Roces, 2017; Wilson, 1977). For example,
n l/wney bees, a model system for studying social insect behaviour, workers undergo an age—ve[ated transition fmm
spec[al[zaﬁon on in-hive tasks, [nc[uding brood feeding, to fomging (i.e. food collection). Other species have more flexible
social organization, such as the annually or facultatively eusocial species (Brian, 1952; West-Eherhard, 1967), where
individuals oﬁen move ﬂuent[y a[owg a gradient between behavioural specia[izati(m and ﬂexibi[ity (Gordon, 2016;
Santoro et al., 2019; Wilson, 1971).

Bumble bees are annually social insects that have been shown to exhibit flexible task organization across the colony cycle.
When a bumble bee nest is first initiated, ty‘pica“y in spring, all tasks are exdusively pe[formed by a so[itavy ﬁmndvess
queen. In the sub- sequent weeks, aﬂer the first cohort of workers emerge in the nest, Hrw/ assume tasks such as feeding
larvae (hereaﬁer, ‘brood feeding’) and food collection, and the queen transitions to spect’alizing on egg Iaying and

ultimately ceases foraging and brood feeding (Shpigler et al, 2013; Woodard et al, 2013). Among
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workers in mature colonies, some individuals exhibit specia[ization on speciﬁc tasks (Car‘tar, 1992; Hagbelj/ & Nieh,
2012), but workers can also be observed performing multiple tasks, even within a single day (Brian, 1952; Crall et al.,
2018; Jandt & Dornhaus, 2009). Furthermore, even when individuals exhibit a greater tendency to perform specific
tasks, they usually do not perform these tasks exclusively (Jandt et al., 2009; Russell et al., 2017). There does not appearto
be an association between age and task performance in bumble bee workers (Cameron, 1989). Additionally, although
some studies have found that body size marginally predicts task perfor- mance (Crall et al,, 2018; Goulson et al., 2002),
other studies have failed to find this association (Russell et al, 2017; Smith et al, 2016). Thus, overall, bumble bee workers
in mature colonies are consid- ered to exhibit only weak task specialization. Despite a relative wealth of studies on how
labour is divided among bumble bee workers in mature colonies, our understanding of how tasks are organized at the
earliest stages of nest development is extremely limited. The incipient stage of the colony is important to examine with respect
to how tasks are organized because this is a transi- tional period, when worker division of labour is only beginning to form
and queens still perform some food-related tasks, then cease performing them through time (Shpigler et al, 2013;
Woodard et al, 2013). Moreover, the successful performance of nests at this stage is essential for colonies to mature and
u[timately pruduce reproducﬁve individuals. The ear[y nesting stage is also more experimenha[ly tractable compared
to [arger (mature) colonies, which can have several hundred individuals (Cnaani et al., 2002), because it is possib[e to
perform relative[y detailed behavioural observations on every group member.
The collection of pollen and nectar resources and the progressive feeding of oﬂkpring over the course cf their larval deve[opment
are two of the most essential tasks requ[red for bumble bee colonies to continuously dwe[op and u[ﬁmate[y proo[uce
reproductive in- dividuals (e.g. new queens and males) (Heinrich, 1979). Despite this, an important limitation in
understanding the organization of food— related tasks in bumble bees is that brood—feeding behaviour is rarely included
n expevimenta[ studies (Cartar, 1992; Crall et al., 2018; Goulson et al., 2002; Russell et al., 2017; but see Dornhaus et
al, 2012; Shpig[er etal, 2013;\/V00da)'d etal, 2013). This is due in [arge partto thefact that it is dfﬁcu[t to observe in-
nest behav- fours without disturfoing the nest, compared to out—of—nest behav- iours. Brood feeding also occurs re[aﬁve[y
infrequently and thus requires long periods of observation, and the detection of this behaviour cannot be automated
with currently existing technology (Shpigler et al., 2013; Woodard et al,, 2013) in contrast to food collection behaviour
(Crall et al,, 2018; Russell et al., 2017). As a result, no contemporary study has explictly tested the relative fre- quency of brood-
feeding and food collection behaviours and incor- porated this into analyses of task organization (but see Brian,1952). The
objective of this study was to determine how food-related tasks that are essential to young nest growth and survival
are organized among workers during the early nesting stage in bumble bees. To explore this, we used small, artificially
assenbled groups of the common eastern bumble bee, Bombus impatiens, that contained a queen and five workers,
the typical number of workers in the first cohort in young nests (Costa et al., 2021; Watrous et al., 2019; Woodlard et
al,, 2013). Within these nests, we observed the relative frequency of food collection, brood-feeding and egg-laying events
performed by individual workers and evaluated the exclusivity of these tasks both within and among individuals. For task
exclusivity, we predicted that pollen foraging would be the most exclusive food-related task, given that, under field-realistic
conditions, itis a cognitively demanding (Menzel, 2012; Muth et al,, 2016) and relatively risky (Rueppell et al,

2007) activity. We also examined how task performance is influenced by two factors: the number of

workers in the nest (a reduction in worker number, from five to three) and the presence of the queen. This allowed us toexplore
the prediction that both might strongly influence worker task organi- zation. For the former, this was predicated on the fact
that, at the incipient stage, nests only contain a few workers (typically the first cohort of brood consists of five or fewer workers)
and thus small changes in worker number equate to relatively large differences in group size. This manipulation reflects, for
example, the loss of a subset of workers from the first cohort, or a reduction in the size of the first worker cohort due to
nutritional stress (Watrous et al., 2019) or some other external factor. The latter prediction was based on previous studies
in bumble bees (Orlova et al., 2020) and other social insects (Kocher & Grozinger, 20m) that have found that queens have a

strong influence on worker behaviour and physiology.

METHODS

Rearing and Experimental Design

Fifteen mature B. impatiens colonies (consisting of a queen and > 50 female workers) were provided by

Koppert Biological Systems

(Howell, M1, USA.) and maintained in their commercial boxes at the University of California, Riverside at 23 OC and 40%
relative humidi(’y (RH). Colonies were fed ad libitum mixed-source, honey bee-

collected pollen purchased from Brushy Mountain Bee Farm (Moravian Falls, NC, USA.) and a syrup solution
provio[eo[ Lﬁ/ Koppert Bio[ogica[ Systems. Individual bees were removed from source col- onies to create small, arﬁﬁcia[ly
constructed groups (hereaﬁev “hests’) in plasﬁc nesthoxes (15 X 15 X 10 cm) with the fo“owmg fow social
conﬁgurations: queenright with three workers (Qws; N Va 14 mests), queemight with five workers (Qws;

NV ),
queen[ess with three workers (Ws; N Va 16) and queen[ess with five

workers (Ws; N V4 13). Bombus impatiens queens initiate nests by laying a single cohort of typically five
fema[e—desﬁned eggs (Leza

et al, 2018; Watrous et al,, 2019), then colonies grow in worker number over the course of the season, before producing
reproduc- tive offspring (Cnaan et al,, 2002). For the two queenright groups (QW3 and QWs), callow queens (<24 h
old; identified by their si[very appearance and iwabi[ify to ﬂy) were removed ﬁ'om their natal colonies, maintained in

small, plastic rearing containers (7 X 7 X 5cm), and kept in a queen-rearing room that was tem-
perature- and humidity-controlled at 25 °C and 60% RH. All queens

were unmated so that they would produce only haploid (male- destined) brood. Thus, queenright groups were more
comparab[e with the queen[ess groups in that both only contained male- destined eggs, and variation introduced by
mating was minimized (Baer & Schmid-Hempel, 2005). Queens were treated with CO, gas at adult ages 12 and 13 days
(30 minutes per day) to cause them to bypass diapause and initiate egg laying (Roseler, 1985). Queens will undergo
Yeproductive maturation irrespective of mating status, and unmated queens that are subjeded to CO, treatment deve[op their
ovaries and lay eggsona similar timescale as mated queens (/\)’)‘IS‘JL[EM etal, 2015; Amsalem & Grozinger, 2017;
Woodard et al, 2019). Unmated, CO2-treated queens suppress worker Yepvoduction equa[ly well as mated, post-
diapause queens (Amsa[ewl etal, 2017), Workers were not subjected to this CO, treatment because they do not diapause, and,
in queenless groups with the absence of social inhibition, will lay eggs approximately seven days after eclosion (Cnaani et
al, 2002).

After the second CO, treatment, queens were either placed with three (to create QW3 nests) or with five (for QW5 nests)
unrelated, callow workers in plastic queen rearing boxes (15 X 15 X 10 cm) purchased from Biobest USA, Tnc.

(Romulus, M1, ULSA.). Queenless groups were also created with either three (W3) or five (W5)
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callow workers in identical rearing boxes. All workers were <2z h old at the time of group formaﬁon to prevent rejection
by the queen (f app[icafole) and to control ﬁ)r age—ve[ated diﬁerences in behaviour among workers. We excluded
extremely [arge— and small-bodied workers ﬁ'om these groups in order to minimize extreme diﬁ%rences in body sizes
between nests. This resulted in size variation in our nests comparable to what is fovmd in young nests (Shpiglcr etal,
2013; Watrous et al., 2019), where there is lower worker body size variation compared to mature nests (Costa et al., 2021;
Cowvillon et al,, 2010; Shpigler et al., 2013). We determined body size using the length of the marginal wing cells, a
metric that is high[y correlated with body size (Owen, 1988; Shpig[cr et al, 2013). Within a s'mgle nest, queens
and workers ovig'mated ﬁum dﬁerent natal co[onies; all workers originated ﬁ'om the same natal cu[ovty, with equal
representation ﬁom 10 source colonies across social conﬁgurations; and all queens origi- nated ﬁom six dﬁerent source
colonies with equal representation across social configurations.

All nests were maintained in a dark, temperature- and humidity-controlled (25 © C, 60% RH) room with
infrared cameras (VIGICA Peashooter QDs20) placed directly above each nest to
continuously record in-nest behaviours. Each nest was provided with a synthetic nectar solution that does not spoil
readily (vecipe provided in Boyle et al., 2018) to minimize handling of the feeders during the experiment, and both
awaxed and wun- waxed pollen ball (same pollen as described above, given ad libitum).

Nests were monitored daily for egg laying. Five days after eggs were observed in a nest, which is when eggs hatch
into larvae (Cnaani et al,, 2002), food vesources were removed from inside the nestbox. At this point, two separate,
lighted (1212 h light:dark cycle) food collection arenas were connected to the nestboxes via 30 cm translucent, polypropylene
tubes (1.6 om diameter). Nest- boxes were covered in opaque black cloth such that nests remained dark (with the exception of any
light entering through the tube), whereas the food collection arenas alternated between light and dark in a windowed room
with supplementary artificial light dur- ing the day. Pollen (described above, ground to powder) and syn- thetic nectar
(described above, available through a cotton wick) were placed in separate containers (clear, 6 ounce (177 ml), diam- eter

Va 7cm). Pollen was veplaced every 4e5 days and synthetic
nectar was replenished as needed and replaced every 2 weeks to

avoid spoilage. Additional cameras were p[aced above each ﬁmd collection chamber and conﬁvmous[y recorded activity until
the first adult males eclosed (~25 days later). Bees in our experiment did not freeforage but instead collected food from
discrete foraging chambers. Our experimental design allowed us to identify workers that were positively phototactic and
motivated to collect food, which are two fuwdamenfal components (f fovaging, without introducing variation due to
ﬂight and interindividual differences in foraging experience.

Nests were minimally disturbed during the ~25-day experi- mental period, with the exception of replacing
pollen, nectar or deceased workers. Any workers who died during the experiment were replaced with callow workers (from
the same natal colony as the deceased bee), and the date of replacement was recorded. Nests were typically inspected
daily, or at minimum every 3 days, so any worker replacement occurred within 24¢72 h of mortality. Nests in

which the queen died, or more than two workers died (N Va 1), were removed ﬁom the experiment and
excluded ﬁom analyses (ﬁna\ sample sizes are repovted in the

Results). For each nest, on the date of Tirst male adult eclosion, the entire nest ('mdud'mg any queens, workers, males and

brood) was ﬁozevt over dry iceand subsequen ﬂy storedina —80° C ﬁreezev,

Data Collection and Behavioural Methods

Videos were analysed using Behavioral Observation Research Tnteractive Software (BORIS; Friard & Gamba, 2016)
to quantify egg- laying, brood-feeding and food collection (pollen or nectar) be- haviours. Workers and queens were
individually number-tagged (Betterbee, Greenwich, NY, USA.) using superglue as an adhesive, in order to track
individual behaviours. Egg laying was identified within videos as point events with no duration (Table 1; see
example in Supplementary Video S1). Both queens and workers laid eggs, although queens primarily laid eggs in the
queenright groups, and only workers laid eggs in the queenless groups. Given that egg-laying events are relatively
infrequent, we scanned videos and documented a minimum of three egg-laying events per nest, including one or more
events in the first 5 days of egg laying and also one or more additional events occurring a minimum of 10 days after the first
recorded egg-laying event. Subordinate workers have been shown to supersede dominant egg layers in small groups of
bumble bee workers (van Doorn, 1989). Thus, we chose two disparate time frames to capture as many egg-laying
individuals as possible and account for any changes in dominance status and egg laying over the course of the experiment. The

later time frame here (227 10 days aftev the first egg—laying event) fe[[ immediate[y aﬁer
the eav[y time ﬁ'ame described below.

To record events of brood feeding and food collection (pollen or nectar), 24 nonconsecutive hours were randomly selected
over each of two time frames: 7e9 and 13e15 days after eggs were observed in the nest (hereafter referred to as the
‘early’ and ‘late’ time frames). We chose to perform more extensive observations across two discrete time frames, rather
than observe nests consecutively across the study period with fewer observations per clay, in order to capture more
behavioural events per day. This approach allowed us to capture any behaviowral differences related to circadian
thythmicity (Yerushalmi et al, 2006) and was amenable to directly comparing task organization between two
discrete developmental periods. Our two time frames capture (1) the time wherein the oldest larvae are 2e4 days old and bees
have just begun carrying out brood care tasks in their newly formed social groups, as well as (2) a later-stage time frame
approximately halfway through the development of the first set of brood (Cnaani et al, 2002). At the later time frame, the oldest
larvae and pupac are 8eto days old and nests typically contain larvae at all stages of development and may also contain
early stage pupae (Leza et al,, 2018; Watrous et al, 2019). At this second time frame, workers had been carrying
out brood care tasks ﬁ)r more than 1week. At both time points, the ratio of workers to brood in all nests appyoximated

that ﬁmnd in young nests at the stage when the first cohort of workers has eclosed. Because brood feeding occurs more

Table 1

Recorded behaviours and associated descriptions  Behaviour Definition

Brood feeding Brood feeding i | discrete behaviowr (lasting

1e5) where individuals open awax-covered larval cell - and regurgitate into it by contracting their
abdomen  (described further in Free & Butler, 1950; Woodard et al., 2013)
Egg laying Egg laying is a stereotypical, discrete behaviour where the - abdomen tip in placed inside an open wax cup,
with legs gripping and sliding over wax. Eggs can be observed within  the egg cup following this

behaviour

Nectar collection Here defined as when a bee was completely inside the nectar chamber for 22210 s

Pollen collection Here defined as when a bee was completely inside the

pollen chamberfor 2210 s
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ﬁ'equently than food collection trips, based on our preliminary observations, and these two tasks have diﬂerent behavioural
clas- sifications (ie. point versus state event; Altmann, 1974), we watched and scored more food collection video than in-
nest video in an effort to control for large differences in numbers of observa- tions among behaviours. For each randomly
selected hour, we observed the first 5 min of in-nest video and the entire hour of video of the food collection arenas. Our
methodology may have introduced ascertainment bias into our data set; specifically, we might have observed more food
collection events because we allocated more time to their observation. However, because we examined exclusivity rather than
time spent performing tasks, and scaled our behavioural data (see below), any biases should not have fundamentally impacted
our analyses. We assume that bees located in the food collection arenas were primarily collecting the types of Floral rewards they
contained, given that all nests continued to successfully develop and grow, which vequires pollen and nectar (Heinrich,
2004). We used a minimum threshold of time spent in the foraging chamber as a confirmation of food collection, because
bees were not observed transporting pollen in their corbiculae, which is typical in laboratory studies (Woodlard et al.,
2014). Spe- cifically, we excluded data for any bees who remained within the food collection arenas for < 10 s in an effort
to filter out exploratory or other nonfood collection behaviours in these arenas. All brood- feeding events were recorded as point
events with no duration, and all putative po”en collection and nectar collection events were recorded as state events with a

duration (2510 s), start time and stop
time, and later converted to point events after filtering for events

os [tmg. Descriptions of these behaviours are pvovided inTable 1and in Suppl [ementary Videos S1eS2. Total durations
of in-nest observations were chosen based on previous studies that exam- ined the frequency of these events in bumble
bees (Costact al,, 2021; Shpigler et al., 2016; Woodard et al,, 2014).

Following nest collections, we measured several additional factors that might impact or be associated with
behaviour, to include in our statistical analyses. We dissected brood cells over dry ice to quantify the number of eggs,
larvae and pupae in each nesthox. The amount of brood in a nest influences the frequency and organization of egg-laying,
brood feeding and food collection tasks (Kraus et al., 2019; Nagari et al., 2019; Orlova et al, 2020; Starkey et al.,
2019; Woodard et al, 2013). We dissected worker ovaries in cold 100% ethanol, and the largest terminal oocyte in
each ovary was staged (lelV) according to groupings in Duchateau and Velthuis (1989) (hereafter ‘ovary stage’). We

then measured marginal cell length of all bees as a proxy for body size (Costa et al,, 2021; Shpigler et al,, 2013).

Statistical Methods

Al statistical methods were carried out in R (v.4.0.0). Plots were generated with the ggplot package (v.3.3.0; Wickham,
2016). For all statistical models, the best-fit model was selected based on the lowest Akaike's information criterion for small
sample sizes (AICc), using the ‘model.sel()” function from the ‘car’ package (v3.0e7; Fox & Weisherg, 2019). The model
with the lowest AICe score that was not rank deficient was selected for analyses. To control for differ- ences in the relative
frequency of observed behaviours carried out in each nest (e.g. brood feeding is inherently more common than egg laying), we
scaled counts of all behaviours according to their relative frequency using the following equation: 1 scaled count of
behaviour Y V4 1/((total counts of behaviour ¥ in the nest)/(total counts of all behaviours in the nest)).

Tn this way, the total scaled counts of each behaviour (ie. brood feeding, nectar collection, pollen collection, egg laying) in a

given nest were equal, and frequent behaviours did not dominate

infrequent behaviours in our statistical analyses. All subsequent analyses were performed on scaled counts unless otherwise
spec- ified. All data filtering was performed on raw counts of behaviours. Egg laying was excluded from all time-specific
analyses because the collection of egg-laying data did not directly correspond with the two time frames during which other
behaviours were observed. Natal colony (ie. the mature colony workers were sourced from) and nest identity were included

as random effects in all possible models unless otherwise stated.

Exclusivity of tasks in nests

We first quanﬂﬁed the exc[usivity of each task within each nest, which we defined as the number and ﬁ'equency of
individuals observed carrying out a given task in a given nest. For this, we calculated Shannon diversity indices for raw
counts of all tasks in nests using the ‘diversity()’ function from the ‘vegan’ package (v.2.:5¢6; Oksanen & Blanchet,
2019), which has previously been used as a task specialization index (Gorelick et al,, 2004). We only included nests with
a minimum of three observations each of food
collection, egg laying and brood feeding (N V4 33 nests). We chose this minimum threshold based on previously
reported thresholds
in the literature (Charbonneau & Dornhaus, 2015; Shpigler et al., 2016) and to avoid drawing conclusions about tasks in
nests with limited observations. Here, the Shannon index incorporates the diversity and relative frequency of individuals
carrying out each task in a given nest, thereby calculating each task's degree of ex- clusivity. A Shannon value of o indicatesa
highly exclusive task that was observed being carried out by only a single individual in the nest, whereas a high Shannon
value indicates a task that many or all individuals in a nest were observed performing with relatively equal frequency.
We compared Shannon indices among tasks to identify the most and least exclusive behaviours in nests with a
generalized linear mixed model (GLMM) using the ‘glmer()’ func- tion from the ‘mes” package (v:11e23; Bates t al,
2075), inc[uding the number of recorded instances of the task, social conﬁgwation, task idenﬁty and the interaction between

social conﬁgwaﬁon and task idenﬁty as possib le fixed eﬂects.

Individual work task organization

Task organization and specia[ization have previous[y been quantiﬁed in bumble bees using various diﬂerent
frameworks, which can influence how individuals are characterized. To account for this in our ana[yses, we used fow
frameworks to capture task specialization. First, we quantified the (1) degree of behavioural specialization among
individual bees (i.e. whether individuals specia[ized in pevforming only one or a few tasks) and (2) visualized how
individual workers cluster around behaviours using a nonmetric multidimensional scaling (NMDS) analysis. For
these two analyses, we used scaled counts of observed behaviours for all worker bees with a minimum vf three raw

behavioural observa- tions (N' V4 120 bees from 4o nests). Next, we categorized bees into

groups using (3) K-means categorization (Hartigan, 1975; Ramette,

2007) and (4) Shannon-based categorization. For these two ana- lyses, we used scaled counts of observed behaviours
but included all worker bees (N ¥ 179), including those with fewer than three observations, because this set of methods
can incorporate bees with few (<3) behavioural observations without bias in assigning task specialization to these
individuals. For the K-means and Shannon-based categorization, we used  Poisson-distributed

generalized linear mixed models (GLMMs) to test whether the number of individual workers in a nest assigned to each
behav- iowral category was influenced by social conﬁguration, We included the number of individuals assigned to each
category per nest as a response variable and behavioural category, social configuration and the interaction between

behavioural category and social
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conﬁgumﬁon aspossible fixed effects. We also categorized in- dividuals based on single tasks they performed (see
Appendix). Queens were excluded from all individual-based behavioural ana- lyses as our goal was to specifically

understand worker task orga- nization in the early nesting stage.

(1) Degree of task specialization. Here, the Shannon index in- corporates the diversity and
relative frequency of all tasks we observed each individual carry out, thereby calculating each in- dividual's degree of
behavioural specialization. We then compared Shannon indices among social configurations to explore whether group size
or presence of the queen influenced the degree of specialization of individual bees. We used a two-part GLMM
including the number of scaled behaviours carried out by the in- dividual and social configuration as possible fixed
effects. We used a binomial distribution in part one of the model to analyse specialization as a binary response
variable comparing perfectly specialized individuals (with a Shannon index of o) to nonperfectly specialized individuals
(with a Shannon index > o). We used a Gaussian distribution in part two of the model to analyse all non- perfectly

specialized individuals along a continuous scale.

(2) NMDS clustering. To visualize how individual workers cluster around behaviours, we performed a
nonmetric multidimensional scaling (NMDS) analysis on the scaled counts of observed behav- iours carried out by each
individual using the ‘metaMDS()’ function from the “vegan’ package using Euclidean distance. NMDS takes the rows of a
multidimensional matrix (here, individual bees) and plots them in two-dimensional space to enable the visualization of

multidimensional data.

(3) K-means categorization. Here, we used a K-means clustering analysis to determine whether
individual bees naturaiiy cluster into distinct behavioural categories. K-means assigns individuals to K clusters with the
lowest possibie within-cluster variance. An elbow piot was used to determine the number of distinct clusters (K) that
maximizes expianatory power while minimizing averﬁtting, and the iiemeans()’ ﬁmction defined K distinct clusters

and assigned all bees to one of these clusters.

(4) Shannon-based categorization. Lastly, we categorized worker bees based on their degree of
speciaiizaiion as calculated i)y the Shannon index, which incorporates the oiiversii.y and relative ﬁe— quency of all tasks we
observed each indivicua carry out, tiriereby capturing more zf the continuous and comp lete behaviowral peifor— mance of each bee.
However, here, we labelled bees with a Shannon index below 0.6 to be ‘speciai'mist Bees who met this criterion were said to
sprcialize on the scaled behaviour that they carried out most frequently. We also induded a ‘genevaiisi’ bee category to represent
bees who never specialized on a single task. Bees with a Shannon index above 0.6 were labelled ‘genemiistsii We chose a
threshold of 0.6 because the most frequently observed behaviowr in our study comprised 71e100% of all behaviours
carried out by specialists and 33¢76% of all behaviours carvied out by generalists. Bees with fewer than three raw observed

behaviours were labelled as ‘other.

Correlations between behaviour and worker characteristics

To test whether any correlations existed between worker task specialization and body size or ovary development in
any of our behavioural ﬁameworizs and whether these associations were consistent between ﬁ'amewories, we used
Gaussian-distributed GLMMs. We compared body size and ovary development across behavioural categories for each
ﬁameworiz. These models included average oocyte stage, resorption of ovaries or i)ody size as a response variable and behavioural

category asa possiiaie fixed eﬁect,

Repeatability across time
We tested whether the behaviours we observed were per- formed cowsistent[y and repeaiab[y across time, both
within indi- vidual workers and within nests. We tested the Yepeatabi[ity of behaviours using scaled counts of

behaviours, individual Shannon indices across time and NMDS coordinates.

(1) Task repeatability. To estimate the repeatability (R) for the scaled counts of each behaviour, we
used repeatability mixed models (RMMs) in the ‘YpiR’ pacieage (Stoffel et al., 2017), & typicai approacil to measure
behavioural repeatability, We did this at the individual, nest and nest conﬁgw'aiion levels to compare between the eariy and
the late time ﬁames. Here, we oniy included workers that had at least three vaw observations at both time ﬁ'ames

(N V4 44). All models were constructed with a Gaussian error dis- tribution for scaled counts of each behaviour, with
time frame as a

fixed @fect and with natal coiimy, social conﬁguraiiovt and bee ideni.ity as random eﬁects; we interpreteoi a behaviour as
repeat- able if the 95% confidence intervals of the random effect did not reach o (Stoffel et al, 2017). R is defined as the
total vaiation that is reproducible among repeated measurements of the same individ- ual (Nakagawa & Schielzeth,

2010).

(2) Average Shannon repeatability. To investigate whether the average degree of specialization
was consistent over time, we recalculated Shannon indices for individual worker bees based solely on the scaled
behaviours carried out at a given time frame (eariy or late) for each bee with at least three behavioural obser- vations at one or
both of these time ﬁames (N V4 108). We then eompareoi the average Shannon index at each time frame using a

two-part GLMM inciuding time ﬁ'ame (eariy or late) as a possibie fixed eﬂect. Individual bee within nest identity

within social conﬁgwation, natal coiony and number of scaled behaviours were included as random eﬂ‘ect&

(3) ANOSIM. Finally, to determine whether time frame influenced NMDS clustering, we performed an analysis of

similarity (ANOSIM) on NMDS coordinates between the two time frames.

Animal Welfare Note

All bees were maintained under standard rearing conditions during the experiment with constant access to food
resources. Bees were euthanized at the end of the experiment using dry ice, which s among the most humane methods qf
euthanasia. We worked only with commercially reared B. impatiens and thus did not negatively impact any
wild popuiativns, We made every eﬁbr{ to meet the iriigiri standards of animal weifare required by ASAB/ABS ﬁ)v the use
of animals in research. We followed all legal re- quirements for working with B. impatiens and followed all institu-
tional guidelines. Colonies were transported and maintained at the Tnsectary and Quarantine Facility at the University of
California Riverside under California Department of Food and Agriculture permit number 3182.

We assembled small worker groups with unmated queens. This was amenable to increasing our sample size without

requiring an excessive number of ﬁiii—sized colonies. We based our sampie size on preiimin;ivy experiments and previvusiy

published studies on bumble bee behaviour.

RESULTS

Our data analyses included a total of 43 nests (QW5 Va1, Qws Va 10, W5 Y4 o, W3 V4 12), after

removing 11 nests in which the queen died or >2 workers died fmm the experiment. We viewed
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and scored a total of 4841 h of video data (43.6 h uf in-nest video and 440.4 h of food collection video) distributed
across the 43 nests, for an average (£ SEM) of 1Exoah of in-nest video and 10% 0g hof food collection video per
nest. Across all workers and queens in the experiment, we recorded a total of 1096 nectar collection, 315 pollen collection,

487 brood-feeding and 157 egg- laying events (with a mean® SEM per nest ¥4 28.1 % 3.7 nectar
collection, 143 % 3.4 pollen collection, 12.2 % 1.6 brood feeding,

46 EN egg [aying). Social conﬁguraﬁun predicted the amount of brood in the est at the end of the experiment and the
ﬁequency of nectar and po”en collection (Appendix, Table f\l) ; thus, the factor termed ‘social con.ﬁguraﬁon’ in our statistical
analyses encom- passes these differences, in addition to differences in group size andlor the presence of the queen.
Within the 43 ana[ysed nests, eight worker bees ﬁom eight nests died and were replaced priov to the behavioural observation

period. Replacement bees had fewer recorded behaviours than original bees (mean £ SEM Y4 5% 17
behaviours per replacement bee versus 9.7 % 1.0 behaviours per

original bee), and none of the eight replacement bees were observed laying eggs. Replacement bees did not differ

in their Shannon-based behavioural category relative to original (i.c. non-

Yeplacement) bees  (Pearson's chi—square tt: C 4 Va 8.292,
PV 0.0814). Similarly, 'mtyoducing rep[acement bees did not result

in measurable changes in Shannon-based behavioral categoriza- tion of original bees in those nests relative to bees in nests
without

veplacements (Pearson's chi-square test: C’ 4 V4 4.832, P Y4 0305).
Sca[ing all individual behaviours to the total behaviours in each nest resulted in 1741 nectar collection, 1285 po”en collection,

1976 brood-feeding, and 1617 egg-laying scaled events (mean £ SEM per nest ¥4 405 £ 08 nectar collection, 299

tog puuen collection,
45.9F 0.9brood feedingand 37.6 £ 0.9 egg laying). All subsequent

results refllect analyses on scaled behavioural counts unless noted otherwise.

Exclusivity of Tasks in Nests

Shannon indices of raw counts of behaviours in each nest (here measuring the degree of exclusivity of the tasks themselves)
ranged from o (where only a single individual was observed carrying out that task) to 173 (where all indlividuals in the
colony were observed performing that task multiple times) (Fig. 1). Frequency of task performance (i.. the number of
times we observed a given task being performed by queens and workers) was positively correlated with Shannon index
(GLMM: estimate ¥4 0.005%E o.001, t V4 4.61,

NV 530, P < 0.001). Egg laying and pollen collection were per-
formed more exclusively than brood feeding and nectar collection (GLMM pairwise Tukey contrasts: brood feeding e

egg laying estimate V4 0.62 £ 0.040,Z Va 1533, P < 0.0001; nectar collection e

egg laying estimate¥4 0.33% 0.050, Z ¥4 6.78, P < 0.0001; pollen

collection ¢ brood feeding estimate ¥4 —0.58 % 0.059, Z V4 —9.89, P < 0.0001; pollen collection e
nectar collection estimate ¥4 —0.30 £ 0.06, Z ¥4 —4.77, P < 0.0001). Brood feeding was the least
exclusive behaviour, with 64% of all bees (and 82% of bees

with more than three observations) observed feedmg brood at least once. In some instances, there was an interaction between
social configuration and task identity. W nests had higher brood feeding Shannon indices than QW3 nests (GLMM

Tukey contrast: estimate Va 037 £ 0423, ts Va 3.02, P V4 0.02). Generally, nectar collection was more

specialized in nests with fewer individuals (GLMM pairwise Tukey contrasts: W5 e W3 estimate ¥4 0.77 £ o2,
t,,m% —6.4, P < 0.0001; W3 e QW3 estimate V4 —0.39 % o1z,

oo ¥4 =321, P V4 0.01; W3 e QW5 estimate ¥4 —o.71 & oa2, &, V4 —6a5, P <
0.0001; W5 e QW3 estimate ¥4 —0.38 £ 0.2, [ Va —3a3, P V4 0.015; QW5 e QW3
estimate V4 0327+ o1z,

t,.. V4 279, P V4 0.035), although there was no difference between

the two largest group sizes (W5 and QWs) (GLMM pairwise Tukey contrast: P V4 0.96). The best-fit model to
predict task Shannon in- dex included the ﬁ'equency of task performance and the interaction between task identity and social

configuration as fixed effects.

Individual Task Organization

(1) Degree of task specialization

Of 179 worker bees, 120 met the threshold of at least three raw recorded behavioural observations and were included
in the specia[izaﬁon analyses. Shannon indices of individual bees ranged from o (ie. observed carrying out a sing[e task
exclusively; N V4 20 out of 120) to 132 (g observed carrying out all behaviours with similar ﬁ'equency) (Fig. 22). Bee
Shannon index did not differ based on social configuration (GLMMs: P > o.; Fig. 2b), but it could be partially
explained by the mumber of observed behaviours for a
given bee. Spectﬁcal[y, bees with fewer observed behaviours were more [ikely to be pmfect spccialists (have a Shannon
value of 0) than those with more observed behaviours (part 1 GLMM: estimate ¥4 —o.12 & 0.036, 2 V4 —
3.38,P V4 0.0007; notincluded in part 2 GLMM best-fit model; Fig. 2). The best-fit model for part 1
included the number of behaviours and social configuration as

fixed effects; the best-fit model for part 2 was the null model.

(2) NMDS clustering
The NMDS analysis plotted individual bees across two major

axes, with nectar and pollen collection clustering close together, brood feeding clustering near food collection, and egg laying
as distinct from the other behaviours (Fig. 3). The NMDS1 axis demonstrated an egg layingefood collection axis,
with brood feeding falling between these two other tasks. In NMDSz, egg laying and pollen collection were very
similar, whereas brood feeding was more differentiated from the remaining three behav- iours. Individuals fell at all points

across the plot and did not display obvious, distinct clustering across these two axes.

(3) K-means categorization

Two behavioural clusters emerged (Appendix, Fig. A1) that separated workers along a pollen collection axis
(Fig. 4). Workers who were observed collecting pollen >30 scaled times were assigned to cluster 2 (N ¥4 12 bees from
10 ests), and those who were observed collecting pollen <30 scaled times were assigned to cluster1 (N ¥4 167 from 44
nests; Appendix, Table A2). Brood feeding and egg laying did not appear to impact clustering (Fig. 4).
Sign[ﬁcant[y more workers were categorized into cluster 1 (gen— eralists) than cluster 2 (ﬁ'equent resource collectors)
(GLMM: estimate Va 263 £ 030, z V4 881, P < 0.0001). Social conﬁgwaﬁon did not predict the number of
bees assigned to each cluster (GLMM: P > 0.05). The best-fit model predicting the number of individuals per nest

assigned to each K-means cluster included behavioural category and social configuration as fixed effects.

(4) Shannon-based categorization
Based ona Shannon threshold of 0.6, we categorized 49 worker bees as specialists (Shannon ::: 0.6; from 32 nests), 7
as generalists (Shannon > 0.6; from 34 nests) and the remaining 59 bees as other (<3 total observed behaviours; from

28 nests) (Appendix, Table A2). Specialists were either egg layers (N V4 7 from 7 nests), brood
feeders (N Va 25 from 17 mests) or nectar collectors (N V4 17 from

nests). No po”en collection spec[a[ists emevged ﬁom this analysis. There were more genera[ists and other bees in each nest relative
to bees specialized on brood feeding, egg laying and nectar collection (all relevant GLMM Tukey contrasts: P < o0.001).
Social configura- tion did not significantly predict the number of individuals per behavioural = category
(GLMM: P> 0a). The best-fit model
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Figure 1. (a) Shannon diversity index for tasks performed by workers in nests of each social configuration (W3 Y4 queenless with three workers; W5 Y4 queenless with five workers; QW3 V4 queenright with three workers; QWs Y4 queenright with five workers). Larger points indicate group means. (b) Shannon diversity
index for the frequency of observed task~performance, where tasks performed more frequently have higher Shanvon values than those performed les frequently. Pints are jtered for easier visalizaton of verlapping points (width £ o.05; height & ).

pred icting the number of individuals per nest assigned to each behavioural category based on a Shannon threshold of 0.6

included behavioural category and social conﬁgumtiow as fixed eﬁeds,

Correlations between Behaviour and Worker Characteristics

In the K-means ana[ysis, bees fmm cluster2 (ﬁequent po“en ﬁ)vagevs) Were, on average, largev~bodied than workers in
cluster1 (infrequent pollen foragers) (GLMM Tukey contrast: estimate Va 0.23 £ 0.068, z V4 3.43, P
< 0.0001; Appendix, Fig. A2). Cluster 1 contained a normal distribution of worker body sizes across the full
range of body sizes (wing marginal cell length
~1.8¢3.2 mm), whereas cluster 2 only contained bees with marginal cell lengths >2.6 mm. The best-fit model to predict the

body size of

bees in the K-means ana[ys[s included behavioural cluster alone as a fixed gfect Behavioural category was not included in the
best-fit models for any other relevant analyses, indicating that none of the four behaviours observed could predict body size,
ovary stage or ovary resorption status in any of the remaining clustering or cate- gorization analyses (Appendix, Table Az,

Fig. A4). The null model was the best fit for all of these analyses.

Repeatability across Time

(1) Task repeatability
Pollen collection was repeatable for indivicuals, but not for nests or social conﬁguvaﬁons (RMM: R Va 028
% 043, P V4 0.02; Appendix, Table As, Fig. As). No other behaviours were
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repeatable for individuals, nests or social configurations. This indicates that individuals change in both the
ﬁrequemy and repertoire of observed behaviours over time, with the exception of those co”ecﬁng pu[[en. Nectar collection

(RMM: R Y4 o £ 004,
P V4 0.5) and brood feeding (RMM: R V4 o £ 0.04, P V4 1; Appendix,

Fig. Asb) occurred more frequently in nests, on average, during the later time frames.

(2) Average Shannon repeatability

The degree of specialization of individuals did not change over time, as there was no change in mean Shannon index in
bees from the early to the late time frame (time frame was not included in best-fit models). The best-fit models to predict
time-dependent Shannon index had no fixed effects and included only natal col- ony and bee identity within nest

idlentity within social configura- tion as random effects.

(3) ANOSIM

NMDS patterns also did not change with time frame based on our analysis of similarity (R Va 0.010; PV
0.16), indicaﬁng that similar task repertoires were filled at the ear[y and late time frames (although not necessarily by the

same individuals).

DISCUSSION

Identifying how task performance is organized in insect soci- eties is a major goal in saciobiological research (Beshers
& Fewell, 2001; Michener, 1969; Oster & Wilson, 1978; West-Eberhard, 1967; Wilson, 1971). We explored
task organization in the early nesting phase of bumble bee colonies. Our goal was to investigate patterns of task
specialization and flexibility and to explicitly document how food-related tasks are organized among individuals at this
stage, which is an wunderstudied phase of the bumble bee life cycle. I our examination of brood-feeding and food

cllection
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plot. Among these analyses, there was a high degree of  variation: not a single individual bee was sorted into the same category across all four categorization methods employed here.

behaviours, as well as egg laying, we found that pollen collection and egg laying were more exclusive behaviours, in that they across time, indicating that the task repertoire of individuals changes over time during the early nesting phase, at least
were often carried out by fewer individuals in the nest. In contrast, the majority of workers in the nest fed brood. With the for the approximately week-long period examined here. Workers tended to switch frequently between multiple tasks during

exception of pollen collection, indivicual task performance was not repeatable the obsenvation periods (two 3-day time frames). Furthermore, bees exhibited a
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broad distribution of task specia[izaﬁon, as some individuals specia[ized ona sing[e task, but most were more
flexible in that they performed multiple tasks.

tnmany incipiently social and subsocial bees and wasps, there is relatively litle task division between helpers (Dew &
Michener, 1981; Rehan & Richards, 2010; Weislo & Gonzalez, 2006). Tn more socia[ly comp[ex species,
however, brood feeding and fomging are gevtem“y uncoup[ed such that a subset of individuals perform brood feed{ng and
another subset collect food resources from outsidle the nest (Bassindale, 1955; Free, 1955; Robinson, 1987). In our
study, we observed anested pattern of task organi- zation in that most workers fed brood, a subset also collected nectar anda
smaller subset also collected po“en A[tkough our result related to food collection speciahzaﬁon is consistent with studies of mature
bumble bee nests, which have found evidence that subsets of workers specialize on pollen and nectar foraging (Goulson et al,
2002; Spac[hc et al,, 2007), we show that these specia[ized sub- groups [{kely a[sofeed brood when Hney are inside the nest,
at least in young nests. Broodfeeding was not observed in the majority ofprwiaus studies, with the exception of Brian
(1952), who also found that in mature colonies ofBombus pascuorum, workers that forage also feed brood. The
food—ve[aked behaviours we examined were not correlated with body size in the majority of our ana[yses, with the exception of
poﬂevl fomgevs beiﬂg s[igktly Lirger—bod[ed in our K-means analysis, which is genemﬂy consistent with studies that evaluated
size differences between foragers in mature nests (Goulson et al., 2002; but see Smith et al., 2016). These results suggest
that bumble bee worker task organization at this stage may be similar to more incipicnt[y social insects, where workers
pcrform tasks more ﬁaxﬂoly, in contrast to ['mcagcs with more comp[cx cmocia[ity, such as ’/umcy bees or ants
(Bassindale, 1955; Free,1955).

The ﬁnding that most workers fed brood suggests thatpevfor— mance of this task is shared by most group members
at this ear[y stage in nest developmenf. Of the four behaviours we observed, brood feeding was the least exclusive behaviour
across all social conﬁgwaﬁons. E[ghfy—two per cent (yr bees with greater than three behavioural observations fed brood at least
once, and brood feeders were the most common behaviowral category based on the tasks that bees were observed pe)form[ng

most ﬁequmﬂy. In incipient

nests, it appears that all workers have a re[ativc[y low threshold for Yespond'mg tothe signa[s that elicit bvood—fecding behaviour.
We attribute this finding to two characteristics of bumble bees. First, brood feeding does not appear to be physiologically
constrained in bumble bees as it is in the closely related honey bees (Drapeau et al., 2006; Kupke et al., 2012;
Pereboom, 2000; Sadd et al., 2015), where in the latter, nurse bees exclusively produce royal jelly, a key food source fed to
honey bee larvae in addition to pollen (Snodgrass, 1925). Second, bumble bee larvae require food contin- wously (Pereboom
etal, 2003; Plowright & Pendlrel, 1977), which necessitates that brood feeding occurs frequently and consistently in the nest.
Thus, workers that are in close spatial proximity to brood may instead be more likely to perform this behaviour, rather than
workers withalmique physio[ogica[ propensity to doso (Crall et al., 2018; _]mdt & Dornhaus, 2009; Nagari et al,
2019).

Pollen collection cmcrged as a )‘e[ative[y exclusive food—rc[ated behaviour, as fewer (21% of bees) individuals
performed this behaviour, whereas nectar collection was more common (50% of bees). Of the 108 bees observed
collecting food resources, 3% collected pollen only, 62% collected nectar only and 33% collected both. Although pollen collection
emerged as a relatively specialized behaviour, all individuals who collected pollen were also observed performing other behaviours.
Thus, frequent food collection did not preclude the performance of additional in-nest behaviours. In- dividuals that collected
pollen did so consistently across the observation period, which provides additional evidence that this a more specialized
task. These patterns in pollen and nectar collec- tion are generally consistent with other studies in bumble bees (Cartar,
1992), which have demonstrated that a subset of bumble bee workers perform the majority of foraging trips and exhibit
long-term specialization on either pollen or nectar collection (Haghery & Nich, 2012; 0'Donnell et al,, 2000; Russell et
al, 2017). Foraging is a cognitively demanding task for bees (Menzel, 2012), and unlike brood feeding, there is evidence
that foraging is asso- ciated with unique behavioural and physiological characteristics, such as positive phototaxicity (Porath
et al,, 2019) and an increased density of olfactory sensilla (Spacthe et al., 2007). Furthermaore, pollen collection specifically
may be a more cognitively demanding task than nectar foraging (Heinrich, 2004; Muth et al,, 2016). Based on this, we
propose that propensity to collect pollen might be an important axis of division of labour in bumble bee nests, at least at the
ear[y nesting stage.

Tnterestingly, we found that the relative performance of food- related tasks was not impacted by the number of workers
in the nest or queen presence. The ability of workers at the early stages of nest development to successfully collect food for the
colony and feed offspring s pivotal for the nest to advance to a mature stage where reproductive individuals are produced
(Malfi et al,, 2019). Larger-sized nests in our study produced more offspring, and thus benefited from having small
total differences in worker number, but these differences in group size did not strongly impact how tasks were
organized. Our findings also suggest that although queens play unique roles in young nests, their presence and
contribution to food-related tasks at the early nesting stage (Shpigler et al,, 2013; Woodlard et al., 2013) does not have a
unique influence on how worker behaviowr is organized. This isin contrast to the notion that queens in social insect colones are
‘pacemakers’ that regulate the behaviour of workers (Kocher & Grozinger, 20m), for which supporting evidence has been
detected in mature bumble bee colonies (Orlova et al., 2020). Rather, our findings are more consistent with what has been
observed in Polistes wasps (Jha et al, 2006), a social insect system with an annually social lifestyle that is velatively similar to
buwlble bees.

Egg laying was the most exclusive behaviour we measured across all nests: only 19} of workers were observed

[aying eggs, and
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these workers were primarily observed in the queenless groups. This ﬁnding is consistent with other studies of bumble bee
worker reproduction in small groups, which have found that in the absence of the queen, a single worker typically emerges asa
dominant egg layer (Amsalem et al,, 2013; Cnaani et al., 2007). In the queenright groups, all queens laid the majority of
eggs, and workers that did lay eggs in the queenvight groups only did so prior to the onset of queen egg laying. Thus, as
would be expected based on previous studlies in bumble bees (Alawx et al, 2004, 2006; Amsalem et al,, 2017;
Bloch, 1999; Padlilla et al, 2016), queens were reproductive and likely inhibited worker reproduction in the newly formed
nests in our study. A novel finding of our study is that nearly all egg- laying workers also performed other, food-
related tasks in the nest. Individuals that laid eggs more commonly collected pollen, compared to nectar collection. Individuals
are predicted to be less likely to switch from performing a task that has a strong underlying physiological basis, such as those
requiring changes in reproductive status (Johnson, 2005). However, our findings suggest that bumble bee workers, at least
inyoung nests, are not constrained by their reproductive status with respect to also performing food-related tasks.

Additional patterns in owr data might be explained in light of the biology of bumble bees and other social insects. In
natura“y— occurring incipient bumble bee nests, which resemble most the QW5 group in our smdy, there is a transitional
peviod when the first cohort of about five workers emerge and they begin to help the queen with food—re[ated tasks
(Shpigler et al,, 2013; Woodlard et al., 2013). During the period following worker emergence, the queen typically continuesto
collect food and feed brood for some period of time, before she transitions to primarily egg laying. These dy- namic changes
during nest initiation may partially explain why we did not find strong evidence for repeatability in task performance
between the two time points, although there was no discemible change in the degree of specialization of workers across time,
and the way tasks were organized in velation to one another remained largely consistent. Additionally, we found that one-third
of bees in our study performed fewer than three vecorded behaviours. This pattern, where a significant proportion of
workers are observed carrying out few or no tasks, has also been observed in ants (Charbonneau & Dornhaus, 2015).
These observations of inactivity for a subset of workers might be related to the importance of behaviowrally plastic
‘replacement workers’ (Hasegawa et al, 2016) for the long-term persistence of social insect colonies, which may even be
relevant in small incipient nests.

There has been mixed evidence for foraging specialization in mature B. impatiens colonies (Goulson et al.,
2002; Russell et al,, 2017) and little evidence of in-nest worker speciaﬁzation; instead, individuals tend to
frequently switch between tasks (Crall et al., 2018; Jandt et al,, 2009). The majority of bees in our study (56%) were
observed performing more than one unique task, including during two relatively short (3-day) time frames. Our re-
sults thus build on studies from more mature colonies and suggest that regular task switching is also common in the early stages
of the colony, and that bees vegular[y switch between in-nest and out—of— nest tasks. The ﬁamfwovk LU’ which individuals are
categorized for behavioural analyses impacts how specialization is interpreted and can underestimate behavioural variation.
We demonstrate this in our study, as individuals were gmuped into dﬁerent behavioural categories depend'mg on the
fyammovk we emp[oyed. Moreover, we found that bees with more observed behaviours were more [ike[y tobe categon'zed
as generalists when we included this as a category, suggesting that specialization may be overestimated when there are few
observations. Based on this, we propose that individual bumble bee workers cannot be defined by single food- related

tasks. Instead, more holistic analyses, which can

incorporate mu[tiple behaviours that an individual pevforms, are more appropriate for this system. These more holistic
analyses of behaviour are consistent with a growing shift towards incorpo- rating social complexity in behavioural
research, rather than reducing it (Holland & Bloch, 2020).

Tn veference to all of our results, we caution that bees in our experiment were able to collect pollen without flying or
being required to manipulate flowers to access floral rewards, and addi- tional aspects of our experiment, such as the use
of commercial colonies, the creation of incipient nests from workers derived from mature colonies and use of unmated
queens, might also have influenced our results. In species where colonies grow in size with-season or age, like bumble bees,
evidence of group size influences on task organization has been mixed and may on[y emerge when there are external
eco[ogica[ pressures like parasitism or competi- tion for vesources (Dornhaus et al,, 2012), which were not present in our
study. Thus, ﬁu’ther studies on more wild species, as well as with mated queens, are needed in order to determine how bvoadly
these results can be extrapo[ated, Additional studies on incipient nests are also necessary fov ﬁmhe"r e[ucidating how division
of la- bour operates in young nests. Last[y, direct comparisons of food— related behaviours in both incipient and

mature colonies are needed to determine how patterns of task organization change as colonies develop.

Conclusions

This is the first contemporary study to explore patterns of food- related division of labour in small incipient bumble
bee nests. We found that nearly all bumble bee workers in young nests feed brood, including those that collect food resources,
and that pollen collection is the most exclusive food-related task. These novel re- sults could not have been uncovered without
quantifying the relative performance of brood feeding and food collection between and within individuals. We found that
individual workers in the early nesting stage perform multiple food-related tasks, and vari- ation between workers
appears to be based on whether they engage in more complex tasks like food collection, in addition to basic tasks like
brood feeding, rather than these tasks being umcoup[ed between subsets of workers. We ﬁmhev fmmd that or- ganization
of these tasks dw’ing this early stage is consistent regard[ess of worker number or presence of the queen. This study
demonstrates the importance of tracking individual behaviour and quant%fing relative task pmformance, exc[usivi(’y (ie.
how many individuals pel(form a given task and how even[y it is divided among those individuals) and repeambility,

in order to better un- derstand task organization in more flexible social systems like bumble bees.
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Appendix

Additional Methods

Quantification of brood-feeding behaviour
To collect behavioural data on brood feedivxg, a website was develaped and used to fam[[iavize individuals with
artificial nest components, stages of brood development and certain in-nest be- haviours. Annotations and captions

accompanied images of nest components, such as bee number tags, wax and nectar cups and
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brood. The training module also compi[ed video c[ips of workers perfowning in-nest tasks, such as brood feeding, ﬁlling
nectar cups and egg eating and laying. To ensure that training was successful, following completion of the materials, an
additional testing module (Google Forms survey) was used to gauge individual ability to identify brood-feeding events
acaurately. The module contained 10 questions, each with a 30 s video clip of queenless three-worker colony nests.
Individuals were asked to identify the time(s) of brood feeding observed using time stamps and which individual(s)
fed brood using their munber tags, if visible. Repeated and slowed playback of video was permissible. All observers
successfully iden- tified 10 of 10 brood-feeding events in this module. To ensure all observers were identifying
behaviours consistently with one another, all observers would occasionally watch the same randomly selected video and
compare results. This was done intermittently throughout the data collection period with more than five different vidleos.

In total, 1 observers went through the training programme and collected data on brood-feeding behaviour for the study.
A[tlrlough the website and training module showcased artificial queen[ess worker nests, individual task identification skills
were transferable to behavioural [ogg'mg inrespective of bee caste observed. FoU(w)'mg training, observers were providedwith video
data to observe in the BORIS intelgcace. Assigned observations were random with vespect to nest, nest type and hour/date

of observation.

Single-task frameworks

We quantified task organization among individual workers based on a single, predominant behaviour we
observed them carry out, using two approaches previous[y imp[emented in social insect research. We also included a
framework that categorized in- dividuals to a task if they performed it at least once. Only worker bees with a minimum

of three raw behavioural observations (N ¥4 120 bees from 40 nests) were included in these categorization

ana[yses.

(1) Most frequently performed task. We categorized worker bees into behavioural groups based

on the scaled behaviour they were observed performing most throughout the observation period (Shpigler et al., 2016).

Table A1

Brood development and behavioural counts in each social configuration

(2) Perfect specialization. Worker bees who were observed per- forming a single task exclusively were

categorized as perfect spe- cialists on the behaviour they carried out.

(3) Tasks performed at least once. Worker bees who were observed performing any task at least once

were labelled as pevformiwg that task. In this last ana[ysis, indivicual bees could be assigmd to more than one category.
Additional Results

Single-task frameworks

(1) Most frequently performed task. Of the 120 worker bees from 40 nests that were observed
performing at least three behaviours, 38 (ﬁ'om 3 unique nests) were classified as nectar collectors, 16 (from 15nests) as po”cn
collectors, 48 (from 30 nests) as brood feeders and 18 (from 17 nests) as egg layers, based on the scaled task they were
observed pevforming the most (Table Az). Across all nests, signi.ﬁcant[y fewer individuals per nest were classified as
pollen collectors compared to nectar collectors and brood feeders, regardless of nest social configuration (GLMM
pairwise Tukey contrasts: nectar collection e pollen collection estimate ¥4 0.87 £ 0.30, Z Y4 2.90, P V4

0.019; brood feeding e pollen
collection estimate ¥4 110 £ 0.29,Z Va 3.81, P < 0.003; Fig. 3a). The

best-fit model, here pveo[icting the number of individuals per nest carrying out a given task most frequently, included

behavioural category alone as a fixed @fect.

(2) Perfect specialization. Of the 120 worker bees from 40 nests that were observed performing at least
three behaviours, 20 (from 15 nests) were perfectly specialized, meaning that all of their observed behaviours were the
performance of a single task. Eight (from 6 unique nests) were classified as nectar collectors, o as pollen col- lectors, 1 as
brood feeders (from 9 nests) and 1 as an egg layer (from 1 nest; Table A2). Neither social configuration nor behav-
ioural category predicted the number of individuals categorized as specialists according to this method (GLMM behavioral
ategory: P> 01 social configuration not included in best-fit model; Fig. 3a). The best-fit model predicting the

number of individuals per nest perfectly specialized on each task included behavioural category alone as a fixed effect.

(3) Tasks performed at least once. Of the 120 bees from 40 nests that were observed performing at least

three behaviours, 89 bees (from

Social Adult offspring sze Total ruamber Nurber of Raw counts of
configuration (marginal cell mm) of brood

Pupac Lanvae Eggs Egg laying Brood feeding Nectar colcton Pllen collecion
W3 282% o005 493 E59 79% 14 28% 45 17.9%E 34 33% 0y 9.9% 24 155 % 39 18£8
W5 2.88 % o004 52.0% 66 103+ 16 231 % 37 16.9 £ 60 30+ o7 ny £ 35 22.9 F4a 39+ 1
Qws 292% 005 544t 47 85+ 23 270% 37 168 £ 36 45% 10 1.6 % 40 16.9 £ 61 47t 23
QWs 2.84 % 004 683 % 48 12.6 £ 14 368 % 39 17.0 £ 32 35% o9 1.4 E 29 432% go 17.5 £ 64

Mean £ SEM.
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Table A2

Summary of task organizational framevork analyses

Task organizational framework analyses

Correlates
Ovary development  No pattems No patterns No patterns No patterns No patterns
Body size No patterns No patterns No patterns Pollen colectrs No patterns
larger than
generalists
No. of bees in each category
Other e e e o 59 (28)
Generalists e e e 167 (44) 71 (34)
Brood feeders 48 (30) 1 (9) 98 (38) o 25 (17)
Pollen collectors 16 (15) o 37 (21) 12 (10) o
Nectar collectors 38 (31) 8(6) 89 (36) o 17 (15)
Egglayers 18 (17) 1) 34 (24) o 7@)
No. of bees 120 (40) 20 () 120 (40) 179 (43) 79
included in
analysis of 179
total
Data Scaled counts of behaviours for workerswith :::
graw observations Sealed counts of behaviowrs for workerswith ::: Sealed counts of behaviowrs for workerswith ::: Scaled counts of behaviowrsfor  Shannon values based on scaled - counts of behaviours for all
3raw observations 3raw observations all workers individuals
Method (21) Task performed most frequently (2.2) Perfect specialization (23) Task performed at last (31) K-means  clustering (32) Shannon- threshold- based - specialization
Question Are frameworks once Ave frameworks
based on a single behaviour based onallrecorded ~behaviours informative
informative to describe task organization? to describe task organization?

Values represent mumber of worker bees assigned to each chuster; mumbers in parentheses represent mumber of nests in whichthase bees were observed. K-means custes did ot divectly correspondlto these categoris. For the purposes o his table, clusters were subjectively assgned to behavioural categoris based on behavioural

repertoire ofbees  in cach category.

Table A3

Repeatabilty resuls for scaled counts

Bee D Nest ID Social configuration
R sE a P R SE a P R sE a P
Brood feeding 036 o1 [0, 056] 013 o 004 [0, 0.5 . 004 005 [0, 07] 0.06
Nectar foraging 0.06 o [0,0.35] 034 o 0.04 [0,0.31] o5 0.03 0.04 [0,044] 013
Polen foraging 028 o3 [0.004,0.51] 002 o 004 [0,0.6] o5 004 005 [0, 047] o4
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Figure A1. Elbow plot to determine number of clusters in K-means.

ts) laid Fig. 3c). Neither social configurati behavioural cate dicted the numb
36 unique nests) were observed collecting nectar, 37 (from 21 nests) collected pollen, 98 (from 38 nests) fed brood and 34{from 24 nests)laic eggs (Fig 3c) Neither social configuration or behaviowral ategory preited the mumberf



158 individuals catego- rized as specialists according to this method (GLMM behaviowll Fisher et al. / Animal Behaviour 185 (2022) 143.161
8 P g ( category: P > 0.; social conﬁgwation ot included in best-fit model; Fig. 35) The best-fit model pvedicﬁngthe

number of in- dividuals per nest carrying out each task at least once included behavioural category alone as a fixed

eﬂect.
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