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Abstract

Early experience can prepare offspring to adapt their behaviors to the environment they are

likely to encounter later in life. In several species of ants, colonies show ontogenic changes in the

brood-to-worker ratio that are known to have an impact on worker morphology. However, little in-

formation is available on the influence of fluctuations in the early social context on the expression

of behavior in adulthood. Using the ant Lasius niger, we tested whether the brood-to-worker ratio

during larval stages influenced the level of behavioral variability at adult stages. We raised batches

of 20 or 180 larvae in the presence of 60 workers until adulthood. We then quantified the activity

level and wall-following tendency of callow workers on 10 successive trials to test the prediction

that larvae reared under a high brood-to-worker ratio should show greater behavioral variations.

We found that manipulation of the brood-to-worker ratio influenced the duration of development

and the size of individuals at emergence. We detected no influence of early social context on

the level of between- or within-individual variation measured for individual activity level or on

wall-following behavior. Our study suggests that behavioral traits may be more canalized than

morphological traits.
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Early life experience can have lasting influences on the expression of

phenotypic traits. Social context is among the many factors that can

impact the development of individuals and the expression of their be-

havioral performance (Creel et al. 2013; Sachser et al. 2013; Bengston

and Jandt 2014; Taborsky 2017). Social cues obtained before or after

birth can prepare offspring to adjust their behaviors to the social envir-

onment they are likely to experience later in life (Taborsky 2016). Such

early-life effects are widespread both in vertebrates (e.g., mammals,

Guenther et al. 2014; birds, Bentz et al. 2013; fish, Chapman et al.

2008) and invertebrates (e.g., locust, Islam et al. 1994).

In social insects, the quality of care provided to the brood is an

important component shaping the expression of adult phenotypic

variations. A paradigmatic example is found in honey bees where

the quality of food given to larvae determines their fate in the queen

or worker caste (Schwander et al. 2010; Kamakura 2011). In ants, a

critical element that influences the quality of brood care is the num-

ber of brood items relative to the number of workers (Cassill and

Tschinkel 1999). At different phases of their life cycle, ant colonies

experience natural variations in the brood-to-worker ratio. The

most dramatic changes probably occur during the earliest develop-

mental stages of the colony, when newly mated queens initiate their

colonies. The per-capita productivity, defined as the total number of

workers and sexuals produced by a colony divided by colony size,

often declines with colony size (Kramer et al. 2014). Therefore, this
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implies a reduction in the brood-to-worker ratio (number of brood

items divided by worker number) over colony ontogeny.

Colony maturation is accompanied by phenotypic changes in

workers, particularly in size, a trait that has received the most atten-

tion. Indeed, incipient colonies typically produce workers of smaller

size than those produced at later colony ages (e.g., Porter and

Tschinkel 1985; Gibson 1989; Dejean and Lachaud 1992; Billick

2001). When the number of larvae exceeds the number of workers

in the earliest stages of the colony, the brood may also be exposed to

irregular and fluctuating attendance. Indeed, small nests generally

perform less well in dampening the effects of external fluctuations

than larger ones that offer more steady conditions for developing

brood (Kleineidam and Roces 2000). Previous studies in ants sug-

gested that a brood-to-worker ratio of 1:1 is the tipping point associ-

ated with a change in nursing behavior and an impact on worker

size (Cassill and Tschinkel 1999; Purcell et al. 2012). Variations in

the brood-to-worker ratio can impact the distribution of food sup-

plied to the developing brood, for example, in the ant Myrmica

rubra where larvae received more food when reared by many work-

ers (Evesham 1985). Similarly, larvae of Solenopsis invicta experi-

enced a substantial decline in feeding rates when reared under a high

brood-to-worker ratio (Cassill and Tschinkel 1999). In a pioneering

study, Brian (1953) reported that increasing the brood-to-worker

ratio in experimental colonies of the ant M. rubra resulted in a de-

crease in the size of the adult progeny ultimately produced. Because

then, several studies have documented similar trends in other ant

species (e.g., Gray 1971; Porter and Tschinkel 1985; Purcell et al.

2012). Yet, it remains to be determined how variations in the brood-

to-worker ratio experienced during larval development affect the be-

havior of workers in the adult stage. Unlike body size, which is de-

finitive at the time of eclosion in ants, behavior is a labile trait that

can vary during adult life. Evidence is now accumulating across taxa

that individuals experiencing distinct early-life conditions can differ

in their level of behavioral variation at later stages (Stamps 2016).

For example, the activity and boldness patterns of adults of the bee-

tle Phaedon cochleariae are influenced by the density experienced in

the larval stages (Müller et al. 2016). Also, tadpoles exposed to

predatory cues during early development showed greater between-

individual variations in plasticity for activity (estimated by the dis-

tance traveled in a given time) than did controls (Urszán et al.

2018).

Between-individual differences in behavioral performance are

the main ingredient of division of labor in social groups (Beshers

and Fewell 2001; Jeanson and Weidenmüller 2014). As in other bio-

logical systems where specialization scales with system size (Bell and

Mooers 1997; Bonner 2004), insect colonies typically show a gen-

eral increase in division of labor as colonies grow from a few to

many individuals (Thomas and Elgar 2003; Jeanson et al. 2007;

Holbrook et al. 2011; Ulrich et al. 2018). A lower level of specializa-

tion could be beneficial in the incipient stages by allowing colonies

to adapt more quickly to fluctuating conditions (Moritz and Page

1999). The scaling between colony size and division of labor during

ontogenesis might arise incidentally via by-products of increased

colony size including, for instance, a reduction in demand or a rise

in task number in large colonies (Jeanson et al. 2007). The existence

of individual behavioral changes as colonies mature represents a

possible additional mechanism, with workers in incipient colonies

being more flexible and less behaviorally canalized than those in

larger colonies (Jeanne 1986; Gordon 1989; Jeanson 2019).

Irregular or less intensive brood care may be used by larvae as an in-

dication of an incipient colony stage and may prepare the newborn

workers to show flexible behavioral patterns to enable colonies to

adapt effectively and rapidly to the changing needs faced by growing

societies (Jeanson 2019).

This study manipulated the brood-to-worker ratio in the black

garden ant Lasius niger to test the hypothesis that the social context

experienced at pre-imaginal stages can impact the morphology of

workers and the expression of behavioral variability at adulthood.

We investigated activity level because earlier theoretical and experi-

mental work has proposed the existence of changes in workers’ ac-

tivity patterns with colony size (Jeanson and Lachaud 2015; Waters

et al. 2010 but see Holbrook et al. 2011). Moreover, this trait has

been repeatedly used to assess behavioral variability in both verte-

brates (e.g., Biro and Adriaenssens 2013; Bierbach et al. 2017) and

invertebrates (e.g., Lichtenstein et al. 2017 ; Niemela et al. 2019).

Recording activity in an open field also offers the advantage of

allowing each individual to be tested many times (here, 10 observa-

tions per individual) in a standardized assay and of allowing several

individuals to be tested (here, 273 individuals). Additionally, we

considered the proportion of time workers spent on the periphery of

the arena. Wall-following behavior or thigmotaxis represents an im-

portant component of the strategy used by many insects, including

ants, to navigate their environment (Pratt et al. 2001; Dussutour et

al. 2005). Interestingly, a link between individual variation spatial

cognitive performance and thigmotaxis has been reported in the

field cricket Gryllus texensis (Doria et al. 2019). Thigmotaxis has

also been used as a measure of boldness in invertebrates (e.g.,

Detrain et al. 2019) and vertebrates (e.g., Sneddon 2003; Carlson

and Langkilde 2013).

We compared behavioral variation by considering between-

individual differences in temporal plasticity (i.e., extent of change as

a function of time; Stamps and Groothuis 2010; Stamps 2016) and

within-individual variability (or predictability) among colonies and

treatments (Stamps et al. 2012; Westneat et al. 2015). We predicted

that workers reared under a high brood-to-worker ratio, which pre-

sumably experienced less frequent brood care, would exhibit

increased between and within-individual variations in behavior.

Material and Methods

Experimental procedure
Three source colonies (A–C) of L. niger were collected in southwest

France (Canens, Haute-Garonne, France; 43�180N, 1�150E) in

March 2019. Each source colony was installed in a plastic tray

(28 cm�28 cm�9 cm) with FluonVC -coated walls that contained

dark nesting tubes, water, and food ad libitum (Dussutour and

Simpson 2008). After 10 days, we formed 90 experimental groups of

60 workers of unknown age in the source colony (30 groups from

each source colony). The workers in each group were randomly col-

lected from the source colonies to ensure that the composition of the

groups of 60 ants was as similar as possible between treatments.

Each group was introduced to an experimental nest that consisted a

piece of cellular concrete (5 cm�5 cm�0.7 cm) with a hole drilled

in the center (Ø¼3.2 cm, depth¼0.4 cm) and a lateral entrance

(Figure 1).

The nest was covered with a transparent plastic lid and a red fil-

ter (E-Colour #19, Rosco Ltd, London, UK) and was placed in the

center of a Petri dish (Ø¼10 cm) with FluonVC coated walls. Food

(Dussutour and Simpson 2008) and water were provided ad libitum

in plastic cups (Ø¼1 cm) placed in the Petri dish. The cellular con-

crete was watered every other day. The brood-to-worker ratio in 6-

week-old colonies of L. niger is around 5:1 (Madsen and Offenberg
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2017). For logistical reasons due to the number of larvae available,

we used a ratio of 3:1 to simulate the ratio observed in incipient col-

onies. In 30 experimental nests (10 from each source colony), we

introduced 180 larvae of early instar (brood-to-worker ratio¼3:1;

hereafter high brood). In the remaining 60 experimental nests (20

from each source colony), we introduced 20 larvae (ratio¼1:3;

hereafter low brood). We prepared twice as many experimental

nests for the low brood treatment as for the high brood treatment to

anticipate that the number of workers eclosion per experimental

nest will be lower in the low brood treatment (due to the 9 times

lower number of larvae).

The larvae introduced into each experimental nest were collected

from their source colony and were of the same size. Each callow

worker that eclosed in the experimental nests, during the course of

experiments, was moved to another dish (see below) and 1 larva was

added in replacement.

We used a photo of each experimental nest taken with a camera

(Canon EOS 50D) 17 days after the start of the experiments (first

quarter of total experiment duration) to estimate the number of lar-

vae and workers. This allowed us to estimate whether the initial

ratio of brood to worker was preserved despite the possible mortal-

ity of brood after the ants were installed into their experimental

nests. The same picture was used to count the number of workers

with a body part overlapping at least 1 larva. The proximity of the

workers to the brood was used as a proxy for brood attendance be-

cause we assumed that the presence of individuals next to the larvae

(and not only grooming or feeding behaviors) can provide cues to

the larvae in the social context. Pilot experiments conducted on 2

other colonies revealed no significant fluctuation in the number of

workers near the brood over a period of 30 consecutive days for ei-

ther the low or high brood treatment.

Because our goal was to study the influence of the social environ-

ment experienced by larvae on adult behavioral variability by mini-

mizing differences in the environment experienced as an adult, we

needed to ensure that each focal worker experienced the same social

context after hatching. When a worker emerged, we placed it in a

Petri dish (Ø¼5.5 mm, height¼1 cm) with 22 workers collected in

its source colony. This ensured that each worker was exposed to the

same condition, regardless of the treatment experienced in the larval

stage. The callow individual was marked with a dot of paint

(Edding 750VC ) on the abdomen the day after its emergence (callow

workers can easily be distinguished on the basis of their light cuticu-

lar pigmentation which darkens several days after eclosion,

Hartmann et al. 2019). Food and water were provided ad libitum.

Behavioral assays
For each test, the marked ant was gently collected with a soft paint-

brush in the dish in which was maintained with the 22 workers

(Figure 1). The focal ant was then introduced individually to a circu-

lar arena (Ø¼5.8 cm, height¼1 cm) with FluonVC -coated walls and

covered with a glass lid. The arenas were placed in a white box (65

cm �65 cm�65 cm) with uniform lighting to reduce any spatial

heterogeneity that might influence behaviors. Each trial lasted

60 min. Tests were performed during daytime in a climate room

(25�C, 35% RH). We filmed up to 45 arenas (containing each a sin-

gle ant) simultaneously with 3 cameras (Sony Handycam) placed

above the experimental arenas and outside the white box. The first

assay for each individual took place 48 h after it is emerged from the

pupa. After each test, the ant was put back in its dish. Each ant was

tested every 2 days for 20 days (i.e., 10 observations per ant). The

longevity of L. niger workers under laboratory conditions is about

400 days (Kramer et al. 2016), which means that our estimate of be-

havioral variability covered �5% of a worker’s life span. Each

movie was analyzed with the tracking software Swistrack version

4.0 (Correll et al. 2006) with the “Nearest Neighbour Tracking”

method to extract automatically the coordinates of the ant in the

arena at a rate of 2.08 frames/s. We used the fraction of time the ant

spent moving during the 60-min test as a proxy for individual activ-

ity level (considering that an ant moved between 2 consecutive

Figure 1. Schematic representation of the experimental design. Workers and larvae were introduced to experimental nests (A) according to the treatment ratios

(dashed circles). Each callow worker that eclosed was marked and transferred to a dish (B) with 22 mature workers. After 48 h, each callow worker was transferred

individually to a test arena (C) to record her activity for 60 min. After behavioral assay, the ant was returned to her dish (B). Each ant was tested 10 times. (1)

Fluon
VC

coated Petri dish. (2) Cellular concrete (nest). (3) Plastic lid and red filter. (4) Nest entrance. (5) Food container. (6) Wet cotton. Not at scale.
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images if the distance covered was equal to or >1 mm). We detected

no relation between head size and the distance traveled by each indi-

vidual in each test (linear mixed model (LMM) with head size and

source colonies as fixed variables and ant ID as a random factor:

F1,265¼�1.266, P¼0.207). However, we used time spent moving

(not the distance) as an estimate of activity to reduce any influence

of size differences in the estimation of behavioral variability. For

each individual, we also determined a score of thigmotaxis, which

we defined as the proportion of time callow workers spent walking

at 1 cm (about twice the length of an ant) from the wall of the arenas

during the 60-min test. All experiments were performed in May

2019. A total of 273 individuals were tested (Colony A: 100,

Colony B: 81, Colony C: 92; low brood: 138, high brood: 135).

These individuals were not randomly selected but corresponded to

the first individuals hatched in each experimental nest before we

stopped the experiments. We tested individuals alone because testing

individuals in a group may attenuate interindividual differences in

behavioral profiles, as active individuals may stimulate inactive indi-

viduals and thus lead, through amplification processes, to group

members synchronizing their activity patterns (Cole 1991).

After the completion of behavioral assays, we assessed the size of

callow workers by measuring head width (minimum width across

the eyes) to the nearest micrometer using a stereomicroscope Nikon

SMZ1000 at a magnification of �40. The head of 4 corpses was lost

and therefore not measured.

Statistical analyses
Statistical analyses were performed using R version 4.0.5 (www.r-

project.org). For each experimental nest, we computed the actual

brood-to-worker ratio on Day 17 by dividing the number of brood

items counted on Day 17 by the number of workers (i.e., 60). These

ratios were compared with a t-test after log-transformation. For

each experimental nest, we calculated the fraction of workers that

were in contact with brood. These fractions were log-transformed

and compared between treatments using a 1-way ANOVA with

source colony and treatments as fixed factors. We compared the

coefficients of variations (CV¼ standard deviation/mean) of the

head size of workers raised under each treatment using the statistic

D’AD of Feltz and Miller (1996) implemented in the function

asymptotic_test from the package cvequality, version 0.2 (Marwick

and Krishnamoorthy 2019 ). Head width and larval development

(i.e., number of days between the start of the experiment and hatch-

ing) were compared between source colonies and treatments with

LMMs (lmer function of the lme4 package; Bates et al. 2015) using

nest ID (i.e., the ID of nests in which workers emerged) as a random

effect. We used the function glht implemented in the multcomp R

package (Hothorn et al. 2008) using Holm’s correction to evaluate

the differences in head size of workers or larval development be-

tween colonies.

For each behavior and treatment, we computed the intraclass

correlation coefficient (ICC) as a measure of repeatability, that is,

the proportion of total variance that can be attributed to variation

between individuals (Nakagawa and Schielzeth 2010). We included

observations and source colonies as fixed effects and ant ID as the

grouping factor to compute ICC using the function rptGaussian

(package rptR) (Stoffel et al. 2017). Values were considered signifi-

cant when 95% confidence intervals did not overlap zero. We fur-

ther analyzed behavioral data using a double-hierarchical LMMs

(DHGLM) in a Bayesian framework with the R package “brms”

(Bürkner 2017, 2018). DHGLM allows fitting simultaneously the

mean and dispersion levels by considering both fixed and random

effects (Cleasby et al. 2015; Mitchell et al. 2016, 2021; Hertel et al.

2020, 2021). DHGLM is recommended to estimate variation in

intra-individual variability (rIIV) and to compare behavioral pre-

dictability between groups or treatments because they can model the

structure of residual variance (Cleasby et al. 2015; Mitchell et al.

2021). We consider observations (Tests 1–10) and source colonies

as fixed factors in the mean model. The fixed factor “observations”

was mean-centered before fitting the models. The random factors in

the mean model were ant ID and nest ID (i.e., the ID of nests in

which workers emerged). In the residual model, we specified a ran-

dom intercept (ant ID) to estimate individual differences in predict-

ability (Mitchell et al. 2021). Values of model parameters were

considered significant when 95% credible intervals did not overlap

zero. We applied a logit transformation (log[p/(1-p)]) to the score of

thigmotaxis (i.e., proportion of time spent moving on the periphery

of the arena) after adding 0.01 to null values (N¼29 out of 2,730)

or subtracting 0.01 to scores of 1 (N¼25 out of 2,730).

For each treatment (low and high brood-to-worker ratios) and

behavior (activity and thigmotaxis), we fitted model that included

(Model 1) or not (Model 2) observations as random slopes in the

mean part of the model to test whether workers that experienced

distinct early social context (i.e., low versus high brood-to-worker

ratio) differed in temporal plasticity at adulthood:

Model 1: performance � observations þ colony þ (1jnest) þ
(1jID), sigma � (1jID)

Model 2: performance � observations þ colony þ (1jnest) þ
(observationsjID), sigma � (1jID)

with the dispersion part of each model in italics.

We assessed the predictive performance of each Bayesian model

with the loo package which performs leave-one-out (LOO) cross-

validation on the posterior likelihood to give the estimated log pre-

dictive density (ELPD) and its standard error (Vehtari et al. 2017).

We compared models using the function loo_compare (Vehtari et al.

2017) implemented in the R package brms. The function loo_com-

pare calculates the differences in ELPD (elpd_diff) between 2 models

and the standard error of the difference (se_diff) to compare the pre-

dictive performance of the models.

Models with a small ELDP_diff with respect to the SE have simi-

lar predictive performance and the simpler model is preferred. In

our study, a better fit of the model with random slopes (i.e. Model

2) would indicate that individuals differed in the way they varied

their level of activity or thigmotaxis between observations. We next

used the best model selected for each treatment and behavior to

compute the residual intra-individual variation (rIIV) (i.e., the

spread of residuals around an individual’s reaction norm). We used

LMMs using nest ID as a random effect to test whether rIIV for ac-

tivity or thigmotactism varied with head width and the duration of

development.

Ethical statement
This work complied with the current laws in France on the use of

invertebrates in research.

Results

Proximity of workers to the brood
First, we checked that the brood-to-worker ratio measured 17 days

after the start of the experiment was, as expected, lower in the low

brood (mean 6 SD: 0.30 6 0.09, N¼60) than in the high brood
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treatment (mean 6 SD: 2.39 6 0.43, N¼30) (t-test: t87¼37.25,

P<0.001; Figure 2A). The observed ratio differed slightly from the

initial ratio due to brood mortality, but importantly, the average

observed ratio was still almost 8 times higher for the high brood

treatment than for the low brood treatment. The number of workers

in contact with brood divided by the total number of larvae was >4

times greater in low-brood than in high brood treatment (ANOVA:

F1,83¼183.94, P<0.001) and differed marginally between colonies

(ANOVA: F1,83¼3.05, P¼0.05; Figure 2B).

Larval development and size of callow workers
Workers that emerged in nests from the low brood treatment were

larger than ants that developed in the high brood treatment (LMM:

F1,188.70¼26.14, P<0.001). Source colonies also influenced body

size (LMM: F1,50.34¼17.26, P<0.001) with workers from source

Colony C being larger than those from colonies A (post-hoc glht:

estimate¼0.014, SE¼0.003, z¼4.90, P<0.001) or B

(estimate¼0.011, SE¼0.003, z¼3.67, P<0.001; Figure 3A). The

duration of larval development was almost 2 days shorter in nests

from the high brood than in the low brood treatment (LMM:

F1,52.92¼4.76, P¼0.03; Figure 3B). There was an influence of the

source colony on development (LMM: F1,57.68¼42.27, P<0.001)

with larvae from Colony B emerging faster than larvae from colony

A (post-hoc glht: estimate¼�4.06, SE¼0.66, z¼�6.14,

P<0.001), which themselves developed faster than those from

Colony C (estimate¼2.02, SE¼0.66, z¼3.05, P<0.001;

Figure 3B).

In both treatments, body size at adulthood increased with the

duration of larval development (LMM: F1,188.70¼26.13, P<0.001;

Figure 3C). The coefficient of variation (CV) for head size was lower

for workers reared under the low brood (CVlow¼0.031) than under

the high brood condition (CVhigh¼0.044) for Colony A (Feltz-

Miller test: D’AD¼5.87, df¼1, P¼0.015) but not for Colonies B

(CVlow¼0.031, CVhigh¼0.038; D’AD¼1.50, df¼1, P¼0.22) or

C (CVlow¼0.040, CVhigh¼0.037; D’AD¼0.21, df¼1, P¼0.65).

Behavioral variations
A total of 2,730 tracks of 60 min each were analyzed (Figure 4). We

found no differences in repeatability for activity between workers

reared under a low (ICC [95% confidence intervals]: 0.31 [0.24,

0.37]) or a high (0.23 [0.17, 0.29]) brood-to-worker ratio. Similarly,

workers from each treatment showed no difference in repeatability

for thigmotaxis (low ratio: 0.11 [0.07, 0.15]; high ratio: 0.06 [0.02,

0.10]). Repeatability was 3 times lower for thigmotaxis than for

activity.

The model with random slopes (Model 2) for activity provided a

better fit than the model without random slopes (Model 1) both for

workers of the low (ELPD diff¼�19.7, SE¼6.7) and high (ELPD

diff¼�22.4, SE¼6.74) brood-to-worker ratio. Regardless of early

social context, this indicated that workers exhibited interindividual

differences in variations in activity level over the course of the trials

(Figure 3). Results were more mixed for thigmotaxis, as models with

random slopes only marginally improved fitting for workers from

the low (ELPD diff¼�11.9, SE¼5.9) and high (ELPD diff¼�8.8,

SE¼5.1) brood-to-worker treatment. We detected no influence of

the early social context on the behavioral patterns for activity or

thigmotaxis (Table 1, Figure 1). The level of activity decreased dur-

ing successive trials but no similar trend was observed for thigmo-

taxis (Table 1). Workers from Colony C were more active but spent

less time close to the wall of the arena than workers from Colonies

A and B (Table 1). Overall, the early social context thus seemed to

play no role in the expression of between-individual differences in

plasticity.

Values of rIIV for activity overlapped between workers from the

low (median [first and third quartiles]: 0.09 [0.08, 0.11]) and high

ratio (median [first and third quartiles]: 0.10 [0.09, 0.12]).

Similarly, no difference in the values of rIIV for thigmotaxis was evi-

denced between workers from each treatment (median [first and

third quartiles]; low ratio: 1.14 [0.89, 1.49], high ratio: 1.15 [0.88,

1.44]). Accordingly, we found no difference in variation in behavior-

al predictability between workers from each treatment for activity

(CVp [95% credible intervals]: low ratio: 0.35 [0.29, 0.43], high

Figure 2. (A) Actual brood-to-worker ratio measured on Day 17. (B) Boxplots of the fraction of larvae in contact with workers in experimental nests from the high

and low brood-to-worker treatments on Day 17. Horizontal line in each box represents the median, and the lower and upper hinges indicate the first and third

quartiles. Lower and higher whiskers extend to the most extreme values within 1.5 interquartile ranges from the first and third quartiles, respectively.
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Figure 3. (A) Callow worker head size and (B) duration of larval development for each source colony and brood-to-worker ratio. Sample size is given within brack-

ets. (C) Relationship between larval development and head size for each treatment. The color bands give the 95% confidence intervals of linear models.

Figure 4. Predicted level of activity for workers reared under a low or high brood-to-worker ratio. Warm (yellow) to cool (purple) colors code for the level of activ-

ity measured during the first test. Predicted values were obtained from models using mean-centering for “observations,” but raw values for “observations” are

used on the plots for clarity.
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ratio: 0.29 [0.22, 0.36]) or thigmotaxis (CVp [95% credible inter-

vals]: low ratio: 0.45 [0.37, 0.53], high ratio: 0. 41 [0.34, 0.45]).

Discussion

In this study, we manipulated the brood-to-worker ratio (1:3 versus

3:1) to examine the influence of social context experienced in early

ontogeny on the expression of individual variation in activity level

and thigmotaxis at adulthood in ants. We hypothesized that expos-

ure of larvae to a high brood-to-worker ratio during early ontogeny

would result in more developmental noise and increased behavioral

variability at adulthood. Our experimental design allowed us to

examine the influence of the early social context whereas avoiding

the possible confounding influence of maternal effects and adult’s

social experience on worker phenotypes. We first showed that larvae

developed more slowly and produced larger workers when exposed

to a low brood-to-worker ratio during pre-imaginal stage. We also

found greater variation in head size between workers in the high

brood than in the low treatment for 1 colony. Overall, this con-

firmed that our treatment was able to affect the phenotypes of work-

ers. In our experiments, the nest surface was equal in both

treatments, which led to a 9-fold increase in larval density in the

high brood treatment, whereas keeping the number of workers con-

stant. However, this increase in density and thus proximity between

larvae did not result in an equivalent rate of brood attendance as

shown by the number of contacts between workers and larvae being

4 times lower for the high brood treatment than for the low brood

treatment (Figure 2). Similar patterns were observed in the ant S.

invicta where larvae were tended at reduced rates when brood out-

numbered workers (Cassill and Tschinkel 1999).

The manipulation of the brood-to-worker ratio triggered detect-

able changes in morphological traits and development time. This

confirmed previous studies that reported a reduction of body size of

about 5%, which is of the same order of magnitude as that found in

our study, when the brood-to-worker ratio was high (Brian 1953;

Purcell et al. 2012). The smaller body size observed in the high

brood-to-worker ratio was likely the result of the workers’ reduced

ability to meet all the larvae’s needs as documented in previous

work in S. invicta where the rate of trophallaxis to feed brood was

lower in colonies composed of an excess of larvae (Cassill and

Tschinkel 1999). Interestingly, the experimental changes of the

brood-to-worker ratio reproduce, albeit to a lesser extent, the differ-

ences in worker size observed in ant colonies during their develop-

ment with the existence of nanitic or minim workers in societies at

the initial stages of their development when the brood size greatly

exceeds the number of workers (Tschinkel 1988). In honey bees, ma-

nipulation of the brood-to-worker ratio also resulted in changes in

body weight, with bees being heavier at birth when reared in the

presence of many workers (Eischen et al. 1983). The influence of the

early social context on the development time offers more contrasted

results because our study showed that larvae developed faster in the

high brood-to-worker ratio condition whereas an opposite tendency

seems to exist in the ant Formica selysi (Purcell et al. 2012), the rea-

son for this discrepancy remaining unexplained.

Ants in each treatment showed decreasing activity over succes-

sive trials. It is unclear whether this reduction resulted from matur-

ational processes associated with aging, as the ants were tested for

20 days immediately after emerging from the cocoon, and/or from

habituation to the environment in which they were exposed 10 con-

secutive times. Further studies using older ants carried out under the

same experimental conditions should make it possible to decide.

This pattern of decreased activity contrasts with that found in the

Table 1. Estimates [95% credible intervals] of fixed and random effects on activity and thigmotaxis (mean model) and residual variations

(dispersion model) for workers reared under a low or high brood-to-worker ratio

Activity Thigmotaxis

Brood-to-worker ratio Brood-to-worker ratio

Mean model Low High Low High

Fixed effects

Intercept 0.226 0.266 2.631 2.346

[0.199, 0.254] [0.243, 0.290] [2.438, 2.826] [2.155, 2.533]

Observations �0.013 �0.010 0.008 0.020

[�0.016, �0.011] [�0.013, �0.008] [�0.016, 0.031] [�0.006, 0.047]

Colony B 0.037 �0.002 �0.313 0.006

[�0.001, 0.077] [�0.036, 0.031] [�0.605, �0.025] [�0.262, 0.276]

Colony C �0.046 �0.082 0.397 0.582

[�0.086, �0.008] [�0.116, �0.050] [0.113, 0.690] [0.313, 0.851]

Random effects

ant ID

sdintercept 0.068 0.059 0.522 0.370

[0.055, 0.081] [0.049, 0.070] [0.426, 0.626] [0.274, 0.467]

sdobservations 0.009 0.010 0.064 0.091

[0.006, 0.012] [0.007, 0.013] [0.033, 0.097] [0.059, 0.122]

nest ID

sdintercept 0.027 0.014 0.138 0.153

[0.003, 0.050] [0.001, 0.033] [0.006, 0.319] [0.013, 0.313]

Dispersion model

xID 0.342 0.282 0.430 0.396

[0.281, 0.410] [0.222, 0.349] [0.364, 0.505] [0.333, 0.467]

Parameters with credible intervals that include 0 are nonsignificant. A logit transformation was used on the thigmotaxis data before fitting the models.
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Argentine ant Linepithema humile where individuals that were

tested 5 consecutive times in a setup similar to that used in this study

showed increased activity in workers (Sanmartı́n-Villar et al. 2021).

Too few studies so far have tested individuals 5 or more times, so it

is difficult to offer a plausible explanation for differences in activity

patterns.

We expected callow workers from the high brood-to-worker

ratio treatment to show higher between-individual differences in

plasticity and also lower behavioral predictability (i.e., lower

within-individual variance) than conspecifics reared under the low

brood-to-worker ratio. We found that the level of activity was re-

peatable, meaning that individuals showed consistent individual dif-

ferences in activity and contrasted with the lower level of

repeatability observed for thigmotaxis. The absence of differences in

repeatability between treatments for either behavior suggested that

neither the colony nor early social context had a detectable influence

on the expression of behavioral variations. Also, we detected no in-

fluence of the early social context on the expression of behavioral

plasticity. Overall, our results lead us to reject our initial prediction

that workers reared under a high brood-to-worker ratio would dis-

play greater individual variation. Although caution is required in

drawing a conclusion based on 2 behavioral traits, our results sug-

gest that the expression of behavioral variation in ants might be less

vulnerable to differences in the early developmental context, and

thus be possibly more canalized, than the production of a physical

trait (i.e., body size). It might not be unexpected that effective regu-

latory mechanisms control the expression of the degree of behavior-

al variation, an uncontrolled level of which could have adverse

consequences on a range of behavioral traits and jeopardize the sta-

bility of the organization of social groups.

Holometabolous insects, such as ants, undergo massive internal

changes during metamorphosis (Consoulas et al. 2000) but previous

studies have nevertheless shown that pre-imaginal experience can

have lasting consequences on a range of behaviors (Amat et al.

2018). For instance, adult workers that experienced high colony-

level aggressiveness during their preimaginal stages behave more ag-

gressively than siblings exposed to low-aggression environment in

the honeybee Apis mellifera (Rittschof et al. 2015). Similarly, the

thermal response of adult brood-tenders in the ant Camponotus

rufipes depends on the temperature experienced at pupal stages

(Weidenmüller et al. 2009). Our study focused on brood care be-

cause ontogenic or seasonal changes in the worker-to-brood ratio

could represent a simple mechanism requiring no explicit coding to

adjust the behavioral diversity within the worker caste and allow

colonies to produce optimal patterns of division of labor (Jeanson

2019). However, changes in the brood-to-worker ratio alone may

not be sufficient to influence behavioral variability in callow work-

ers, and the quality of nursing (e.g., amount of time that a larva is

licked by a worker), an important component of brood care which

has not been considered here, should be considered in future studies.

This dimension could be more important as young workers, which

are relatively abundant in incipient colonies, are less efficient brood

tenders than older individuals (Muscedere et al. 2009). The impact

of the quality of nursing, possibly in combination with changes in

the brood-to-worker ratio, on the expression of behavioral varia-

tions deserves further attention.

Despite being used repeatedly across studies, the level of individ-

ual activity or thigmotaxis may not represent an appropriate meas-

ure to reveal behavioral variation between treatments. Although

intra-individual variability reflects the existence of unpredictable

fluctuations resulting supposedly from spontaneous fluctuations in

internal state (Stamps 2016), this does not necessarily imply that all

behavioral traits are equally concerned. For instance, Rana dalma-

tina tadpoles reared in presence of predator olfactory cues showed

higher predictability for activity level (distance traveled) than con-

trol animals, but no difference was observed in terms of risk-taking

behavior (latency to resume activity after a simulated predator at-

tack) between treatments (Urszán et al. 2018). Also, the effects of

the environment on behavioral variability do not always go in the

same direction. In the fruit fly Drosophila melanogaster, for ex-

ample, Akhund-Zade et al. (2019) manipulated the enrichment of

the environment and then introduced individuals to a Y-maze to

collect several behavioral measures. They found that flies exposed

to an enriched environment displayed increased variability for

some behaviors (e.g., inter-choice intervals, number of turns) but

reduced variability for others (e.g., turn bias, switchiness) in com-

parison to conspecifics that experienced standard rearing condi-

tions. A high-throughput experimental pipeline developed to

capture dozens of behaviors in Drosophila confirmed the existence

of many independent dimensions of behavioral variations

(Werkhoven et al. 2019).

Determining which measures are relevant to reveal changes in

behavioral variability in response to differences in the early environ-

ment is important but challenging. The identification of the sources

of variability often requires the use of controlled and standardized

conditions that are potentially disconnected from natural conditions

(e.g., Watanabe et al. 2012; Turza and Miler 2021). However,

working in more natural environments is difficult because it may

not be possible to determine whether the level of variability

observed in adulthood is the result of specific developmental condi-

tions or the context experienced at the time of observation. Further

reflections on these aspects are necessary to better understand the

role of the early social environment on the expression of behavioral

variations in adulthood and to study its consequences on social or-

ganization in insect colonies.

Acknowledgments

We are grateful to Abel Bernadou, Violette Chiara, Adolfo Cordero-Rivera,

and Cristian Pasquaretta for comments and Gérard Latil for assistance in ant

maintenance. We thank anonymous reviewers for the comments.

Funding

Funding was provided by CNRS (www.cnrs.fr) and Université Toulouse III
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