












4.2 Methods 4.2.3 Behaviour Observations

their death dates. For each IFW, in cases in which the isolated worker laid eggs

developing to adulthood, the date of the �rst appearance of male pupae (i.e. devel-

oping from haploid eggs laid by the IFW) and the �rst eclosion of adult males was

also recorded. All adult males eclosing in the isolation boxes were then censused

and removed.

A B

Figure 4.1. Isolation boxes used in the experiment. Focal Bombus terrestris workers
from colonies E1�4 selected for isolation (IFWs) were placed in plastic isolation boxes
after marking. A: Set of boxes. Each box had inner dimensions of 13.0 cm Ö 7.0
cm Ö 4.5 cm, and ventilation was provided through the perforated �oor, which was
inserted 0.7 cm above the table surface. B: Close-up of a single isolation box. Each
box was �tted with an upright feeder (upper centre of image) providing ad libitum
access to arti�cial nectar. A �lter tip in the opening of the feeder prevented smaller
workers from drowning in the arti�cial nectar. Pollen was provided ad libitum in a
small Petri dish (centre right). A ball of `pollen bread' (lower right) made from a
mixture of ground pollen and arti�cial nectar was provided to serve as a substrate
on which each IFW was potentially able to construct brood cells.

4.2.3 Behaviour Observations

Because one potential measure of worker quality is reproductive output or reproduc-

tive activity in general, individual worker behaviours associated with reproductivity

were recorded in the both the experimental and control colonies. The behaviour

of SFCW and SFEW workers was observed using direct (in-person) observations.

Observations were conducted on all seven colonies (containing SFCWs and SFEWs)
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in parallel for one hour daily for �ve days per week. Behaviour observations were

conducted from 07 May 2024 to 14 July 2024.

The acting individual was recorded as either a focal worker (with its identity

then being noted), a non-focal worker ("NF") or the queen. Reproductive activity

was recorded as "egg-laying", in which the individual (queen or worker) places its

abdominal tip in an open egg-cell followed by visible tapping of the hind legs on

the egg-cell wall (Bloch, 1999). Based on these observation data, a focal worker was

classi�ed as either an "egg-layer" if it had been observed egg-laying at least once,

or a "non-egg-layer", if it had never been observed egg-laying. This meant that

there was the potential for some workers classi�ed as "non-egg-layers" to have been

misclassi�ed, i.e. if they laid eggs outside of observation bouts.

To control for e�ects of activity on longevity, the activity of the IFWs was recorded

twice daily (before the colony observations and afterwards). For this the IFW was

either recorded as active, if it was seen in scan-sampling to be moving around the

isolation box or the brood, or as inactive if it was seen resting motionless. These

observations were conducted for 35 days until 14 July 2024.

4.2.4 Wing Measurements

In B. terrestris, the length of the marginal wing cell can be used as a proxy for body

size, because the two measures are highly correlated (Duchateau and Velthuis, 1989;

Owen, 1988; Goulson et al., 2002). Using a Zeiss SteREO Discovery.V12 dissection

microscope, the length of the marginal cell of the left forewing of every focal worker

(in all three categories) was measured (the right forewing being measured if the left

one was missing or deformed). To do this, a digital photograph of the forewing

was taken with an AxioVision camera under a 15 x magni�cation and next to a 1

mm graticule. The length of the marginal cell was measured using the AxioVision

software, with all such measurements being conducted by investigators blind to the

longevity and worker category of the relevant focal worker.

4.2.5 Statistical Analyses

All statistical analyses were performed in R-Studio (R Core Team, 2020; Posit team,

2024) version 4.4.1 (2024-06-14 ucrt). Worker longevity ("Longevity") was calcu-

lated as the time di�erence in days between eclosion date and death date. The

frequency distributions of the longevity data (excluding the censored workers) for

all three categories (IFW, SEFW, SCFW) was then investigated by testing for multi-

modality using the `is.multimodal()'-function of the package `LaplacesDemon' (Sta-
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tisticat and LLC., 2021). This function uses a kernel density estimation and detects

whether there are more than one `true' peak (area under the curve > 10% of total

density). If that is the case the distribution tests positive for multimodality, if not the

distribution is considered unimodal. Afterwards, using the `Modes()'-function of the

same package, the number of distinct peaks and therefore the form of multimodality

(bimodal, trimodal, etc.) was determined. The distribution of IFW longevities was

further tested for normality using the Shapiro-Wilk test. For longevity and survival

analyses, only data from focal workers with a known death date could be included.

Focal workers that were found dead under the comb material without a known date

of death had to be excluded (N = 48). Those workers that were still alive when the

colonies were terminated were censored to that date (N = 20). A survival analy-

sis was conducted on the two experimental categories of focal workers (IFWs and

SFEWs) using a Cox proportional hazard regression model using functions from the

"survival"-package (Therneau, 2024). The model included a survival-object based

on the longevity data as the response variable and Category and Marginal Wing

Cell Length as �xed e�ects. To account for possible di�erences between colonies,

Colony was included as a random e�ect. Kaplan-Meier survival curves were created

using the "survminer"-package (Kassambara et al., 2020), including the results of a

log-rank test.

Workers' survival was further analysed using the Bayesian survival trajectory

analysis of the BaSTA-package (Colchero et al., 2012). In this method, age-related

mortality distributions are estimated using the Markov chain Monte Carlo approach.

Using the categories as the grouping factor, four simulations were run in parallel us-

ing a "Gompertz" distribution with a "simple" shape, 150,000 iterations, a burn-in

of 15,001 chains and a thinning of 150. The distribution was chosen after running

the "multibasta"-function to determine which distribution best �tted the data. To

analyse di�erences between the categories, the Kullback Leibler discrepancy calibra-

tions (KLDC) were compared, following the standard threshold by which a value

higher than 0.85 suggests that the posterior distributions of the two categories are

substantially di�erent (Sultanova et al., 2021).

The distributions of social focal worker body sizes (measured as marginal wing

cell length), within each of the colonies were tested for multimodality, using the

methodology described above. Where multimodality was detected, the dataset was

grouped by the modes of the body size distribution. A mode was de�ned around

the peak marginal wing cell length detected by the test and expanded 0.11 mm to

either side. This value corresponded to 0.5 x SD of all focal worker marginal wing

cell lengths and was picked to ensure no overlap between the modes. The median
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longevity for workers in each marginal wing cell length mode was calculated and

longevities between workers of each mode compared using a Mann-Whitney U test.

Reproductivity was analysed only among the IFWs, as there were only 7 events

of egg-laying recorded by focal workers in the social colonies (i.e. colonies E1-4

following removal of workers for isolation and colonies C5-7). Activity levels of

IFWs were included in analyses as, for a given worker, the proportion of recordings

in which the worker was scored as active. In addition, to test whether body size,

activity or longevity predicted the likelihood of whether a IFW was an egg-layer or

not, a binomial generalized linear mixed model was implemented, with the binomial

variable of being an egg-layer (yes/no) as the response variable, Marginal Wing

Cell Length, Activity and Longevity as �xed e�ects and Colony as a random e�ect

(Bates et al., 2015). Due to large di�erences in the magnitudes of the �xed e�ects

(large eigenvalue ratio), all �xed e�ects were scaled before including them in the

�nal model. Model assumptions were tested by plotting binned deviance residuals

against the �tted values. Assumptions were met if the majority of the �tted values

fell within the binned deviance residuals. Reproductive output of the IFWs was

analysed as number of adult males produced per egg-laying IFW (non-egg-laying

IFWs excluded) with a mixed linear model, including the Number of Adult Males

Produced as the response variable, Longevity and Male Eclosion Time (the time

between marking of the IFW and the eclosion of the �rst male in the IFW's isolation

box) as �xed e�ects and Colony as a random e�ect (Bates et al., 2015).

A further Cox proportional hazard analysis was conducted on the longevities of the

IFWs as described above. The �xed e�ects in the model were the binomial Egg-Layer

(yes/no), Marginal Wing Cell Length, Number of Adult Males Produced by the IFW

and Activity. Additionally, the same Cox proportional hazard model was run on only

the egg-laying IFWs, including Male Eclosion Time as a further �xed e�ect. Lastly,

the Bayesian survival trajectory analysis described above (Colchero et al., 2012) was

conducted for egg-laying IFWs versus non-egg-laying IFWs to investigate the e�ect

of egg-laying on survival.
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4.3 Results

The total number of marked focal B. terrestris workers was 248. Of those, 68

were Isolated Focal Workers (IFWs), i.e. transferred after eclosion and marking

into isolation boxes. The remaining workers (180) were, after eclosion and marking,

retained in the social environment of their natal colonies, either as Social Focal

Experimental Workers (SFEWs, N = 71) if they originated from the same colonies

as the IFWs, or as Social Focal Control Workers (SFCWs, N = 109) if they originated

in the control colonies.

4.3.1 Worker Longevity Distributions

The numbers of focal workers with a known death date were 42, 70 and 68 for

SFEWs, SFCWs and IFWs , respectively (Figure 4.2A). In each of the SFEW and

SFCW category of workers, the longevity distributions were signi�cantly bimodal

(Figure 4.2A). The longevity distribution of SFEWs showed modes at 6.6 days

and 38.8 days, and the longevity distribution of SFCWs showed modes at 45.2 days

and 86.1 days. When the longevity data of all focal workers in social colonies were

split by colony, all 7 colonies, except for one (E1), displayed signi�cantly bimodal

distributions (Figure 4.2B). (It needs to be mentioned that, although the longevity

distribution of colony E1 seemed to have two peaks, the later peak consisted of only

one data point, explaining why the distribution was not bimodal.) The presence

of multimodality in the worker longevity distribution in SFEW workers as a whole,

the SFCW workers as a whole and within 6/7 individual social colonies supported

H1 , i.e. that multimodality in worker longevity distributions within cohorts is a

common and replicable phenomenon in B. terrestris colonies.

Within the IFW workers, the longevity distribution was unimodal, with a single

mode at 132 days (Figure 4.2A). When the two left-most outliers (two workers

that lived substantially lower than the rest, 5 days and 28 days) were removed, the

longevity distribution of the IFW workers followed a normal distribution (Shapiro-

Wilk test: p = 0.11). The fact that multimodality of the worker longevity distri-

butions was not detected in the IFWs, i.e. workers kept in isolation, whereas it

was detected in the SFEW workers in the social colonies from which the IFWs were

drawn , failed to support H2a and instead supported H2b, i.e. that multimodality

in worker longevity distributions stems from social factors present within colonies.
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Figure 4.2. Distributions of focal Bombus terrestris worker longevity in days. Pro-
portional histograms with a density curve of worker longevities, showing the propor-
tion of workers that died at a certain age (longevity in days from eclosion to death).
These data sets exclude censored workers. The total area of all bins and under the
curve respectively represents 100% of each sample. (Number in brackets represent-
ing the sample size; bin size 5 days.) These data sets exclude censored workers.
A: Worker longevities grouped by focal worker categories: IFW (orange) = Isolated
Focal Worker; SFEW (dark green) = Social Focal Experimental Worker; SFCW
(light green) = Social Focal Control Worker. The curves for SFEW, and SFCW
showed signi�cant multi-modality (T=true), the curve for IFW did not (F=false).
B: Worker longevities of social focal workers (SFEW and SFCW)grouped by colony.
The legend indicates which curves were truly multimodal (T=true, in all cases bi-
modal) and which did not (F=false). E1-E4, experimental colonies 1-4; C5-C7,
control colonies 5-7.

Adult worker body sizes (measured as marginal wing cell length) of social focal

workers (SFEWs and SFCWs) were signi�cantly bimodally distributed for workers

originating from colony E1 (modes at 2.70 mm and 3.06 mm), from colony E2 (modes

at 2.25 mm and 3.05 mm), from colony C6 (modes at 2.52 mm and 2.91 mm) and

from colony C7 (modes at 2.73 mm and 3.07 mm). In all cases, the median longevity

of workers belonging to the �rst size mode was lower than the median longevity of

workers belonging to the second size mode (E1: 42 days vs. 57.5 days; E2: 44 days

vs. 65 days; C6: 55 days and 66 days; C7: 44.5 days vs. 47 days), but in none of

the cases was this di�erence signi�cant (Mann-Whitney U tests: p > 0.05).
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Figure 4.3. E�ect of social isolation on the survival of the focal Bombus terrestris
workers. A: Kaplan-Meier survival curves including 95% con�dence intervals (shad-
ing), and log-rank test results comparing mean survival rates and (below) risk tables
showing how many workers of the given category remained alive at 20-day intervals
throughout the experiment. Dotted lines indicate median longevity for each worker
category. IFW (orange): Isolated Focal Workers, N = 68; SFEW (green): Social
Focal Experimental Workers, N = 45. Median longevity was signi�cantly higher
for the IFW category (log-rank test: p < 0.001). Median longevities of IFWs and
SFEWs were 131.5 days and 42.0 days, respectively. B: Forest plot for mixed Cox
proportional hazard model (Table 4.2). IFW workers serve as the reference. To the
left of the dotted line: lower hazard (risk of mortality); to the right of the dotted
line: higher hazard (risk of mortality) (i.e. coe�cient estimate > 0). The con-
�dence intervals stretch from -1.96 x the standard error to +1.96 x the standard
error. SFEWs showed a signi�cantly increased hazard (chance of mortality) com-
pared to IFWs.

The median longevity (range) of all focal workers with a known death date was 60.5

(1-180) days (N = 180 workers). The median (range) longevities of IFWs, SFEWs

and SFCWs were 131.5 (5-180) days (N = 68), 42.0 (1-85) days (N = 42) and 49.0

(21-90) days (N = 70) respectively.

Isolation had a large and signi�cant positive e�ect on worker survival (Figure

4.3). Median longevity of IFWs (131.5 days) was signi�cantly greater than that of
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