A SOCIETY OF INDIVIDUALS: WORKER DIFFERENTIATION AND COLLECTIVE
BEHAVIOR IN SOCIAL INSECTS
by
Nicole Elise Leitner
__________________________
Copyright © Nicole Leitner 2019

A Dissertation Submitted to the Faculty of the
DEPARTMENT OF ECOLOGY AND EVOLUTIONARY BIOLOGY
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
In the Graduate College
THE UNIVERSITY OF ARIZONA

2019

2

3
ACKNOWLEDGEMENTS
I wish to acknowledge all of the people who have made the completion of my dissertation
possible. My advisor, Dr. Anna Dornhaus, a veritable force of nature with one of the most logical
and critically thinking minds I know. She has continually supported my curiosity over the past
six years and taught me how to satisfy it with the scientific method. I am also grateful for my
dissertation committee: Dr. Wulfila Gronenberg, who graciously provided me with a second
home in his lab and enthusiastically trained me in the art of ant brain dissection. Dr. Judith
Bronstein, an incredible teacher and scientist who introduced me to the magic of the Sonoran
Desert and the world of ecology. She has also been a source of both professional and emotional
support that has helped to guide me through graduate school and prepare me for the world
beyond. Also Dr. Renee Duckworth, for her expertise on evolution and behavior, and her
appreciation of proximate mechanisms. I am also grateful for all members of the Dornhaus lab,
past and present, who have provided me with valuable assistance and feedback on my work. In
particular, I would like to thank Dr. Daniel Charbonneau, who I have relied on countless times
for help with statistics and who has always been happy to provide it.

This dissertation was also made possible by many hard-working high school and undergraduate
students: Gaby Benavides, Kerrah Cutter, Vanessa Delgado, TristaDawn Ison, Colin Lynch,
Brad Moffett, Alexis Morrison, Wesley Parks, Varuska Patni, Isabelle Rivera, Skylar
Sherbrooke, Nicole Whittington, Eli Wilensky and Samuel Yen. As part of my own little colony,
they not only helped me to build experiments and analyzed my data on ant behavior and task
allocation, but they also taught me how to generate my own effective system of division of labor
for putting this whole project together.

4
Other people who have been integral to the completion of this dissertation include Dr. Wolfgang
Rössler and Dr. Claudia Groh at the University of Würzburg, collaborator Dr. Fiorella RamirezEsquivel, UA College of Science Director of Recruitment and Engagement Erin Deely, for
enriching my graduate career with opportunities for outreach, and finally the UA Department of
Ecology and Evolutionary Biology staff (in particular Pennie Rabago and Lauren Harrison).

I am also forever grateful to Dr. Katrina Mangin for giving me the opportunity to teach marine
biology, to go on once-in-a-lifetime adventures in Mexico, and most of all for introducing me to
my dear husband, Ben. Finally, to my family and friends: Richard, Donna, Linda, Dick, Wade,
Pat, TJ, Valeriya, George, Tim, Laura, Bruno, Bernard, Nick, Mark, Katie, Walt, Logan, Corbin,
Noah, Pierson, Janelle, Emma, and Victoria, thank you for your love and support. And Ben, for
lighting up my life when I least expected it.

I have also received much financial help from the Animal Behavior Society, International Union
for the Study of Social Insects, UA Graduate and Professional Student Council, UA Center for
Insect Science, Galileo Circle Scholar Fellowship, Journal of Biology and the National Science
Foundation (grants DGE-1143953, IOS-0841756, IOS-1045239).

5

DEDICATION
I would like to dedicate this dissertation to my father, Richard A. Fischer, for always having an
answer, for repeatedly challenging my self-doubt, and for teaching me how to appreciate the
process.

6

TABLE OF CONTENTS
ABSTRACT.................................................................................................................................... 7
I. INTRODUCTION ....................................................................................................................... 9
II. PRESENT STUDY .................................................................................................................. 13
III. REFERENCES ....................................................................................................................... 17
APPENDIX A. Peripheral sensory organs vary among ant workers, but variation does not predict
division of labor ........................................................................................................................... 20
APPENDIX B. Ants in isolation: obstacles to testing worker responses to task stimuli outside of
the colony context ......................................................................................................................... 33
APPENDIX C. Social insects and task allocation: a review of the response threshold hypothesis
....................................................................................................................................................... 64
APPENDIX D. Plasticity and constraints in task allocation: how and why do workers take on
new tasks? ................................................................................................................................... 120

7
ABSTRACT
Individuals are not identical. Organisms of the same species usually exhibit diverse phenotypes,
a phenomenon that extends not only to physical characteristics but to behavior as well. Indeed,
consistent differences in behavior across individuals are now well cited across the animal
kingdom and have been shown to be an integral part of the ecology and evolution of an
organism. Yet, the proximate, physiological mechanisms upon which natural selection might act
to either favor or eliminate variation is often not known. Here, I use social insect division of
labor – essentially an exaggerated form of behavioral variation in which nestmate workers
specialize in different tasks – as a study system for exploring potential neural mechanisms of
inter-individual behavioral variation. This investigation also led me to test and review one of the
most widely accepted hypotheses for division of labor, the results of which provide new and
important insights into how and why social insect workers choose different tasks.

In my first chapter I explored variation among Temnothorax rugatulus ant workers in their
peripheral sensory organs, a potentially important, but often overlooked, source of behavioral
variation (or, in the context of social insects, task specialization). The idea for this study was
based on the popular “response threshold” mechanism for division of labor, whereby workers
become specialized in tasks because they vary in their response (often assumed to be
‘sensitivity’) to task-associated stimuli. Potentially, variation in worker sensory organs might
influence a worker’s ability to detect such work-associated stimuli. Though workers showed
considerable variation in the number of antennal sensory structures, this variation was not related
to variation in worker behavior. This led to my second chapter, in which I directly tested the
response threshold hypothesis in T. rugatulus ants. Here, I found no evidence for individual
variation in response thresholds to three different putative task stimuli, calling into question the
ubiquity of this mechanism as a general driver of social insect division of labor. To follow up on
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this idea, in my third chapter I performed a comprehensive review of the response threshold
hypothesis in the social insect literature and found that the empirical evidence for it is not as
strong as is commonly assumed. This chapter also provides guidelines for how to test response
thresholds, with the goal of becoming a valuable reference work for those studying both social
insects and self-organization in complex systems in general. My last chapter scaled up to the
colony level. I explored plasticity and constraint in task reallocation by challenging colonies of
T. rugatulus with different types of perturbations. By considering multiple types of tasks, this
study provided novel insight into how the variety of tasks a colony performs are regulated quite
differently. Here, I found that colonies were able to achieve considerable flexibility through the
use of two different strategies. Which strategy the colony used was task-dependent. In addition,
colonies appeared to have two types of reserve workers upon which to draw when task needs
increased, dependent on task type.

9
I. INTRODUCTION
Behavior is a phenotype, like any other, that can vary within a population. Though it is often
assumed to be one of the most flexible traits, behavioral differences are often expressed
consistently within individuals of a species, producing what recent literature now calls
“personality”, “temperament” or “coping style” (Gosling 2001; Dall et al. 2004; Dingemanse and
Réale 2005; Stamps and Groothuis 2010). For example, some individuals might be consistently
more aggressive than others (Riechert and Hedrick 1993; Bell and Sih 2007; Holekamp et al.
2013; Bengston and Dornhaus 2014), even in contexts in which such behavior might incur
fitness costs (Duckworth 2006). Different behavioral types can be maintained in a population if
they are associated with particular life history strategy trade-offs (Stamps 2007; Wolf et al.
2007), or they might be the result of functional or energetic constraints (e.g., coupled by
pleitropic effects to the expression of other, less flexible traits under strong selection, (Dall et al.
2004; Dloniak et al. 2006; McGlothlin and Ketterson 2008; Duckworth 2010). Understanding
behavioral variation mechanisms on a proximate scale is therefore central to understanding their
evolutionary origins, how they are shaped by natural selection, their potential to change over
both proximate and evolutionary timescales, and how they facilitate interactions between an
organism and its environment.

Behavioral variation is now recognized as nearly ubiquitous in nature. For example, behavioral
variation is found in molluscs (Seaman and Briffa 2015), arthropods (Papaj and Rausher 1983),
fish (Bell and Sih 2007) and mammals (Gosling 1998). Invertebrates, in particular, have emerged
as highly tractable systems for dissecting the mechanisms of behavioral variation because of
their short lifespans, relatively simple nervous systems, and abundance (i.e., allowing for large
sample sizes) (Sattelle and Buckingham 2006; Mather and Logue 2013; Kralj-Fišer and Schuett
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2014). Of these invertebrates, social insects are unique in exhibiting stable differences in
behavior on multiple levels: across species (Davidson 1998), colonies (Jandt et al. 2013;
Bengston and Dornhaus 2014), reproductive castes, worker types (Hölldobler and Wilson 1990),
and individuals (Charbonneau et al. 2014). In fact, the tremendous ecological success of the
social insects is often thought to be explained by division of labor, which is the result of
behavioral differences that persist among workers in what tasks they perform, either permanently
(e.g. as with morphological castes) or at a particular phase of development. As a study system,
social insects uniquely allow biologists to study what drives individual differences in behavior
and how these individual mechanisms collectively drive behavioral differentiation on an entirely
different level of organization, the colony.

The mechanisms by which individual workers choose tasks is not known, although several
hypotheses have been proposed. Of these hypotheses, the response threshold mechanism stands
out as perhaps the most widely accepted explanation for division of labor (Beshers and Fewell
2001). The response threshold hypothesis invokes intrinsic variation among workers in their
response thresholds to task-associated stimuli (possibly influenced by factors such as age,
genetic background, or size) to explain why different workers choose different tasks even when
confronted with the same environment. Workers with low thresholds for a given task-related
stimulus will perform that task at low levels of demand; only when the demand for the task, and
consequently the task-related stimulus, reaches high levels will workers with high thresholds
engage in it. The appeal of this mechanism is that it explains both consistent differences between
individuals (division of labor) and dynamic collective responses to changing needs (flexible task
allocation). It is generally thought that these response thresholds are sensory-based, such that a
worker’s threshold depends on its sensitivity to particular stimuli. Response thresholds thus offer
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a powerful hypothesis for linking behavior to its sensory, neural basis, yet it remains an open
question how (and whether) behavioral decisions are derived from sensory thresholds and where
they originate in the nervous system.

A widespread but often unexamined assumption is that animal behavior is regulated solely by the
central nervous system – namely, the brain. Yet, the brain does not work in isolation. The
peripheral nervous system, too, is a potential source of variation that has been previously
overlooked (Chapman 1982; Davis 1984; Schoonhoven 1987; Blaney et al. 1986). Few studies
have addressed, for example, how the quantity or quality of sensory units affects behavior and
how differences in these traits between individuals can give rise to behavioral variation. This is
surprising given that the peripheral nervous system acts as a gateway of information to and from
the brain, giving it a potentially significant influence on the expression of behavior. Indeed,
recent studies on social and non-social insects are beginning to link the periphery with behavioral
expression, though this literature is still in its infancy (Chapman et al. 2003; Spaethe et al. 2007;
Bodin et al. 2008; Vergoz et al. 2009; Riveros and Gronenberg 2010; McQuillan et al. 2012;
Claudianos et al. 2014; Lemmen and Evenden 2016; Gadenne et al. 2016; Rogers and Frasnelli
2016)

The overarching goal of this dissertation was, therefore, to use the framework of the widely
accepted, but rarely tested, response threshold hypothesis to explore how variation in the nervous
system, particularly in the peripheral sensory organs, might drive differences in sensitivity to
stimuli, which in turn might drive behavioral variation (i.e., task specialization) across workers
in the ant species Temnothorax rugatulus (Figure 1). Specifically, I quantified the antennal
sensory structures across workers. I found that considerable variation exists across workers but
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this variation does not predict division of labor. I then directly tested the response threshold
hypothesis by testing individual worker sensitivity to different putative task stimuli and linked
this with task allocation. I found no evidence for a response threshold mechanism, calling into
question whether response thresholds are in fact a general driver of social insect behavior, as
they are commonly assumed to be. Given this finding, I performed a comprehensive review of
the social insect literature to show that response thresholds, indeed, might not govern division of
labor in all species, or even all tasks. The goal of this review was to provide a useful reference
work for the field of social insect research, which currently lacks an up-to-date synthesis of the
response threshold literature (the most recent being a heavily cited review by Beshers and Fewell
in 2001). Finally, I conclude this dissertation by tying together individual and colony level
mechanisms of behavior, to determine how robust colonies are to environmental change and how
this robust response arises from the differentiated actions of its individuals.
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II. PRESENT STUDY

Key findings from the studies that comprise this dissertation are briefly summarized below. Full
descriptions of each study are presented in the form of appended manuscripts. Appendix A is in
press at Behavioral Processes (Leitner et al. 2018), Appendix B has been submitted for
publication at Insectes Sociaux, while Appendix C and D are in final preparation.

Appendix A: Peripheral sensory organs vary among ant workers, but variation does not
predict division of labor
In this study, we investigate the peripheral nervous system as a potential and previously
unexamined source of behavioral variation that might lead to task specialization in Temnothorax
ants. The exact mechanisms underlying social insect division of labor specifically and behavioral
variation more broadly are not well understood. Fixed differences at the level of the sensory
organs is one mechanism that might drive fixed differences in behavior (i.e., task specialization).
By filtering sensory input before it gets processed by the brain, the peripheral nervous system
might have considerable downstream effects behavior.

We show that individuals are highly variable in the density of sensory structures, or sensilla, on
their antennae. This variation is not linked to task specialization, suggesting that sensilla density
must either (1) not significantly affect sensory sensitivity or (2) performance in most tasks must
not be predicted by sensory sensitivity (response thresholds), at least in T. rugatulus. We explore
these possibilities in the next study.

Appendix B: Ants in isolation: obstacles to testing worker responses to task stimuli outside of
the colony context
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This study directly tests the response threshold hypothesis by assaying worker sensitivity to three
putative task-related stimuli: brood (a putative stimulus for brood care), fungal spores (hygienic
behavior) and sucrose (foraging). In particular, we seek to establish whether thresholds are an
internal state of the worker that is consistent over trials, and whether they predict task allocation
in the colony. To this end, we test T. rugatulus ants outside of the colony context (i.e., isolating
the workers from the nest environment to control for the effects of social interactions) and
measure each worker’s sensitivity, or “response threshold,” to different concentrations of three
types of stimuli. We then examine how these responses are related to worker specialization in the
colony setting. Given our previous finding (Appendix A) that worker variation in sensilla density
does not map onto worker variation in behavior, we also aim to test whether this link is broken
because sensilla do not predict sensory sensitivity or response thresholds do not drive division of
labor.

We find no consistent differences among workers in apparent sensitivity to different task-related
stimuli. In addition, workers responding to the low task stimulus level (i.e., the potentially low
threshold, highly sensitive workers) do not necessarily belong to the worker group that
specializes on this task. Our results are thus not consistent with predictions from the response
threshold hypothesis as an explanation for differences among workers in what task is performed.
We conclude from this study, however, that assaying ants in isolation might not be an effective
strategy for testing individual sensitivity to task-relevant stimuli. We base this conclusion on one
finding in particular: nurses – the worker type expected to have low brood thresholds according
to the response threshold hypothesis – tend to respond only to the high stimulus or not at all,
whereas foragers respond to the low-level brood stimulus. Possibly, we alter the salience or
meaning of the stimulus by removing workers from their social setting. Nurses might be
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disoriented outside of their normal nest environment and are therefore too distracted or lack the
necessary cues to initiate brood care behavior, whereas foragers, having previous experience
outside the nest, are able to identify and respond to the stimulus in a novel environment. Our
results thus demonstrate that social context plays an important role in task allocation, because the
stimulus alone is not sufficient for driving task-related behavior.

Finally, sensilla density is not associated with our measures of response thresholds. Given that
we are not convinced response thresholds were successfully measured in this study, we cannot
distinguish whether (a) sensilla variation explains response thresholds but response thresholds do
not explain performance, or (b) thresholds explain task performance but sensilla do not
determine thresholds.

Appendix C: Social insects and task allocation: a review of the response threshold hypothesis
This chapter provides a comprehensive review of the history of the response threshold
hypothesis, how response thresholds are defined in the literature, and the empirical evidence that
exists for them. Specifically, we examine how and whether response thresholds have been
rigorously demonstrated in each study. We identify and discuss the possibility that response
thresholds are not a general driver of behavior, but rather might be relevant for only a few social
insect species. This review also describes possible proximate mechanisms of response
thresholds, if they do exist, and lays out how future experiments should be designed to
successfully test this hypothesis for division of labor. This manuscript will be submitted to
Biological Reviews with the intention that it can serve as a useful reference not only for social
insect biologists, but anyone studying animal behavior or emergent properties of complex
systems.

16

Appendix D: Plasticity and constraint in task allocation: how and why do workers take on new
tasks?
Consistent individual variation in behavior is the bedrock of division of labor, but workers must
also be flexible enough to respond to changes in colony need. How do colonies meet the
challenge of balancing stability and flexibility? This study explores how individual workers and
colonies as a whole meet the demands of increased workloads. We increase demand for three
different tasks to explore whether, at the group level, dynamic task allocation takes place, how
quickly it occurs, and the strategies used to accomplish flexibility (either by workers switching
tasks, increasing individual effort, or both). We also test three hypothetical mechanisms for task
reallocation to explain, at the individual level, who responds to the changes and why they
respond: (1) a foraging-for-work hypothesis, which proposes that workers have no intrinsic task
preference but rather simply take on the first task they encounter; (2) a sensitivity-based
hypothesis, in which workers differ in sensory sensitivity to changing stimulus levels; and (3) a
“reserve” hypothesis, in which colonies maintain a specialized reserve pool of workers to attend
to increases in task demand.

We find that colonies do respond dynamically to changes in workload and that these responses
take place on different timescales according to task type. The colony’s strategy for re-allocating
worker effort also depends on task type; some tasks, such as nest maintenance, require new
worker recruitment, whereas other tasks, such as brood care, are highly attended to by already
active workers increasing their effort. Finally, we find that colonies have two pools of reserve
workers, one specialized for brood care and the other a more generalized workforce that attends
to all other tasks.
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The neural mechanisms underlying behavioral variation among individuals are not well understood. Diﬀerences
among individuals in sensory sensitivity could limit the environmental stimuli to which an individual is capable
of responding and have, indeed, been shown to relate to behavioral diﬀerences in diﬀerent species. Here, we
show that ant workers in Temnothorax rugatulus diﬀer considerably in the number of antennal sensory structures,
or sensilla (by 45% in density and over 100% in estimated total number). A larger quantity of sensilla may reflect
a larger quantity of underlying sensory neurons. This would increase the probability that a given set of neurons
in the antenna detects an environmental stimulus and becomes excited, thereby eliciting the expression of a
behavior downstream at lower stimulus levels than an individual with comparatively fewer sensilla. Individual
diﬀerences in antennal sensilla density, however, did not predict worker activity level or performance of any
task, suggesting either that variation in sensilla density does not, in fact, reflect variation in sensory sensitivity or
that individual sensory response thresholds to task-associated stimuli do not determine task allocation as is
commonly assumed, at least in this social insect. More broadly, our finding that even closely related individuals
can diﬀer strongly in peripheral sensory organ elaboration suggests that such variation in sensory organs could
underlie other cases of intraspecific behavioral variation.

1. Introduction

workers. We base this idea on a widely accepted hypothesis explaining
division of labor in social insects (both task specialization and overall
activity level), which invokes variable response thresholds to task-related stimuli: if workers diﬀer in the levels of task-related stimuli they
respond to, this may lead to diﬀerences in how often a task is performed
(Beshers and Fewell, 2001). Most studies have assumed these ‘thresholds’ generally arise in the central nervous system (CNS) and therefore
limit their scope to the brain (reviewed in Kamhi and Traniello, 2013;
Page and Robinson, 1991). However, variation in sensory organ size,
development, or innervation could also directly lead to diﬀerent response thresholds by limiting or biasing sensory information before it
even reaches the brain.
A possible role for the peripheral nervous system in worker behavioral diﬀerences is supported by findings that diﬀerences in olfactory
receptor expression, for example, are associated with behavioral receptivity to odor stimuli in honeybees (Villar et al., 2015). In addition,
variation in the number of antennal sensory organs (sensilla) is linked
to olfactory acuity in bumblebees (Spaethe et al., 2007), forager

Consistent inter-individual behavioral diﬀerences are nearly ubiquitous in animals (e.g. in arthropods (Pruitt et al., 2008), fish (Bell and
Sih, 2007), mammals (Gosling, 1998)). Still, little is known about the
fundamental neural mechanisms underlying them. Social insects provide a convenient model system for this question because nestmates
exhibit stable, inter-individual diﬀerences in behavior by specializing
on particular tasks. Often, nestmates vary considerably in overall activity level as well (e.g. Charbonneau et al., 2014; Jandt et al., 2012).
Such division of labor (in both task and activity level) emerges without
any leader and may rely on intrinsic variation in task preference among
workers (Beshers and Fewell, 2001), learned diﬀerences (e.g. Ravary
et al., 2007), or social signals (e.g. Greene and Gordon, 2007; PinterWollman et al., 2011).
Here, we investigate whether fixed diﬀerences at the level of the
peripheral nervous system, specifically in the number of antennal sensory structures, contribute to behavioral variation among social insect
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Table 1
Diﬀerent behavioral states used to determine task allocation. No other tasks
were observed.
Behavior

Description

Inactive
Brood care
Foraging
Grooming
Wandering inside
Trophallaxis

Completely immobile
Feeding, grooming or moving brood
Outside the nest in the foraging arena
Worker grooming itself or nestmate
Moving inside nest but not performing a discernable task
Receiving or giving liquid food to/from another worker

resource preferences in honeybees (Riveros and Gronenberg, 2010) and
aggression level in weaver ants (Gill et al., 2013). Whether such peripheral mechanisms underlie social insect response thresholds that
drive division of labor in a broader context (i.e. across all tasks) is
unclear. Here, we use the brown rock ant Temnothorax rugatulus to
quantify inter-individual variation in the number of particular functional types of antennal sensilla and test the hypothesis that diﬀerences
in sensilla number predict activity level and/or task allocation. T. rugatulus workers show pronounced diﬀerences in activity level and are
weakly specialized in diﬀerent tasks (Charbonneau and Dornhaus,
2015; Charbonneau et al., 2017; Pinter-Wollman et al., 2012). If sensilla
number corresponds to higher sensory sensitivity, and thus aﬀects taskassociated response thresholds, we expect that ants with more sensilla
will be (1) more active overall and/or (2) more active or specialized in
particular tasks that are likely to depend on chemical sensitivity, such
as foraging (an outside task conducted in a complex sensory environment) and brood care (Vander Meer and Alonso, 1998; Conte and
Hefetz, 2008).
2. Methods
Six queen-right T. rugatulus colonies were collected November
2014–October 2016 from the Santa Catalina Mountains, Tucson, AZ, at
an elevation of 2134 m. Colony sizes ranged from 14 to 55 workers.
Each colony was housed in an artificial nest consisting of a cardboard
nest chamber between two glass slides and kept inside a fluon-coated
container, as described by (Charbonneau et al., 2014). Ants were provided freeze-killed fruit flies, honey solution and water ad libitum and
kept on a 12 h light cycle at 21 °C. Each ant was individually marked
using Testor’s Pactra® paint.
We measured worker behavior using one of two protocols: (1)
filming whole colonies for five minutes at arbitrary timepoints between

8 a.m. and 5 p.m. on three days within a two-week period, or (2) filming
whole colonies for 10 min at arbitrary times between 8 a.m. and 5 pm
on four days in a one week period. The behavioral state (see Table 1) of
each ant was recorded every second by an observer analyzing all three
videos. Therefore, for each colony 3 sessions were filmed and analyzed.
Activity level for each worker was measured as the proportion of time
each ant was not ‘inactive’ (motionless and apparently not working).
Task specialization was measured in two ways: as (1) proportion of total
time and (2) proportion of active time each ant spent in the focal behavioral state. Immediately following the final filming session for each
colony, ants were fixed in alcoholic Bouin’s fixative (formaldehyde,
picric acid, acetic acid) then washed with 70% ethanol. We quantified
elaboration of the peripheral sensory organs by counting the number of
sensillum insertions (‘sockets’, hereafter also referred to as ‘sensilla’) on
the distal-most segment of the right antenna of each worker. T. rugatulus
ants have club-shaped antennae in which the distal-most segment
comprises by far the highest number of sensilla (Ramirez-Esquivel et al.,
2017). If the right antenna was damaged, we instead used the left antenna since sensilla number is bilaterally symmetrical (Online Resource
1). To visualize under the light microscope, antennae were incubated in
100% ethanol at 25° C for ten minutes and then in methyl salicylate for
sixty minutes. Antennae were then mounted onto slides using methyl
salicylate, sealed under a cover slip with nail polish and viewed under a
63×/1.25 Plan-Neofluoar oil objective using a Zeiss Axioplan brightfield microscope. We used SPOTbasic software to capture images of the
dorsal and ventral surfaces of the distal-most segment and the GNU
image manipulation program GIMP 2.8 to count sensilla sockets within
a defined area (100 μm × 50 μm) covering most of the segment and
aligned with the base of the segment on both surfaces. We approximated total sensilla number by estimating the distal-most segment
surface area using the equation of a cylinder (2πrh) for 70% of the
segment’s length and a circular cone (πrl) for 30% of its length (resembling the approximate shape of the antennal segment). Ants with
missing or damaged antennae were discarded, leaving us with a total
sample size of 150 ants.
Socket size was used to diﬀerentiate between thinner sensilla with
smaller sockets and thicker sensilla with larger sockets. The “smallsocket” group broadly included sensilla chaetica (mechanoreceptors,
Dumpert, 1972a), coeloconica (responsive to temperature change,
Ruchty et al., 2009), trichoidea (putative contact chemoreceptors,
Hashimoto, 1990) and trichoidea-II (unknown function, previously
described in ants by Nakanishi et al., 2009; Ramirez-Esquivel et al.,
2014) (Fig. 1a, white arrows). The “large-socket” group included two
chemosensitive sensilla types: sensilla basiconica (contact

Fig. 1. The distal-most antennal segment of a T. rugatulus worker showing (a) sensilla sockets (black arrows: large sockets, white arrows: small sockets); and (b)
invaginated sensilla ampullacea (black arrows). Scale bar: 100 μm.
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Fig. 2. Sensilla density (a) and absolute sensilla number (b) varies among T. rugatulus workers (density: min = 0.0062 sensilla/μm2, max = 0.0096 sensilla/μm2;
absolute number: min = 377 sensilla, max = 798 sensilla, n = 150 ants, 6 colonies).

performing diﬀerent tasks. A linear model was also used to assess the
relationship between diﬀerent (i.e. small and large-socket) sensillum
types and their association with the surface area of the distal-most
antennal segment. Colony was incorporated as a random factor for all
linear models. We used a non-parametric Kruskal-Wallis test for determining the relationship between the surface area of the distal-most
antennal segment and number of sensilla ampullacea, which had discrete values of 3, 4, 5 or 6 sensilla and was not normally distributed. All
statistical analyses were performed in R 2.15.1, using lme4 and base
‘stats’ packages.
3. Results
3.1. Variation across workers

Fig. 3. Both total and small-socket sensilla density decrease with increasing
surface area of the distal-most antennal segment. Large-socket sensilla density,
however, varies independently of surface area. Blue triangles: total sensilla
socket density (linear mixed eﬀects model p-value < 0.0001, random eﬀect:
colony, fixed eﬀect: sensilla density, slope = -2.04 × 10−8); Red open circles:
small sensilla socket density (linear mixed eﬀects model p-value < 0.0001,
random eﬀect: colony, fixed eﬀect: sensilla density, slope = -2.07 × 10−8);
Green: large sensilla socket density (linear mixed eﬀects model p-value = 0.18,
random eﬀect: colony, fixed eﬀect: sensilla density, n = 150 ants, 6 colonies).

Antennal sensilla density and absolute sensilla number varied considerably among workers across colonies (Fig. 2a, b). Within colonies
sensilla density and total sensilla number also varied among nestmates
(average coeﬃcient of variation in sensilla density = 0.064, absolute
number = 0.100).

Text3.2.

chemoreceptors, thought to be involved in nestmate recognition,
Renthal et al., 2003; Sharma et al., 2015) and trichoidea curvata (detection of volatile compounds, e.g. pheromones, Dumpert, 1972b)
(Fig. 1a, black arrows). Sensilla ampullacea, sensitive to carbon dioxide
(Kleineidam et al., 2000) were quantified by counting the distinctive
peg-like structures located within the lumen of the distal-most antennal
segment (Fig. 1b). Absolute number was used instead of density in this
case because sensilla ampullacea are clustered in one area of the segment. For 32 samples, air bubbles that remained in the lumen made
counting of the internal sensilla impossible. For this analysis, therefore,
we had a total sample size of 118 ants. Antenna size was assessed by
measuring the length of the distal-most antennal segment using a stage
micrometer and Image J ® software.
2.1. Statistical analyses
We used a linear model to test the hypothesis that sensilla density is
associated with task allocation, specifically the proportion of time spent

Variation in sensilla types and total sensilla number

Small and total sensilla density decreased with increasing surface
area of the distal-most antennal segment (Fig. 3), indicating that ants
with larger antennae do not have proportionately more (small) sensilla.
The shallow slope of the trend lines, however, suggests that larger ants,
on average, still have more sensilla than smaller ants. In addition, as
total sensilla density increased, both small-socket sensilla (on average
85% of total) and large-socket sensilla (15% of total) increased (Fig. 4).
Ants with more small-socket sensilla, however, had fewer large-socket
sensilla (Fig. 5). Though contributing less to overall number, largesocket sensilla density varied more than small-socket sensilla (coeﬃcient of variation: small-socket sensilla = 0.084 and large-socket sensilla = 0.22). The number of CO2-sensitive sensilla ampullacea was
much lower than that of the other two types and did not correlate with
surface area of the distal-most antennal segment (coeﬃcient of variation = 0.14; Fig. 6). There was no relationship between the number of
sensilla ampullacea and total sensilla density (Online Resource 2).
3.3. Sensilla density and worker behavior
The quantitative diﬀerences we observed in the number of sensory
units (presumably reflecting the number of underlying sensory neurons)
should be associated with diﬀerences in sensory sensitivity and, according to the response threshold hypothesis, response thresholds and
worker behavior (Chapman, 1982; Spaethe et al., 2007). However, we
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Fig. 4. As total sensilla density increases, (a) small-socket and (b) large-socket sensilla increase. No statistics are reported here because variables are not independent
of one another. Graphs serve to simply illustrate the relationship between diﬀerent sensilla types and total sensilla density. Each colony is represented by a diﬀerent
color and shape, n = 150 ants, 6 colonies.

Fig. 5. Ants with a higher density of small-socket have a lower density of largesocket sensilla, suggesting that these two sensilla types trade oﬀ against one
another (Linear mixed eﬀects model p-value = 0.03, random eﬀect: colony,
fixed eﬀect: large sensilla density, slope = -0.07, n = 150 ants, 6 colonies.

found no relationship between individual worker sensilla density and
activity level (Fig. 7a). Sensilla density was also not associated with any
specific tasks, whether calculated as proportion of total time (Fig. 7;
Table 2) or active time (Table 2; Online Resource 3). No relationship
was found when using any of the specific sensilla types (Online Resource 4). Similarly, antennal surface area (i.e. antenna size) did not
predict worker performance in any task (Table 2; Online Resource 5).
None of these analyses changed qualitatively if only ants from the first
or second filming protocol were used.
4. Discussion
We find considerable variation across workers in the density and
total number of sensory structures on the antenna. Total sensilla density
and small-socket sensilla density decrease slightly with increasing antenna size, while variation in large-socket sensilla density is not

Fig. 6. The number of sensilla ampullacea (CO2-sensitive sensilla) on the distalmost antennal segment is not associated with the surface area of that segment.
Kruskal-Wallis p-value = 0.48, n = 118 ants, 6 colonies. Boxplot shows the
lower and upper quartiles (box), median (horizontal line in box), and extremes
(whiskers) for antennal surface area associated with each number of sensilla
ampullacea.

associated with antenna size. Interestingly, ants with higher smallsocket sensilla density tend to have lower large-socket sensilla density,
suggesting the possibility that these two sensilla types might trade oﬀ
against each other. The number of sensilla ampullacea is much smaller
(between 3–6) and appears to stay constant across antennal surface
areas and sensilla densities. This result supports earlier findings in other
ant species in which the number of ampullacea is stable across workers.
In the very large ant Atta sexdens, workers have about 10 sensilla ampullacea within the distal-most antennal segment (Kleineidam et al.,
2000), while the moderately sized Myrmecia pyriformis workers have far
more ampullacea, between 21–24 (Ramirez-Esquivel et al., 2014). Apparently, then, ampullacea number does not covary with worker size
either within or across species. This raises interesting questions about
how diﬀerences in these species’ natural histories (e.g. nesting habits)
has led to diﬀerent stabilizing selection pressures on CO2 -sensitive
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Fig. 7. Individual worker sensilla density does not predict proportion of total time spent performing any task (a–e). Diﬀerent colors/shapes represent diﬀerent
colonies. Statistics summarized in Table 2, n = 150 ants, 6 colonies.
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Table 2
Sensilla socket density does not predict time spent performing any tasks after
Bonferroni correction for multiple comparisons (adjusted α ≤ 0.008). Similarly,
the surface area of the distal-most antennal segment does not predict task
specialization. Shown above are the results of linear mixed eﬀects models based
on proportion of total time spent performing each focal task and proportion of
active time spent performing each focal task. Random eﬀect: colony, n = 150
ants, 6 colonies.

Behavior
Activity level
Grooming
Brood care
Wandering inside
Trophallaxis
Foraging

Fixed eﬀect
Sensilla density
Antennal
surface area
Sensilla density
Antennal
surface area
Sensilla density
Antennal
surface area
Sensilla density
Antennal
surface area
Sensilla density
Antennal
surface area
Sensilla density
Antennal
surface area

Proportion of total
time

Proportion of active
time

F-value
0.23
3.01

p-value
0.63
0.08

F-value
n/a
n/a

p-value
n/a
n/a

7.03
2.08

0.009
0.15

4.15
1.71

0.04
0.19

2.44
6.85

0.12
0.009

3.44
5.63

0.07
0.02

0.08
0.91

0.77
0.34

0.71
0.07

0.4
0.79

0.11
0.22

0.74
0.64

0.55
0.0004

0.46
0.98

0.76
0.1

0.38
0.75

0.42
0.13

0.52
0.72

enough amount of variation to override the considerably large diﬀerences we observed in the periphery.
A second possibility is that diﬀerences sensitivity (i.e. response
thresholds) are not the driving force for division of labor as is commonly
thought for social insects. Though response thresholds are very well
established in honeybees (e.g. Page et al., 1998; Pankiw and Page,
2000) empirical evidence for their existence and role in division of
labor in other social species is sparse and sometimes conflicting. In
bumblebees, for example, workers diﬀer in fanning thresholds for
temperature and CO2, however these thresholds do not predict the
probability that a worker will fan or how long it will fan
(Weidenmüller, 2004). If our assumption that sensilla density variation
reflects sensitivity variation is correct, then our results would suggest
that response thresholds are not governing division of labor in T. rugatulus ants and are therefore not a universal driver of social insect
division of labor. In summary, a 45% diﬀerence in individual sensory
organ elaboration that has no eﬀect on task performance suggests one
of two possible conclusions: (1) either sensory organ elaboration is not
associated with sensory sensitivity, in which case sensilla may not be
costly to produce and/or maintain and are therefore under low selection pressure to eliminate unnecessary variation; or (2) diﬀerences in
sensitivity to task-relevant stimuli (i.e. response thresholds) may not be
a driver of task allocation in this social insect. To better understand
mechanisms by which division of labor specifically, and inter-individual behavioral variation in general, is created further investigations should attempt to distinguish between these two alternatives.
Appendix A. Supplementary data

sensilla.
Despite the large variation in total sensilla density across individual
workers, this was not associated with task allocation or activity level in
T. rugatulus. Given our result, variation in sensilla density must either
(1) not significantly aﬀect sensory sensitivity or (2) performance in
most tasks must not be predicted by sensory sensitivity, at least in T.
rugatulus. The lack of a relationship between sensilla density and any of
the tasks we measured is puzzling given that earlier work had established a link between sensilla number and diﬀerences in behavior,
sensitivity and even learning in some social insects (Gill et al., 2013;
Riveros and Gronenberg, 2010). Larger bumblebee workers, for example, have more sensilla and lower response thresholds to a conditioned olfactory stimulus (Spaethe et al., 2007). However, it appears
that the functional consequence of sensory organ variation is far from
obvious and perhaps cannot be generalized across species, or even
across tasks within the same species. Recent work in Pheidole ants, for
example, demonstrates that unilateral antennal ablation (i.e. resulting
in the loss of roughly half of their sensilla) does not prevent workers
from carrying out most of their normal task repertoire (Waxman et al.,
2017). In contrast, antennal removal has significant eﬀects on behavior
in Tetragonula bees (though this was not associated with sensilla
number), and in honeybees the right antenna is both more enriched
with olfactory sensilla and better at recalling olfactory memories than
the left. Yet, in this same species, the peripheral nervous system is not
associated with worker diﬀerences in responsiveness to alarm pheromone (Robinson, 1987). Though we do find variation in T. rugatulus
sensory organs, our results are consistent with those of (Waxman et al.,
2017), which suggest that sensory organ diﬀerences may not have
significant eﬀects on behavior and task allocation. Rather than variation in density, variation in the size of individual sensilla or diﬀerences
across individual sensilla in the number of underlying sensory neurons
might aﬀect sensory sensitivity and therefore behavior. If this were the
case, quantifying sensilla number or density would not capture the true
functional variation in sensory organs among workers, a possibility that
deserves further investigation. Alternatively, our results might indicate
that the central nervous system, alone, drives response thresholds. In
this case, the central nervous system would have to impose a great

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.beproc.2018.10.016.
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was used to test the correlation between right and left antennal sensilla number: p-value = 0.005,
r2=0.92; Wilcoxon signed rank test also showed no significant difference between right and left
antennae: p-value = 0.78, mean difference per ant = 0.01 sensilla, n = 5 ants
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Online Resource 2 Absolute sensilla ampullacea number is not associated with total sensilla
density. Kruskal-Wallis p-value = 0.67, n = 118 ants, 6 colonies. Boxplot shows the lower and
upper quartiles (box), median (horizontal line in box), and extremes (whiskers) for sensilla
density associated with each number of sensilla ampullacea.
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Online Resource 3 Individual worker sensilla density does not predict proportion of active time
spent performing any task (a-f). Statistics summarized in Table 2, n = 150 ants, 6 colonies

Behavior

Fixed effect

Activity level

Small pore density
Large pore density
S. ampullacea number
Small pore density
Large pore density
S. ampullacea number
Small pore density
Large pore density
S. ampullacea number
Small pore density
Large pore density
S. ampullacea number
Small pore density
Large pore density
S. ampullacea number
Small pore density
Large pore density
S. ampullacea number

Brood care
Wandering
inside
Grooming
Trophallaxis
Foraging

Proportion of
total time
F-value p-value
0.46
0.14
1.25
2.06
0.11
0.22
<0.01
0.29
2.40
5.70
0.41
0.36
<0.01
0.84
0.46
0.76
<0.01
0.04

0.50
0.71
0.26
0.15
0.74
0.64
0.97
0.59
0.12
0.02
0.52
0.55
0.93
0.36
0.50
0.39
0.95
0.84

Proportion of
active time
F-value p-value
n/a
n/a
n/a
2.18
0.69
0.63
1.78
0.90
0.85
4.00
0.04
0.13
0.59
<0.01
0.12
0.55
0.03
0.74
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n/a
n/a
n/a
0.14
0.41
0.43
0.18
0.35
0.36
0.05
0.84
0.72
0.44
0.99
0.73
0.46
0.87
0.39

Online Resource 4 The density of specific sensilla types does not predict either task allocation
or activity level after Bonferroni correction for multiple comparisons (adjusted α ≤ 0.008).
Shown above are linear mixed effects model data for task allocation based on proportion of total
time spent performing each focal task and proportion of active time spent performing each focal
task. Random effect: colony, n = 150 ants, 6 colonies.
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Online Resource 5 Antennal surface area does not predict proportion of total time spent
performing any task (a-f), whether calculated as proportion of total (shown here) or active time.
Statistics summarized in Table 2, n = 150 ants, 6 colonies
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APPENDIX B
Ants in isolation: obstacles to testing worker responses to task stimuli outside of the colony
context
Citation:
Leitner, NE, Lynch, C, Dornhaus, A. Ants in isolation: obstacles to testing worker responses to
task stimuli outside of the colony context. Insectes Sociaux. In revision.

Abstract
In social insects, division of labor is commonly thought to be driven by differences among
workers in their sensitivity, or response thresholds, to task-related stimuli. Despite the wide use
of this mechanism throughout social insect research, actual empirical evidence for these
thresholds is comparatively scarce. Here, we attempt to fill this empirical gap by testing
individual task-stimulus response thresholds, their consistency over time, and their relation to
behavior in Temnothorax rugatulus ants. We also explored morphological differences in the
antenna as one potential neural mechanism generating differences in sensitivity, and thus
response threshold variation, across workers. Ants were exposed to different amounts of hungry
brood, fungal spores, or sugar, stimuli that appear to drive brood care, grooming, and foraging
behavior, respectively. Our measures of response thresholds were not repeatable across two trials
for any of the three tested stimuli. In addition, responses to different stimulus intensities
(possible response thresholds) were not associated with worker task allocation in the colony with
the exception of brood care, in which case the results directly contradicted what the response
threshold hypothesis predicts. Workers from different task groups also did not differ in their
latency to respond to these stimuli or in the duration of their response. Sensilla density varied
across workers but did not predict our measures of response thresholds to any of the tested
stimuli. Though this is not what the response threshold hypothesis would have predicted, it is
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possible that testing ants in isolation may not accurately reflect their behavior in the colony, or
that sensitivity to a task stimulus, alone, is not sufficient for driving division of labor. We
suggest approaches to testing response thresholds that incorporate the roles of social context and
competing task stimuli.
Introduction
In social insects, several mechanisms for how individuals may come to be allocated to different
tasks (typically resulting in division of labor) have been proposed. Some attribute division of
labor to factors that are purely extrinsic to the individual worker, such as a worker’s spatial
position in the nest and work availability (Franks & Tofts, 1994; Tofts, 1993; Tofts & Franks,
1992) or social interactions with nestmates (Gordon, Goodwin, & Trainor, 1992; Pacala, Gordon,
& Godfray, 1996; Pinter-Wollman et al., 2013). Others propose that, rather than extrinsic factors,
intrinsic differences among nestmates such as body size (e.g. Spaethe and Weidenmüller 2002;
Jandt and Dornhaus 2009; Westling et al. 2014), morphology (reviewed in Wheeler 1986;
Hölldobler and Wilson 1990), genetic background (reviewed in Page and Robinson 1991), or
nutritional status (reviewed in Amdam and Page 2010) lead to differences in task performance.
Of these hypotheses, the response threshold mechanism stands out as perhaps the most widely
accepted explanation for division of labor (Beshers and Fewell 2001). The response threshold
hypothesis invokes intrinsic variation among workers in their response thresholds to taskassociated stimuli (possibly influenced by age, genetic background, or size) to explain why
different workers choose different tasks even when confronted with the same environment.
Workers with low thresholds for a given task-related stimulus will perform that task at low levels
of demand; only when the demand for the task, and consequently the task-related stimulus, reach
high levels will workers with high thresholds engage in it. The appeal of this mechanism is that it
explains both consistent differences among individuals (division of labor) and dynamic
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collective responses to changing needs (flexible task allocation). In addition, a response
threshold-driven task allocation mechanism allows workers to have a relatively uncomplicated
cognitive template upon which to base behavior (Beshers et al. 1999). As a simple stimulusresponse mechanism, response thresholds obviate the need for a complex pattern recognition
system; rather, a worker can detect a single feature (e.g. a pheromone) of an otherwise complex
stimulus (e.g. a larva that is hungry) if the stimulus level exceeds the worker’s threshold, which
then releases the appropriate behavior (e.g. feeding the brood).

It is surprisingly difficult, however, to demonstrate whether or not response thresholds actually
exist, whether they drive task allocation, and whether they explain division of labor (i.e., why
individuals consistently specialize on different tasks). A few notable exceptions exist, perhaps
the best-studied being the sucrose threshold paradigm in honeybees. According to this paradigm,
forager bees that respond to low concentrations of sucrose are more likely to forage for water or
pollen and are genetically distinct from workers with high thresholds, which are more likely to
forage for nectar or return home empty (Pankiw & Page, 2000) . A similar relationship has been
found in Camponotus ants, in which foragers have the lowest thresholds to sucrose, nurses have
intermediate thresholds and inactive workers have high sucrose thresholds (Perez et al. 2013)

In addition to sucrose thresholds, Weidenmüller et al. (2004) demonstrated that individual
bumble bee workers vary in their fanning thresholds to temperature and carbon dioxide levels.
Interestingly, individuals not only differed in the thresholds at which they fanned but also in their
probability and duration of their fanning. Each of these parameters (response threshold, response
probability, response duration), however, varied independently of one another, making the extent
to which fanning response thresholds actually govern individual contributions to fanning
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behavior uncertain. In honeybees, moreover, only fanning probability – and not fanning
threshold – related to the task on which a worker specialized in the colony setting (including
fanning, Cook and Breed 2013). Outside of the honeybee/sucrose paradigm, therefore, it remains
unclear whether response threshold variation is a general driver of task allocation across different
tasks and social insect species.

Here, we tested predictions of the response threshold hypothesis using different task stimuli. In
particular, we sought to establish whether thresholds are an internal state of the worker that is
consistent over trials, and whether they predict task allocation in the colony. We also tested
whether other response parameters besides response thresholds, in particular response duration
and response latency, predicted task allocation. To these ends, we assayed all worker types from
mature, intact Temnothorax rugatulus ant colonies outside of the colony context to control for
confounding variables like spatial position and social interactions. We measured each isolated
worker’s “response threshold” to different concentrations of three types of stimuli. We chose
stimuli that were shown to elicit three behaviorally distinct tasks: brood (a putative stimulus for
brood care), fungal spores (hygienic behavior) and sucrose (foraging). Given that response
thresholds are often thought to be sensory-based (reviewed in Robinson 1992; Beshers et al.
1999; Beshers and Fewell 2001) we were also interested in exploring one potential sensory
mechanism for response thresholds. We previously showed that T. rugatulus workers differed in
the density of antennal sensory structures, or sensilla (Leitner et al. 2019). This variation,
however, did not predict task specialization in T. rugatulus ants, leading us to speculate that
sensilla might not predict sensory sensitivity, at least in this species. Here, we test sensitivity
more directly by assessing whether sensilla density predicts our measure of response thresholds,
or sensitivity, to the three putative task-related stimuli (brood, fungus and sucrose).
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Methods
Ant collection and marking
For all experiments, queen-right colonies of Temnothorax rugatulus ants were collected from the
Santa Catalina Mountains (Tucson, AZ) at an elevation of about 2000 m. Each colony was
housed in an artificial nest consisting of a cardboard nest chamber (3.6 cm x 2.5 cm) between
two glass slides and kept inside a fluon-coated box (11.5 cm x 11.5 cm). Colonies were provided
with freeze-killed fruit flies, honey water (diluted 1:10) and water ad libitum and kept on a 12hour light cycle at 21°C. Each ant was individually marked using Testor’s Pactra® paint. For all
experiments, ants were marked 24-48 hours after collection. Behavioral observations or assays
began approximately 48 hours later.

Consistency across trials
Response thresholds might be a fixed property of the individual worker (as in Bonabeau et al.
1998) or they might change over time (Theraulaz et al. 1998). To determine how and whether
response thresholds change over time, we therefore assessed individual worker responses to
different stimulus concentrations for each of the three stimuli across two trials. Each ant was
tested twice with the entire series of stimulus concentrations separated by an inter-trial interval of
24 hours. Different colonies were used for each stimulus type (sample sizes and date of
collection are indicated for each in the subsections below).

a. Brood thresholds
Three T. rugatulus colonies, collected in May 2018, were used to test consistency in worker
response thresholds to brood stimulus. A subset of workers, selected from different areas inside
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and outside of the nest, was tested from each colony for a total sample size of 24 ants. Response
to brood stimulus was measured by testing each worker’s response to three different amounts of
potential brood care stimulus. Ants were removed from the colony and individually placed in
arenas made of a fluon-coated disposable medicine cup (10.64 cm2 area, 3.8 cm tall). To
minimize disruption to the nest environment caused by worker removal, the whole colony was
anesthetized with CO2 for about 30 seconds each time the nest lid was opened to remove an ant
for testing. CO2 is a commonly used anesthetic in insects and is preferable to cold anesthesia for
recognition assays in ants (Tanner 2009). Isolated ants were allowed to acclimate to their arena
for at least 5 minutes. They were then presented with a low stimulus of one larva that was
obtained arbitrarily from one of eight separate, conspecific source colonies; T. rugatulus ants
will readily accept conspecific, alien brood. We chose larvae as a brood stimulus because the
larval stage is the only developmental stage requiring food and larvae are able to signal their
hunger level to workers (Cassill and Tschinkel 1995; Creemers et al. 2003). The freshly picked
larva was deposited in the arena via a funnel that ensured delivery of the stimulus to the exact
center of the experimental space. A positive response was indicated by the focal ant grooming,
feeding or picking up the brood (i.e., performing brood care) within the first three minutes of
stimulus presentation.

After five minutes, a second (medium) stimulus was presented to each ant by delivering a second
larva. Response behavior was recorded for another three minutes. Finally, for a high stimulus, a
third larva was added to the arena. Larvae were not used more than once. Ants that made no
contact with the brood were counted as having “no response.” Between test subjects, the arena
was cleaned with 90% ethanol, rinsed with water and then dried to remove any residual
chemicals deposited by the previous ant.
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To avoid selecting the same ant twice, ants used in an assay were placed in a fresh nest box.
Once testing was complete, the remaining, untested workers, along with the colony’s brood,
were transferred to the new next box containing the tested workers. A second trial using the same
protocol was performed 24 hours later.

b. Sucrose thresholds
Three T. rugatulus colonies were collected September 2015 (total 80 ants). Every worker was
used to test for consistency in response thresholds to sucrose. We secured each ant in a foam
make-up sponge with its head sticking out and antennae accessible. Each ant was allowed 5
minutes to acclimate before the trial began. Thresholds to sucrose were determined using the
maxilla-labium extension response, in which ants extend their mouthparts in response to antennal
stimulation with a sucrose solution (Guerrieri and d’Ettorre 2010; Falibene and Josens 2011;
Perez et al. 2013). Each ant was presented with a series of eight roughly logarithmically
increasing concentrations of sucrose solution (0.1%, 0.3%, 1%, 3%, 10%, 30%, 50% w/v, similar
to Page et al. 1998), in order. The stimulus was presented by infusing a toothpick with the
sucrose solution and then touching it to the right antenna for two seconds. After stimulus
presentation each ant was given 30 seconds to exhibit the extension response, after which time
any response was not counted. If an ant responded, we recorded the latency of its response from
the time of stimulus presentation. To avoid the accumulation of sugar on the antenna we touched
the antenna with a new toothpick saturated with plain water in between each stimulus
presentation. Each ant was given approximately five minutes between treatments. As with the
brood assay, ants that completed the trial were placed in a new nest box. After all of the ants had
been tested, the queen and all brood from the original nest box were transferred to the new nest
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box containing the tested workers. A second trial was performed 24 hours later following the
same protocol.

c. Fungus thresholds
To test response thresholds for fungal spores, a putative hygiene-related stimulus, three T.
rugatulus colonies were collected in June 2018. A subset of workers from each colony was
chosen for testing from different areas inside and outside of the nest (43 ants total). We placed
each ant individually into an arena (as described in the brood assay) and then dusted it with
fungal spores. As in the brood experiment, ants were removed from their colony, placed
individually into the arena, and given five minutes to acclimate. As a low stimulus, ants were
dusted with one tap of a round nylon paintbrush (bristle volume 24.96 mm3) holding 25 mg of
Aspergillus flavus fungal spores (grown in acidified potato dextrose agar at room temperature
and 30% humidity in a climate-controlled room with a 16-hour cycle of fluorescent light,
courtesy of Barry Pryor, University of Arizona). This is a non-entomotoxic fungus that triggers
workers to perform grooming behavior (unpublished data).

Ants were given three minutes to respond by grooming before they were presented with a second
application of the fungus in the same manner, effectively doubling the amount of fungus debris
on their cuticle (high stimulus). Each worker’s grooming behavior was then recorded for another
three minutes. Ants used in an assay were placed in a new nest box as in the previous two assays.
When the trial was complete all remaining nestmates, brood and queens in the original nest box
were transferred to the new nest box. A second trial was conducted using the same protocol 24
hours later.
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Thresholds and behavior
To test the relationship between response thresholds and task allocation, we assayed the entire
worker populations of two queen-right colonies, collected in October 2016, for a total of 129
ants. We measured worker behavior in the colony by filming ants for ten minutes at different
times between 0800 and 1700 h on three non-consecutive days within a one-week period (over
which behavior is consistent, Charbonneau and Dornhaus 2015). The behavioral state (see Table
1) of each ant was recorded every second by an observer analyzing the videos. Behavioral
variation across workers in the colony context was measured two ways: (1) as the proportion of
total time each ant spent in each behavioral state and (2) by using a hierarchal cluster analysis to
categorize workers into four behavioral types (nurse, forager, walker and inactive, as described
in Charbonneau and Dornhaus 2015). For the cluster behavior measure, it is important to note
that workers of a given type are those that spend more time than others doing that task; these
workers will have spent time doing other tasks as well (e.g., a forager may have spent some time
inactive). Only workers that were observed in at least two of the three recordings were included

Table 1 List of behaviors observed during video analysis with their descriptions
(adapted form Charbonneau and Dornhaus 2015)
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in the first behavioral measure (proportion of time doing task). However, the cluster analysis
required that workers be observed in all three recordings to accurately measure their behavioral
profiles. As a result, the sample sizes for the two behavioral measures differ slightly.

After recording worker behavioral variation in the colony context, we next tested each worker’s
responses to different levels of brood, fungus and sucrose.

a. Brood thresholds
Response thresholds for brood stimulus were measured by testing each worker’s response to two
different levels of the putative brood care stimulus as described above. For these assays, we
measured the response only once, as opposed to the repeated measures in the
consistency assays. In addition, we used only two stimulus levels (rather than the three used in
the consistency assay). These measures were taken to minimize the stress on the ants, which had
to undergo a total of three different threshold assays. In this case, the low stimulus was one larva
and the high stimulus was a second larva which had been starved (by secluding outside the natal
nest) for three hours. Brood thresholds were otherwise measured as in the consistency trials.

b. Sucrose thresholds
Sucrose response thresholds were determined for the two colonies using the maxilla-labium
extension response, as described above for the consistency trials, with the exception that ants
were only tested with two stimulus levels, low (0.1% w/v) and high (50% w/v). These
concentrations were selected because they are the two extremes of the typical logarithmic series
of sucrose concentrations used in other sucrose sensitivity assays (e.g. Page et al. 1998). Due to
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mortality over the course of the experiment, our sample size decreased from the original 129 ants
to 125 ants.

c. Fungus thresholds
Finally, worker responses to fungus were measured in the same two colonies. This assay was
carried out as described for the consistency trials. Due to continued mortality, sample size further
decreased to 116 ants for this assay.

Other response parameters: duration and latency
In addition to measuring the response threshold of each individual, we also quantified two other
potentially important response parameters, latency to respond and duration of response to each of
the three stimuli. We were interested in exploring whether worker type was associated with
either of these two variables in addition to (or instead of) response thresholds, and also whether
the three response parameters (threshold, latency and duration) were related to or independent of
one another. Conceivably, for example, workers with low response thresholds for a particular
stimulus might respond more quickly (have a shorter response latency) and for a longer duration
of time. Alternatively, these three response parameters might not be associated with one another,
similar to the fanning thresholds in bumble bees (Weidenmüller 2004), suggesting that each
parameter might independently contribute, or not contribute at all, to task allocation.

Response latency (the time elapsed between presentation of the stimulus and worker response),
was measured in two ways: (1) a cumulative score and (2) a relative score. The distinction
between the two scores was relevant only for “high threshold” workers (workers responding to
the high level of stimulus). For the cumulative score, “high threshold” workers had 180 seconds
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(brood and fungus assay) or 30 seconds (sucrose assay) added to the time it took them to respond
to the high stimulus after it was presented (to account for the time period during which the low
stimulus was presented but the worker did not respond, and excluding the time interval between
the trials for different concentrations). To test whether latency varied independently of the other
two response variables, however, it was necessary to tease apart the variables, such that “high
threshold” workers did not necessarily have longer latencies. The relative score, therefore, only
counted the time elapsed between presentation of the high-level stimulus and response, without
taking into account the 180-second low stimulus period. Workers responding to the low stimulus,
which was always presented first, had the same value for both cumulative and relative scores.

Response duration was also measured two ways for the brood and fungus assays (but not the
sucrose assay, for which response duration was too short to quantify reliably). The first measure
was simply total time (during both low and high stimulus levels) that the worker was engaged in
the response. For the second measure, we normalized duration time for remaining time by taking
the total duration (the first duration measure) and dividing by the time left in the assay after the
worker first responded (e.g., 360 seconds – response latency). This provided the relative
duration, or proportion of remaining time the worker responded once it had started.

Sensilla vs. thresholds
Following the fungus assay, all remaining workers from both colonies were killed and fixed in 4
% formalin and then washed in 70% isopropyl alcohol. We then quantified each worker’s
antennal sensory structures as described in Leitner et al. (2019). Briefly, we counted the number
of sensillum insertions (“sockets”, hereafter also referred to as “sensilla”) on the distal-most
segment of the right antenna of each worker. If the right antenna was damaged, we instead used
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the left antenna (sensilla number is bilaterally symmetrical, (Leitner et al. 2019). To visualize
under the light microscope, antennae were incubated in 100% ethanol at 25° C for ten minutes
and then in methyl salicylate for sixty minutes. Antennae were then mounted onto slides using
methyl salicylate, sealed under a cover slip with nail polish and viewed under a 63x/1.25 PlanNeofluoar oil objective using a Zeiss Axioplan brightfield microscope. We used SPOTbasic
software to capture images of the dorsal and ventral surfaces of the distal-most segment and the
GNU image manipulation program GIMP 2.8 to count sensilla sockets within a defined area (100
μm x 50 μm) covering most of the segment and aligned with the base of the segment on both
surfaces. Ants with missing or damaged antennae were discarded, which further reduced sample
sizes for the analyses involving sensilla data (indicated in Figure 6).

Statistical analyses
To determine whether responses to the putative brood care, foraging and hygiene-related stimuli
were consistent across trials we used two-sided Fisher’s Exact tests (for larger than 2x2 tables)
with Monte-Carlo simulated p-values. This allowed us to test for independence in situations
where cell counts were low and data were not normally distributed.

To test whether worker response to different concentrations of task stimuli (“response
threshold”) predicted the proportion of time it spent performing the focal task we used nonparametric Kruskal-Wallis with post-hoc Dunn’s tests and adjusted our p values to account for
multiple comparisons using false discovery rate (p.adjust function with “fdr” method in the base
“stats” package, RStudio 1.1.423). We used two-sided Fisher’s Exact tests to determine the
association between worker group (from the cluster analysis measure) and worker response
threshold.
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Kruskal-Wallis with Dunn’s tests were used to assess the relationship between worker type and
the response duration (cumulative, not normalized measure) and latency (cumulative) to each
stimulus. Linear mixed effects models were used to determine whether (cumulative) response
duration and latency predicted time spent performing the relevant task in the colony (the
continuous measure of worker task specialization). For all linear mixed models the proportion of
time spent in the relevant behavior was treated as a fixed effect and colony was treated as a
random effect. To test for pairwise correlations between response latency (relative value),
response duration (relative value) and response threshold we used Spearman’s rank correlation
coefficient tests. We controlled for multiple comparisons in the brood and fungus assays by
using the false discovery rate to adjust our p values (as in the Dunn’s test). This was not
necessary for the sucrose assay because only response threshold and response latency (and not
response duration) were assessed.

A Kruskal-Wallis with Dunn’s test was used to determine the relationship between sensilla
density and our measure of response threshold to task stimuli. All statistical analyses were
performed in RStudio 1.1.423, using dplyr (Wickham et al. 2016), reshape2 (Wickham 2012),
vcd (Meyer et al. 2013), ggplot2 (Wickham 2016), dunn.test (Dinno 2015), and base “stats”
packages.

Results
Consistency across trials
If response thresholds are a fixed intrinsic property of social insect workers, we expected each
worker’s response to different concentrations of the three stimuli (possible response thresholds)
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to remain the same over the two trials. Alternatively, if response thresholds change over time (for
example, via self-reinforcement or habituation), worker responses might change in a particular
direction (response thresholds might get higher or lower). However, if response thresholds are
not, in fact, an intrinsic property of individual workers driving task allocation, we did not expect
workers to show any evidence of either consistency or directed change in their responses to
different concentrations of the three stimuli over the two trials.

Workers were not consistent in their responses to brood, sucrose or fungus stimuli across the two
tested trials (Figure 1, Fisher’s exact test, brood: p-value = 0.82, n = 24 ants, 3 colonies; sucrose:
p = 0.07, n = 80 ants, 2 colonies; fungus: p-value = 0.50, n = 43 ants, 3 colonies, this result
remains non-significant if “no response” ants are excluded). Worker responses, furthermore,
appeared to fluctuate randomly across trials, showing no evidence of self-reinforcement
(response thresholds decreasing from trial 1 to trial 2) or habituation (response thresholds
increasing from trial 1 to trial 2; Wilcoxon signed-rank test, brood: p-value = 0.38; sucrose: p =
0.20; fungus: p = 0.49).
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Thresholds and behavior
The response threshold hypothesis would predict that workers with low thresholds for the three
tested task stimuli (brood, sucrose and fungus) are the workers specializing in, or spending the
most time performing, the associated behavior in the colony (brood care, foraging and grooming
respectively). Those with higher thresholds are expected to spend less time performing those
tasks.

a. Brood thresholds and brood care
Compared to other worker types, nurses had the smallest proportion of workers responding to
low brood stimulus levels as compared with the other worker types (Figure 2a, Fisher’s exact test
p = 0.03, n = 116 ants). Rather, most ants in the nurse cluster only responded to the high brood
stimulus and had the highest proportion of non-responders. This relationship was reproduced in
the continuous behavioral measure of proportion time doing brood care. Once again, “high brood
threshold” workers, and those that did not respond to the brood stimulus at all, were the workers
that spent the most time performing brood care in the colony setting, while those responding to
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the low stimulus level spent the least time on brood care (Figure 3a, Kruskal-Wallis c2 = 7.6, pvalue = 0.04, n = 129 ants, 2 colonies; results of post-hoc Dunn’s tests reported in figure).

b. Sucrose thresholds, foraging and trophallaxis
The response threshold hypothesis predicts that foragers have a low response threshold for
sucrose. Our results were not consistent with this prediction, as the proportion of workers
responding to the low sucrose treatment was not significantly different between foragers and the
other worker clusters (Figure 2b, Fisher’s Exact test p-value = 0.26, n = 113 ants, 2 colonies).
Though the difference was not significant from other worker clusters, the foragers actually
comprised one of the highest proportions of non-responders to sucrose, while inactives had the
highest proportion of workers responding to the low sucrose stimulus.

Both colonies had too few foragers to perform reliable statistical analyses for the continuous
proportion of time measure (the cluster analysis was possible because the forager cluster
included workers performing other behaviors such as building and wandering outside).
Trophallaxis, the sharing of liquid food between nestmates, was therefore considered to be the
next most likely behavior to be associated with a sucrose threshold. Ants highly engaged in
trophallaxis might be past or potential foragers, or they might be “receiver ants,” with a high
sensitivity, or low threshold, for sucrose. Alternatively, the response threshold hypothesis might
predict that ants spending more time trophallaxing will have a low sensitivity to sucrose because
they are either already full with sucrose to give to other ants or they have received sucrose from
other ants. Under either of these scenarios, time spent trophallaxing is be predicted by an ant’s
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sucrose response threshold. We did not, however, find this to be the case (Figure 3b, KruskalWallis c2 = 4.9, p-value = 0.09, n = 125 ants, 2 colonies).

c. Fungus thresholds and grooming
Although there is no specific “grooming” worker type, the walker group tends to perform more
grooming behavior than the other worker types (Charbonneau and Dornhaus 2015). The response
threshold hypothesis would therefore predict that walkers will respond to the low fungus
stimulus. In the present study, however, worker type was not associated with response to the
fungus stimulus (Figure 2b, Fisher’s Exact test p = 0.53, n = 105 ants). Using the continuous
behavioral measure (i.e., proportion of time grooming), on the other hand, we found that workers
responding to the low fungus stimulus level spent significantly more time grooming in the
colony setting as compared with those that did not respond at all to any fungus stimulus level.
Workers responding only to the high fungus stimulus, however, did not differ significantly from
the low threshold and non-responders (Figure 3c, Kruskal-Wallis chi-squared = 7.6, p-value =
0.01, n = 116 ants, 2 colonies, results of post-hoc tests reported in figure).
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Other response parameters and task allocation: Duration and latency
Response threshold, response latency and response duration (using relative values for the latter
two, see methods) were not associated with one another in any of the three assays, with the
exception of a positive correlation between response duration and latency in the fungus assay
(Table 2, brood: n = 88 ants, fungus: n = 73 ants, sucrose: n = 59 ants; all 2 colonies). Note that
the sample sizes are lower because workers that did not respond at all were not included in this
measure.
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We also determined whether response duration or latency predicted task specialization in the
colony. Using the worker categories from the behavioral cluster measure, response duration
(cumulative measure) was not associated with worker type in the brood or fungus threshold assay
(Figure 4, (a) brood: Kruskal-Wallis c2 = 3.01, p = 0.39 (b) fungus: Kruskal-Wallis c2 = 6.4, p =
0.10). Response latency (cumulative measure) also did not differ according to worker type for
any of the three assays (Figure 5, (a) brood: Kruskal-Wallis c2 = 3.3, p = 0.35, (b) sucrose,
Kruskal-Wallis c2 =1.2, p=0.75); (c) fungus: Kruskal-Wallis c2 = 4.6, p = 0.21.

The same was true for the continuous behavioral measure (proportion of time spent performing
the focal task in the colony). Response duration was not associated with either time spent doing
brood care (brood assay, p = 0.06) or grooming (fungus assay, p = 0.55, Online Resource 1).
Similarly, response latency was not related to time spent performing brood care (brood assay, p =
0.13), grooming (fungus assay, p = 0.58) or trophallaxis (sucrose assay, p = 0.17) in the colony
setting (Online Resource 2).

Sensilla vs. thresholds
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Antennal sensilla density did not predict worker responses to any of the three tested stimuli
(Figure 6, (a) brood: Kruskal-Wallis c2 = 5.24, p = 0.07; (b) sucrose: Kruskal-Wallis c2 = 1.34, p
= 0.51; (c) fungus: Kruskal-Wallis c2 = 1.9, p = 0.38.

Discussion
We aimed here to quantify how much variation in task performance is explained by workerintrinsic task-stimulus response thresholds by directly quantifying individual worker’s responses
to isolated task-related stimuli and relating them to workers’ task performance in the colony
context. We further assessed whether worker variation in response thresholds might be explained
by previously discovered variation in worker sensory systems (antennal sensilla density, Leitner
et al. 2019). However, we found no consistent differences among workers in apparent sensitivity
to different task-related stimuli, presented to them in isolation. In addition, workers responding
to the low task stimulus level (the potentially low threshold, highly sensitive workers) did not
necessarily perform more of the respective task in the colony context with the exception of the
fungus assay. In addition, workers were not more likely to belong to the worker group that
specialized on this task, in this case including the fungus assay. Our results for the brood and
sucrose assays are thus not consistent with the predictions of the response threshold hypothesis
as an explanation for differences among workers in what task is performed.
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The discrepancy in fungus assay results between our two behavior measures (cluster analysis and
proportion of time in task) might be a consequence of the clustering analysis grouping workers
that spent a lot of time grooming with those that spent a lot of time wandering around inside the
nest (the walker worker group, Charbonneau and Dornhaus 2015). Grouping these two behaviors
together might have obscured the relationship between grooming and fungus response
thresholds. On the other hand, the proportion of time measure (which revealed that low threshold
ants spent significantly more time grooming in the colony than ants that did not respond to
fungus at all) exclusively quantified grooming behavior. This might mean that grooming activity
is one task that is shaped by a response threshold to fungus spores. However, if this were the
case, we would also have expected worker variation in these thresholds to be consistent over
trials, which they were not. We therefore consider the results of the fungus assay, like the brood
and sucrose assays, to be incompatible with the response threshold hypothesis.

Indeed, a critical assumption of the response threshold concept is that workers consistently differ
in their response thresholds, at least over some time scale (Beshers and Fewell 2001). Here, we
show that worker responses to different levels of stimulus are not consistent over time, at least
over two trials. Similarly, empirically measured response thresholds in other social insects
frequently appear to be inconsistent, or at least very noisy. For example, while Bombus terrestris
bumble bees developed lower thermal response thresholds with fanning experience (selfreinforcement, Westhus et al. 2013), its congener, B. impatiens, exhibited randomly fluctuating
fanning thresholds over trials (Duong and Dornhaus 2011). Possibly, protocols for testing
thresholds that work for one species (e.g., testing sucrose thresholds in isolated honeybees or
fanning thresholds in B. terrestris) may not be appropriate for other species (e.g., testing sucrose
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thresholds in isolated T. rugatulus ants or fanning thresholds in B. impatiens). T. rugatulus
workers might be particularly susceptible to the effects of handling and manipulation or changes
in motivational state, which may have varied subtly between trials.

Although our results do not follow the predictions of the response threshold hypothesis, we do
not claim that they are sufficient to reject the idea of response thresholds in Temnothorax ants.
Rather, we conclude that assaying ants in isolation does not appear to be an effective strategy for
testing individual sensitivity to task-relevant stimuli. We base this conclusion on our results from
the brood assay, in which workers with low brood “thresholds” spent the least time doing brood
care in the colony. The cluster analysis revealed this low threshold group of workers to be
mainly foragers. On the other hand, nurses – the worker type expected to have low brood
thresholds according to the response threshold hypothesis – tended to respond only to the high
stimulus or not at all. We consider this result to be evidence that our method for testing response
thresholds did not work. By testing ants outside of a social context in order to isolate the effects
of individual response thresholds on task allocation, we may have altered the meaning or
salience of the stimulus. Rather than signaling the need for brood care, our brood stimulus may
have signaled being “out of place”. Foragers may have lower response thresholds for brood in
this extranidal setting because, in nature, they are more likely to encounter an “out of place”
brood that needs replacing, in which case tending to the displaced brood is the adaptive behavior
for them to perform. Nurses, in turn, may be disoriented outside of their normal nest environment
and therefore too distracted or lack the necessary cues to initiate brood care behavior. Social
context must therefore play an important role in task allocation, because the stimulus alone is not
sufficient for driving task-related behavior.
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Though our response threshold measures were noisy and the isolated design of our assays might
have introduced behavioral artifacts, the results from the brood assay suggest that we did
measure some property (if not response thresholds) that characterizes a worker’s internal state
and relates somehow to task allocation. The fact that sensilla density was not associated with
worker response to different concentrations of the putative task stimulus suggests that this
“property” might not be sensitivity-based (though antennal sensilla density does not necessarily
imply sensitivity to any particular olfactory stimulus). Nevertheless, the fact that nurses and
foragers contrasted markedly in their behavior when placed in identical contexts demonstrates
that worker types do differ intrinsically, possibly as a result of developmental phase, previous
experience, genetics, or some other internal property that is not necessarily sensory sensitivitybased.

Previous work in B. terrestris bumble bees suggested that, in addition to response thresholds,
other response parameters (response probability and duration) might be important for task
allocation, and these can vary independently of thresholds (Weidenmüller 2004). We therefore
tested whether two potentially important response measures, response duration and latency, were
related to response thresholds and to task specialization in the colony context. Consistent with
the B. terrestris study, we found that response duration and latency varied independently of each
other. They also varied independently of worker response to different stimulus concentrations
(possible response threshold). One exception to this result was a correlation between response
latency and duration in the fungus assay, in which ants that groomed later in response to the
fungus stimulus tended to groom for a longer time. This might be because ants that allow the
fungus to accumulate have a more difficult time (and thus take longer) grooming it off as
compared to those ants that maintain their hygiene more regularly. Nevertheless, response
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duration and latency did not relate to worker behavior in the colony, which further supports the
conclusion that social information is crucial for shaping workers’ responses (whether response
threshold, duration, or latency) to stimuli.

A final goal of this study was to determine whether differences in worker sensilla density might
explain differences in worker responses to different stimulus levels, or response thresholds.
Leitner et al. (2019) found that sensilla density varied across workers, but this variation did not
predict behavior in the colony. We concluded from that study that either sensilla variation
explained response thresholds, but response thresholds do not explain performance, or that
thresholds explained task performance but sensilla did not determine thresholds. Given that we
are not convinced response thresholds were successfully measured in the present study, we
cannot support either possibility. The functional consequence of sensilla variation in T. rugatulus
is, therefore, still unclear.

One of the main reasons why response thresholds are notoriously challenging to demonstrate
empirically is that the actual stimulus prompting work for most tasks is unknown. Furthermore, it
is difficult to find putative task stimuli whose concentrations are easy to measure or control. In
addition to those obstacles is the question of whether to test individual worker thresholds in a
group or individual setting. Most studies (e.g. Robinson 1987; Detrain and Pasteels 1991; Fewell
and Bertram 1999; Weidenmüller 2004; Weidenmüller et al. 2009; Westhus et al. 2013) attempt
to measure thresholds in groups. However, a group setting makes it difficult to tease out the
effects of spatial position or social signals in worker task performance. In the present study, our
aim was to test the response threshold hypothesis by measuring individual response thresholds to
different, potentially task-associated stimuli in the monomorphic ant species T. rugatulus. We
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attempted to overcome the usual challenges of testing response thresholds by selecting three
stimuli (brood, fungal spores and sucrose) whose concentrations were easy to control and that
were found to elicit distinct task-related behaviors (brood care, grooming, and foraging
behaviors, respectively, unpublished observations). In addition, we chose to test workers in
isolation to directly determine whether a worker’s sensitivity to different concentrations of a task
stimulus, alone, was sufficient for determining its performance in that task in the colony. Our
findings, however, suggest that the factors we controlled for by testing ant workers in isolation,
such as social context, access to the task stimulus as a result of position in the nest, and the
presence of multiple, potentially competing task stimuli, must play important roles in shaping a
worker’s perception and interpretation of, and their subsequent response to, a task stimulus.
Supporting this idea, Cook and Breed (2013) showed that honey bees had lower thermal
response thresholds and were more likely to fan in response to increased temperature when in
groups versus when alone (Cook and Breed 2013). Possibly, a similar phenomenon occurred
with T. rugatulus, in which isolated workers, lacking any other social information, were less
sensitive to the tested stimuli.

Perhaps it is too simplistic to expect a one-to-one relationship between a worker’s threshold
(measured in isolation) to one task stimulus and its task performance in the colony setting.
Indeed, the stimulus environment to which workers are exposed in the colony is surely affected
by the workers’ own actions, their positions in the nest, as well as the current needs of the
colony, all of which might interact with each other in a non-additive way to generate task
allocation. An accurate test of the response threshold hypothesis might require measuring worker
sensitivity to competing task stimuli in different social contexts in order to parse out the relative
importance of each factor for task allocation and determine how response thresholds fit into a
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whole-colony mechanism of task allocation. In summary, our current understanding of social
insect division of labor is deeply linked to the concept of response thresholds; response
thresholds are used regularly in the social insect literature to formulate hypotheses and design
experiments aimed at understanding worker behavior and task allocation. Yet, it remains an
elusive mechanism to empirically demonstrate. To show that response thresholds in fact exist
and drive division of labor across different social insect species is therefore imperative, and we
encourage future studies to tackle this wide-open field.
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ABSTRACT
Division of labor is a central focus of social insect research. Individuals living together in a
colony often come to be specialized in particular tasks, without any means of central control,
giving rise to a self-organized allocation of work. Several hypotheses for the individual rules
workers follow to generate collective behavior at the colony level have been proposed, perhaps
none more widely accepted than the response threshold hypothesis. According to the response
threshold hypothesis, task allocation (often resulting in division of labor) arises because
individuals differ in their internal thresholds for task-related stimuli. Here, we provide a
comprehensive review of response thresholds, how they are defined in the literature and the
empirical evidence that supports (or does not support) them. We find that, far from being
ubiquitous, response thresholds may only govern task allocation in some species and tasks;
future tests are needed to determine the extent to which this is the case. We also discuss
consistency and timescales of response thresholds and propose possible underlying, neural
mechanisms that might give rise to worker response threshold variation. Finally, we conclude
with a discussion on why the response threshold hypothesis is so difficult to test and suggest
guidelines for future empirical studies attempting to measure worker variation in response
thresholds.
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I.

INTRODUCTION

Understanding behavior as the result of simple stimulus-response mechanisms was a founding
concept in ethology and psychology (Pavlov 1927; Watson 1930; Skinner 1938; Lorenz 1950;
Tinbergen 1951). Tinbergen, for example, explained instinctive behaviors using a hierarchy of
innate releasing mechanisms within an animal’s “nervous centres,” which could be triggered by
specific stimuli to release “blocks” to the animal’s motivational impulses (e.g., eating and
reproduction) (Tinbergen 1951). Classical and operant conditioning is also based on the premise
of stimulus-response driven behavior. By exploiting the stimulus response relationship,
biologists can train an animal to express a behavior in response to a unique stimulus by pairing it
with the unconditioned, behavioral stimulus (Pavlov 1927; Skinner 1938).

Stimulus-response mechanisms might not only explain behaviors of individuals, but also those of
groups. In particular, the collective behavior of social insect colonies is an emergent
phenomenon that could be explained by simple stimulus-response relationships at the individual
level. In social insects, nestmates live together in a colony and often specialize in different tasks,
often resulting in division of labor; all of the colony’s needs are thus met by the collective and
independent actions of many individuals, all without any centralized means of control. Yet, what
the rules are by which individuals decide to perform a task such that division of labor emerges at
the colony level remains a central question in social insect biology, and for complex systems in
general. According to the stimulus-response framework, if each task in the colony is associated
with a particular cue, or stimulus, then worker differences in the minimum level of a taskstimulus that elicits a response – in other words, variable response thresholds for task stimuli – is
one potential mechanism by which individuals come to perform different tasks. In the social
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insect literature, this concept has come to be known as “the response threshold mechanism” for
division of labor.

Over the past 40 years, the response threshold mechanism has become widely accepted as a
primary driver of division of labor in social insects (Beshers and Fewell 2001). The concept of
differences in responsiveness to stimuli among worker groups appears to have been first invoked
by Wilson (1976). Studying temporal polyethism in the ant Pheidole dentata, Wilson
hypothesized that as workers age they might undergo changes in their responsiveness to different
task stimuli that drive them to perform one particular task over another. Around the same time,
Cammaerts-Tricot and Verhaeghe (Cammaerts-Tricot 1974; Cammaerts-Tricot and Verhaeghe
1974) found that older workers in the ant Myrmica rubra were more responsive to mandibular
(possibly alarm) and trail pheromones, though in both cases the term “response thresholds” was
not explicitly mentioned. Nearly a decade later, Robinson (1987) was among the first to employ
the term “response thresholds” in the context of division of labor. In a clever experiment,
Robinson induced young bees to react to alarm pheromone prematurely by treating them with
methoprene, a juvenile hormone (JH) analog. The previously established finding that both JH
titers and defensive behavior increase with age in honeybees (Collins 1980; Breed 1983) led
Robinson to conclude that over the course of honeybee development, JH mediates sensitivity, or
response thresholds, to alarm pheromone and therefore drives defensive behavior.

The response threshold model for division of labor was quickly adopted into the social insect
literature. Its appeal lay in its simplicity: the response threshold hypothesis reconciled the
seemingly complex and opposing mechanisms that allow colonies to establish a long-term, stable
division of labor (as a result of the stereotyped behavior of individual workers), yet also achieve
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flexibility in the short term in response to changes in colony need. According to the response
threshold hypothesis, this dynamic stability of social insects can be explained by intrinsic
differences among workers in their response to task-related stimuli. Under normal conditions,
individuals with low thresholds for a particular task-related stimulus are more likely to perform
that task when the need (and therefore associated stimulus levels) are low, thereby becoming the
specialists for that task. High threshold workers are unlikely to perform the task because the
activity of the low threshold workers keeps the task-associated stimulus at low levels. However,
should the colony face any environmental perturbation, such as worker losses or increased
workload, the concomitant rise in task stimulus level would recruit the higher threshold workers
to perform the needed task by exceeding their higher thresholds. An intuitive and unifying
mechanism for both task allocation (in the short term) and division of labor (in the long term),
response thresholds provided a valuable framework for understanding why individual workers
“choose” different tasks from one another when confronted with the same stimuli.

Although the response threshold mechanism is now considered the main paradigm for division of
labor in the social insects (Beshers and Fewell 2001; Jeanson and Weidenmüller 2013) actual
evidence for response thresholds is scarce. This is problematic for the numerous studies
(discussed in section VI) that are built on the assumption that response thresholds underlie task
allocation across most social insect taxa. Furthermore, because empirical evidence for response
thresholds has remained so elusive, the term is (understandably) often treated with ambiguity, a
proxy for any mechanism that results in workers behaving differently from one another
(discussed in section II). As an unfortunate consequence, the predictive power of the response
threshold framework has become diluted, making it harder to identify results that would be
inconsistent with a response threshold mechanism or what its alternatives would be. In this
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review, we develop a rigorous, specific definition of response thresholds, review possible
mechanisms of response thresholds and synthesize the (sometimes conflicting) empirical
evidence for response thresholds in the literature and delineate alternative hypotheses for
division of labor. We also include a discussion on criteria necessary for empirically
demonstrating response thresholds to consider when designing future experiments. In particular,
we address the need to identify alternative hypotheses for division of labor, to examine the
predictions that differ among them, and to avoid common methodological pitfalls in designing
response threshold experiments.

II.

DEFINING RESPONSE THRESHOLDS

The term response threshold describes a particular physiological process common in biological
systems (for example, the threshold potential of neurons, ligand-receptor signaling thresholds
during cellular differentiation, behavioral stimulus-response relationships, dose-response
relationships for toxicity, liability threshold models for genetic diseases). In biology, response
threshold models have been used broadly to explain a range of polyphenisms across different
taxa. Developmentally, the expression of a particular phenotype might be induced by an
environmentally sensitive, physiological, threshold-like switch from one type of developmental
pathway to another, as in the wing patterns of several species of polyphenic butterflies in
response to temperature (Windig 1994) and the predator-induced polymorphisms in Daphnia
(Dodson 1989) and marine bryozoans (Harvell 1994). Behavioral variation, too, can be explained
by differences in response thresholds. Among-individual variation in the propensity to disperse,
for example, has been explained by differences in density-dependent (Ruxton and Rohani 1999)
and resource-dependent (Johst and Schöps 2003) thresholds. In the sea slug Pleurobranchaea
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californica feeding behavior differences are regulated by a response threshold dependent on
hunger state (Hirayama and Gillette 2012).

In social insects, a response threshold is broadly defined as “an internal variable that determines
the tendency of an individual to respond to the stimulus and perform the associated task”
{Bonabeau:1999ka}. Many studies define response thresholds in even more abstract terms, such
as “responsiveness to stimuli,” “response probability,” “behavioral thresholds” or “behavioral
responses to stimuli” (e.g., Wilson 1976; Robinson 1987; Jones et al. 2004; Kocher et al. 2010).
Given these fairly broad definitions, empirical studies often use response thresholds as somewhat
of a catch-all term to describe any mechanism that involves intrinsically driven behavioral
differences across workers, an ambiguous black box out of which division of labor arises. Yet,
response thresholds should not be considered as synonymous with behavioral variation or
division of labor. Rather, response thresholds refer to a specific (though albeit unknown)
mechanism by which workers vary in the stimulus level that elicits task performance. A more
precise definition of this term is therefore necessary to differentiate the response threshold
hypothesis from other hypotheses for behavioral differences among workers. Here, we review
different definitions of response thresholds used in the social insect literature and discuss
whether or not they meet the criteria for a response threshold mechanism for task specialization.

Most mathematical treatments of response thresholds use the following function:
!"#$ %&' ( =

&'+
&'+ + -.'+

Where -.' is the threshold of worker i for task j and &' is the stimulus level for task j. When
stimulus levels (s) are below a worker’s threshold (-), the probability that worker (i) will engage
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in task (j) is close to 0, whereas if the stimulus level is greater than q, the probability is close to
1. When the stimulus level is equal to the worker’s threshold, its probability of performing the
task is 0.5. Figure 1a shows this threshold curve for several workers with different values of -.

Some empirical studies are consistent with this definition (thought they do not necessarily test
response thresholds). In Ectatomma ruidum ants, for example, experimentally increasing the
number of available prey (and thereby increasing a putative foraging stimulus) incites the
participation of specialized foragers (stinger ants) in a sigmoid manner (Schatz et al. 1999). In
addition, Bonabeau et al. (1996) showed that quantitative simulations of a fixed response
threshold model (e.g., producing a sigmoid curve) matched experimental observations of several
Pheidole ant species reported by Wilson in an earlier experiment (Wilson 1984).
Response threshold functions might also be exponential (Figure 1b) or even linear (Figure 1c, d).
The latter is similar to a reaction norm, in which the probability of an individual responding to a
stimulus linearly increases with increasing stimulus level. Different workers might have the same
slope with different y-intercepts, representing different baseline probabilities of responding to the
stimulus at all (Figure 1c) or they might have different slopes with the same y-intercept, such
that workers have the same baseline probability of responding to the stimulus, but some workers
are more or less sensitive to changes in stimulus level (i.e., the rate at which their thresholds can
be reached, Figure 1d). Response threshold functions might also differ across both of these
parameters (y-intercept and slope), such that workers might have different baseline probabilities
for responding to the stimulus at all, as well as different sensitivities to changes in stimulus level.
Finally, rather than a continuous function, response thresholds might also be defined by a
discrete step function (Figure 1e). Any of these definitions (Figure 1 a-e) describe a mechanism
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Figure 1 Different interpretations of response thresholds and how they might vary
across workers. Shown are four workers with different response thresholds that follow
a (a) traditional response threshold curve (classic definition); (b) exponential curve; (c)
linear function in which response probability differs but workers are consistent in the
rate at which they reach their thresholds with increasing stimulus level; (d) linear
function in which all workers have the same initial probability but workers vary in the
rate at which they reach their thresholds (e) step function, in which workers essentially
have an ‘on/off’ switch at their particular stimulus threshold level
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based on response thresholds that is capable of generating task specialization by amplifying
differences in workers’ intrinsic responses to task stimuli.
However, references to response thresholds as simply “response probabilities” or
“responsiveness to stimuli” – without further specification – are problematic. They might refer to
the functions described above, or they can simply mean that workers have different propensities
for responding to a stimulus, independent of its concentration (Figure 1f). Yet, this would not
constitute a response threshold mechanism. It may very well be the case that workers simply
differ in their response probabilities to stimuli, independently of response thresholds for different
stimulus levels (e.g. Page et al. 1998; Weidenmuller 2004; Pacheco and Breed 2008; Mattila and
Seeley 2010; Cook and Breed 2013). However, worker variation in this response parameter alone
would not be sufficient for generating an organized allocation of tasks, particularly not one that
is responsive to colony needs. Though some studies (e.g. Page et al. 1998; Pankiw and Page
1999) distinguish worker variation in responsiveness (how likely is a worker to exhibit a positive
response to any stimulus level, regardless of concentration) from worker variation in response
threshold (the lowest stimulus level at which workers can distinguish it from a neutral test
stimulus), most do not. Rigorous tests of the response threshold hypothesis must be able to make
this distinction.

III.

RESPONSE THRESHOLDS: FIXED OR FLEXIBLE?

The response threshold concept requires that worker response threshold variation be fixed to
some degree, at least within the timescale of dynamic task allocation. Over longer time scales,
however, response thresholds might change via self-reinforcement or habituation.

73
Original models of response thresholds conceived them as fixed traits of the individual worker
that are stable through its lifetime (Page and Mitchell 1990; Bonabeau et al. 1998; Page and
Mitchell 1998). Theraulaz (1998) extended this fixed model to include a self-reinforcement
process based on prior experience: a worker’s threshold decreases when the corresponding task
is performed and increases when that task is not performed. In support of consistent response
thresholds, a study on Camponotus rufipes ants showed that a worker’s preimaginal thermal
experience fixed its later adult “response threshold” for temperature (though whether the
responses measured in this study were truly response thresholds is not certain, discussed in
section VI) (Weidenmüller et al. 2009)..Given the limited body of empirical evidence for
response thresholds, it is difficult to know whether consistency or flexibility is more generally
the case, but experimental work on sucrose thresholds in honeybees suggests that the two are not
mutually exclusive. Significant differences in both responsiveness and sensitivity to water and
sucrose among honeybees from different patrilines in wild type colonies, and also between bees
artificially selected for differences in the amount of pollen their colonies store, shows that
honeybee sucrose thresholds are heritable (i.e., differences in the behavior are caused by
differences in the genome) both within and across colonies (Page et al. 1998; Scheiner and
Arnold 2009). The fact that sucrose thresholds are heritable suggests some degree of consistency.
In addition, sucrose thresholds measured early in life (within one week of eclosion) also
predicted forager resource preference later in life. Young bees with the lowest threshold tend to
collect water or pollen when they become foragers later in life, whereas the highest threshold
bees collect either nectar or return from foraging trips empty-handed as foragers, indicating that
response thresholds remain relatively stable to some extent (Pankiw and Page 1999; Pankiw and
Page 2000). However, future nectar and pollen foragers both showed an overall trend of

74
decreasing sucrose thresholds with age, indicating that sucrose response thresholds can vary
within genetically constrained ranges (Pankiw and Page 1999; Pankiw and Page 2000).

To the extent that response thresholds do change, the direction in which they change is not
necessarily the same for different species, tasks, or perhaps even individuals. For example,
experience of a non-nestmate increased the probability of aggressive behavior (e.g., due to
sensitization or self-reinforcement) in Linepithema humile ants (Van Wilgenburg et al. 2010) but
lowered aggression (e.g., due to habituation) after exposure to non-nestmate cuticular
hydrocarbons in Camponotus aethiops ants (Stroeymeyt et al. 2010). In Bombus terrestris
bumblebees, fanning workers developed lower thermal response thresholds (but not response
probabilities) with fanning experience (Weidenmuller 2004; Westhus et al. 2013) and in
honeybees sucrose thresholds changed under different external conditions such as feeding,
handling, season and nectar quality (Scheiner et al. 2003; Pankiw et al. 2004). Previous foraging
experience also affected honeybee sucrose thresholds, suggesting that learning might influence
worker response thresholds as well (Pankiw et al. 2001).

Interestingly, evidence of individual variation in the direction of response threshold change has
even been reported. In wasps, more docile workers showed evidence of self-reinforcement in
their sting extension response threshold to electric shock, whereas more aggressive workers
exhibited habituation (Santoro et al. 2017). Furthermore, some wasps in both groups responded
consistently across trials, suggesting the potential for considerable intra-individual variability in
worker responses to stimuli over time. It is important to note that in some of these studies (for
example, Van Wilgenburg et al. 2010; Santoro et al. 2017) response thresholds were not
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explicitly tested. However, these studies are useful for inferring how worker response thresholds
might change over time.

IV.

TIME SCALES OF RESPONSE THRESHOLD CHANGE

If response thresholds do change, they must do so over a longer time scale than that of dynamic
task allocation. In other words, variation in worker thresholds must be consistent in the short
term, during the interval of time in which the response thresholds are actively eliciting (or not
eliciting) worker task performance. Any changes in worker response thresholds would occur
over a comparably longer time scale, for example, with repeated instances of performing the
task, or age-related changes. The precise timescale of response threshold change is likely to vary
across different types of tasks, whose associated stimuli might employ different modalities, some
of which may be more plastic than others. Differences in time scale are also likely to exist across
species, colonies, and individuals.

Studies on bumblebee fanning thresholds and honeybee sucrose thresholds can provide some
general time frames over which response threshold change might occur. In Bombus terrestris
bumblebees, worker fanning thresholds decreased if the previous fanning experience occurred
within a 6-hour time frame. After 16 hours without fanning, however, a worker’s response
threshold reset to its original level (Westhus et al. 2013). Yet, in Vespula vulgaris wasps,
previous experience of a noxious stimulus had an effect on a worker’s stinging response after 48
hours, more than double that of the bumblebee’s reset window (note, in this study response
probability, rather than thresholds per se, were actually measured). In Linepithema humile ants,
the effects of a previous encounter with a non-nestmate on worker aggression lasted up to a week
(although, as with the V. vulgaris study, response probabilities, not response thresholds, were
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tested (Van Wilgenburg et al. 2010). Finally, sucrose threshold changes associated with age or
season in honeybees may occur over weeks (Pankiw and Page 1999) while changes associated
with foraging experience can occur on a timescale of hours (Pankiw et al. 2001). On an even
faster time scale, changes in sucrose threshold related to feeding (satiation) can occur almost
instantly, on the order of seconds (Pankiw et al. 2001). Response thresholds might be influenced
by many different factors, such as nutritional status (Toth et al. 2005; Ament et al. 2010), body
size (Goulson et al. 2002; Jandt and Dornhaus 2009), genetics (Page and Robinson 1991),
developmental phase (Robinson 1992), reproductive status (Amdam et al. 2006), or previous
experience (Ravary et al. 2007), each of which can act on thresholds on different time scales
(some of which might be fairly rapid). Response thresholds may also require reinforcement
within fairly short time windows (hours, for example) to maintain any change, though
considerable variation in this timeframe may exist across species. Furthermore, without
reinforcement, response thresholds might (or might not, as with L. humile) return to baseline
within a fairly short time window of hours.

V.

POSSIBLE PHYSIOLOGICAL MECHANISMS

Many proximate, physiological mechanisms have the potential to influence response thresholds,
such as those mentioned in the preceding section (age, nutritional state, genetics), but it is the
nervous system that ultimately drives any response. In fact, many social insect studies have
found correlations between variation in the nervous system and variation in behavior (although
whether these relationships are causal is often not established).

Differences in response thresholds might arise from either or both the central and the peripheral
nervous system. Here, we review the rich body of literature on the neural mechanisms of
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behavior in social insects (and, to a lesser extent, in insects in general) to identify potential
sources of response threshold variation within both nervous system branches. Table 2 contains
additional references that are not included in the text.

A. Central nervous system mechanisms
Differences in neuroanatomical structure and organization, as well as differences in
neurochemical activity within the central nervous system might generate variable worker
response thresholds.

(i)

Selective development of brain regions

Workers might vary in relative investment in specific brain regions that are sensitive to particular
task stimuli, and these differences might reflect differences in the perception and integration of
task-associated stimuli (in other words, response thresholds). Indeed, different worker groups can
have drastically different neural phenotypes, wherein particular brain regions involved in sensory
input, processing and motor functions vary in size. In the social Hymenoptera, among-individual
differences in brain volume have been reported in the olfactory input and processing regions of
the brain – the antennal lobes and mushroom bodies – suggesting the potential importance of
these structures in generating sensitivity differences and thus response thresholds. In wasps,
bees, and ants, for example, task specialization was associated with variation in the size and
organization of the mushroom bodies, structures that integrate and process sensory information
(Polybia aiquatorialis: O’Donnell et al. 2004, Camponotus fortis: Stieb et al. 2010, C.
floridanus: Gronenberg 1996, Apis mellifera: Withers et al. 1993, Pheidole dentata, morrisi and
pilifera: Muscedere and Traniello 2012, Atta vollenweirderi: Groh et al. 2014, but not
Oecophylla smaragdina ants: Kamhi et al. 2016). Foragers, independent of age, typically have
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larger mushroom bodies than in-nest workers, which might cause lower thresholds for the
multitude of stimuli that a forager encounters outside the nest. In honeybees, for example,
younger workers that were induced to precociously forage exhibited a corresponding increase in
mushroom body volume, comparable to the normal-aged forager phenotype (Withers et al.
1993). Interestingly, Durst et al. (1994) observed that experience-dependent volume changes in
honeybees could be localized specifically to the olfactory (lip) and visual (collar) subcompartments of the mushroom body. Foragers featured significantly larger olfactory regions
than nurses, suggesting that these modalities are particularly well developed, and important for,
these outside workers. Yet, whether differential brain investment drives behavioral variation, or
the reverse, is not entirely clear.

Differences among workers in the size of the antennal lobes, too, might reflect differences in
worker response thresholds. Variation among workers in the size or structure of these primary
olfactory centers, for example, might have important consequences for sensory capabilities,
specifically discrimination of or sensitivity to task stimuli. In honey bees, for example, the mean
volume of the structures comprising the antennal lobes, the glomeruli, was highest in nurses as
compared with one-day old bees and foragers. Only particular glomeruli (which correspond with
particular odorant receptor types) appeared to change with task specialization, although all
changed with age (Withers et al. 1993). Even within the forager worker group, significant
differences in the volumes of particular glomeruli were apparent between nectar and pollen
collectors (Winnington et al. 1996). Among the polymorphic workers of the leaf cutting ant, Atta
vollenweideri, two distinct antennal lobe phenotypes, so-called “neuroanatomical castes” were
observed as a function of body size: larger workers typically possessed more glomeruli, one of
which was greatly enlarged due to a disproportionately large number of innervating olfactory
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receptor neurons, while small workers exhibited fewer glomeruli that were all normally sized
(Kleineidam et al. 2005). This enlarged glomerulus responded strongly to a trail pheromone
component, consistent with the large workers’ increased behavioral responsiveness to trail
pheromone and superior trail-following abilities as compared with small workers (Kuebler et al.
2010).

Increased glomerular size may reflect a larger number of innervating olfactory receptor neurons
from the antenna, as with the A. vollendweideri macroglomerulus, which in turn might increase
odor detection, discrimination and/or processing power of task stimuli. Alternatively, increases
in glomerular volume might result from fibers projecting from the antennal lobe to higher
processing centers (such as the mushroom bodies), with the consequence of refining the input
projected to the sensory integration centers (Kuebler et al. 2010). Either way, variation in
antennal lobe structure could conceivably generate response threshold variation by regulating
stimulus perception.

(ii)

Synaptic remodeling

Worker variation in the volumes of particular brain regions likely reflects underlying differences
in the elaboration of neuronal dendrites and refinement of synaptic complexes in those regions.
In the mushroom bodies, centers of sensory information integration and processing, such
differences at the level of the synapse might have important functional consequences for the
neuronal circuits regulating sensory sensitivity, or response thresholds. In honeybees (Farris et
al. 2001; Groh et al. 2012) and Cataglyphis ants (Seid and Wehner 2009; Stieb et al. 2010), for
example, dendritic branching of the mushroom body neurons, the Kenyon cells, was associated
with both age and sensory experience and paralleled increases in mushroom body size. The
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dendritic expansion of the Kenyon cells appears to contribute to larger and more refined
synapses in the mushroom bodies. In Pheidole dentata minor workers, for example, the total
density of mushroom body synaptic complexes decreased, yet the number of Kenyon cell
dendrites connecting to each pre-synaptic site, and therefore the size of each synaptic complex,
increased with worker age (Seid and Traniello 2005). Theoretically, eliminating excess synaptic
complexes and selectively reinforcing important ones refines the remaining synapses, enhances
their efficacy, and therefore improves integration of sensory, potentially task-related, input. In
the case of P. dentata, older workers may therefore be more sensitive to more types of sensory
stimuli, thus facilitating the expanded behavioral repertoire they exhibit as they age (Seid and
Traniello 2006). However, the relationship between synapse density and worker type is far from
straightforward. Though synapse refinement is associated with age and repertoire expansion
within the minor caste, the same is not true across castes; Pheidole minors, which typically have
a larger behavioral repertoire than majors, had smaller synaptic complexes at higher densities
than major workers in P. rhea, while in P. dentata and P. morrisi minors had lower
microglomerulus densities in the olfactory region of the mushroom bodies (Gordon et al. 2018;
Gordon and Traniello 2018). Worker type-specific synaptic architecture, furthermore, was not
observed at all in Oecophilla smaragdina ants (Kamhi et al. 2016), suggesting that the functional
consequence of worker variation in synaptic complexes and the process of synaptic remodeling
might not have the same implications for all cases of division of labor (and therefore response
thresholds) across social insects.

(iii)

Neurochemicals and hormones

Response thresholds might also be regulated by endocrine factors (for example, juvenile
hormone and ecdysone) as well as neurochemical signaling molecules including biogenic amines
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(such as octopamine, dopamine and serotonin), which have the potential to alter the activity of
neurons. Titers of these chemicals have been shown to differ across worker types (reviewed in
(Robinson 1992). Due to their dynamic and transient nature, neurochemicals and hormones
might facilitate more rapid response threshold adjustments necessary for short term task reallocation by modulating sensitivity to task-associated stimuli. Experimental applications of
biogenic amines in honeybees, for example, affect sensitivity to a variety of stimuli (Mercer and
Menzel 1982; Erber and Kloppenburg 1995), supporting the idea that these neurochemicals
might underlie sensitivity to task-stimuli, or response thresholds.

Systemic endocrine factors such as juvenile hormone (JH) may influence sensitivity to task
related stimuli as well. In honeybees, for example, treatment with methoprene, a JH analog,
lowered behavioral thresholds to the alarm pheromone, eliciting defensive behavior (Robinson
1987). JH also plays a role in the development of polymorphic ant subcastes in Pheidole ants
(Wheeler and Nijhout 1983) and is thought to regulate the different behaviors and underlying
neural phenotypes observed across worker castes in leaf cutting ants (Kuebler et al. 2010;
Norman and Hughes 2016).

B. Peripheral nervous system mechanisms
Compared to the central nervous system, much less attention has been paid to the peripheral
nervous system as a source of response thresholds and worker task allocation. The peripheral
nervous system includes the sensory structures that convert an environmental stimulus into a
neural message – which the brain interprets and translates into a behavior – as well as the motor
structures that execute the behavior. The sensory organs are the gateways to the brain, filtering or
biasing environmental information that is subsequently relayed to the central nervous system.
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Peripheral sensory organs, therefore, have the potential to create, or at least contribute to,
intrinsic among-individual differences in sensory response thresholds. Variation in the condition
or development of a worker’s sensory organs, for example, might lead to variation in the
detection or perception of task-stimuli, which might give rise to variable response thresholds that
subsequently affect downstream processes in the brain and, ultimately, task-related behavior.

(i)

Fixed differences in sensory organs

In insects, the antennae are a main sensory appendage. They are covered with sensory structures,
called sensilla, that detect volatile odors and pheromones for communication and nestmate
recognition, chemicals for gustation and chemical communication, humidity, temperature, CO2
levels and mechanical stimulation, all potentially relevant modalities for task stimuli. Thresholds
might be influenced by the quality or quantity of these sensory organs. Such a mechanism would
generate a fixed source of response threshold variation, as sensilla are cuticular structures that
cannot be replaced or added after eclosion. A lower number or size of sensory structures might
be associated with a higher threshold because the individual is not able to detect and thus
respond to lower task stimulus levels. Conversely, an increased number or size of sensory
structures would increase the likelihood that a given sensilla neuron detects and binds, for
example, an odor molecule to become stimulated. Sensilla might also vary in size, the number of
underlying sensory neurons innervating individual sensilla, or differences in the abundance of
dendrites, all of which could potentially affect response thresholds.

In social insects, differences between worker types in the antennal sensilla have been reported. In
Australian weaver ants (Oecophylla smaragdina) minor workers had fewer sensilla than major
workers (Babu et al. 2011) and among the polymorphic female workers of Solenopsis invicta, the
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total number of sensilla varied with club length, in which larger workers possessed more sensilla,
possibly conferring them with higher sensitivity to particular stimuli (Renthal et al. 2003).
Contrary to this finding, in the polymorphic ant species Camponotus compressus minors had the
largest number of sensilla as compared with medium and major workers, most notably in the
number of sensilla trichodea curvata and basiconica, both chemosensitive sensilla. This
variation was associated with variation in number of antennal lobe glomeruli (Mysore et al.
2010).

These sensilla differences could very well affect response thresholds to task stimuli. In
bumblebees, for example, the number and density of antennal olfactory sensilla and olfactory
sensitivity is associated with worker size, wherein larger workers had more sensilla and were
more sensitive to odor stimuli (Spaethe et al. 2007, but see Smith et al. 2016 in section VI).
Consistent with these results, Riveros and Gronenberg (2010) found that within the honeybee
forager caste, pollen and water foragers had increased numbers of sensilla placodea as compared
with nectar foragers (unrelated to body size), perhaps reflecting their higher sensitivity to sucrose
(Page et al. 1998) and thus foraging preference. In contrast, worker sensilla variation was found
in Temnothorax rugatulus ants but did not predict task allocation (Leitner et al. 2019), nor did
sensilla variation predict differences in honeybee hygienic behavior (Gramacho and Spivak
2003). Furthermore, antennal ablation had little effect on task repertoire in P. dentata minors
(Waxman et al. 2017), suggesting there could be considerable species specificity in this putative
response threshold mechanism.

(ii)

Plasticity of the sensory cells
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Plasticity might not only be a property of the central nervous system but could also extend to the
extreme periphery as well. How might modulation of response thresholds at the level of the
primary sense cells occur? In insects, changes might occur by at least four possible mechanisms:
primary receptor neuron firing rate (reviewed in Blaney and Simmonds 1994), sensilla
morphology (e.g., regulating aperture of the apical pores, Stürckow et al. 1967; Bernays and
Chapman 1972; van der Wolk et al. 1984), level of receptor expression (e.g., in honeybees,
Claudianos et al. 2014, but see Villar et al. 2015), or via peri-receptor events (e.g., differences in
odorant binding protein transport of odor molecules across the sensilla lymph, (Carr et al. 1990;
Pelosi and Maida 1990; Nie 2017), presumably all with the consequence of modulating response
thresholds to task stimuli. Whether some of these mechanisms are relevant to social insect
division of labor and response thresholds remains to be investigated.

(iii)

Neuromodulation in the PNS

Neuromodulatory effects are often assumed to occur only in the neurons of the central nervous
system. However, peripheral chemoreceptors may possess plasticity in response to
neuromodulation. In this case, sensory capabilities would be regulated rapidly (for example, in
response to changing colony needs) and to a high degree of specificity by neuromodulators
acting directly on the sensory neurons (Schoonhoven 1987; Gadenne et al. 2016). The biogenic
amine octopamine (OA), for example, modulates the sensory systems of a variety of invertebrate
species (Farooqui 2012). In honeybees bred for hygienic behavior, treatment with OA increased
antennal sensitivity of nonhygienic bees to diseased brood, while epinastine, an OA antagonist,
decreased antennal sensitivity of hygienic bees to diseased brood (Spivak et al. 2003). By
targeting chemosensory neurons in the antennae that are sensitive to diseased brood odor,
peripherally released OA might facilitate the improved detection and downstream response of the
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honeybee to diseased brood, thus increasing the probability that an individual initiates hygienic
behavior.

Where social insects differ in their response thresholds, these differences likely arise from
several different sensory mechanisms in both the peripheral and central nervous systems.
Possibly, different task-associated stimuli and/or modalities are regulated solely by the periphery
while others involve only the brain, and still others involve both. The extent to which each
contributes to behavioral variation among social insects, and animals in general, deserves further
investigation.
VI.

EMPIRICAL EVIDENCE

A. The case of the honeybee
Empirical evidence for response thresholds is notably scarce. A few exceptions exist, perhaps the
best-studied being the sucrose threshold paradigm in honeybees. Forager bees that respond to
low concentrations of sucrose forage earlier and are more likely to collect pollen or water (but
see Pacheco and Breed 2008 regarding water foragers) while those with high thresholds forage
for nectar or return home empty (Pankiw and Page 1999; Pankiw and Page 2000). These sucrose
thresholds appear consistent with a definition of response thresholds in which individuals differ
in their probability of response (y-intercept) rather than in the slope (Page et al. 1998; Pankiw
and Page 1999). As evidence, they fit the requirements of the response threshold concept because
the probability of response for both pollen and non-pollen collectors is dependent on sucrose
concentration (i.e., their response threshold slopes do not equal 0). Response thresholds for
sucrose also vary among within-nest task groups, with fanners and guards tending to have low
sucrose thresholds, similar to those of pollen foragers (Pacheco and Breed 2008).
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In fact, sucrose threshold differences in honeybees (both colonies and individuals) are heritable
(Pankiw and Page 1999; Pankiw and Page 2000; Amdam et al. 2006; Scheiner and Arnold 2009)
and are correlated with how much pollen a colony stores and individual worker response
thresholds to light (Erber et al. 2006; Tsuruda and Page 2009), pollen, and various odors
(Scheiner et al. 2004). Furthermore, sucrose thresholds are associated with an entire suite of
physiological, cognitive and behavioral traits (the so-called “pollen hoarding syndrome”), all
thought to be under the control of reproductive regulatory networks (Scheiner et al. 2001;
Scheiner et al. 2004; Tsuruda and Page 2009; Amdam and Page 2010, reviewed in Page et al.
2006; Page et al. 2012). The honey bee pollen hoarding syndrome provides a credible link
between sucrose response thresholds and foraging-related behavior. What is not clear from this
body of work is how foragers, as well as other worker types, respond to other, in-nest task
stimuli. Determining the significance of the pollen hoarding syndrome for non-foraging tasks is
important for revealing whether the response threshold mechanism can explain task allocation in
the broader sense, not just within a foraging context. If, for example, high strain workers have
low thresholds only for task stimuli associated with foraging (light and sucrose), then response
thresholds can, indeed, explain division of labor. On the other hand, if high strain workers have
low thresholds for all task stimuli, then response thresholds are not sufficient for generating a
full division of labor between workers.

B. Beyond honeybee sucrose thresholds
The response threshold model is not just invoked for honeybees: it is widely considered to be a
general organizing principle across all, or most, social insects. What, then, is the evidence that
response thresholds exist (and drive division of labor) beyond the honeybee? Outside of the
honeybee/sucrose paradigm, variable response thresholds have been successfully demonstrated
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in some cases, although many studies that involve response thresholds do not necessarily rule out
alternative mechanisms for behavioral variation. The following section will review those few
examples that sufficiently test the response threshold hypothesis by directly measuring worker
variation in response thresholds and successfully demonstrating its role in task allocation. We
then review studies on the response threshold hypothesis that come with caveats and identify
what those caveats are (for a full summary of these studies, see Table 1). Generally, these latter
studies do show among-worker variability in some capacity but fall short of supporting the
response threshold hypothesis by either (1) not actually measuring response thresholds and/or (2)
not demonstrating their association with division of labor.

(i)

Direct evidence

Some direct evidence for response threshold-based task allocation has been shown in social
insect systems beyond the honey bee. Sucrose thresholds, measured individually by a maxilla
labium extension reflex to different sucrose concentrations, varied among Camponotus aethiops
ant workers (Perez et al. 2013). As in the honeybee, these sucrose thresholds were correlated
with task specialization. Foragers exhibited the lowest sucrose threshold, followed by nurses and
then inactive workers; the same was not found for Temnothorax rugatulus ants, suggesting that
the same mechanism is not responsible for task allocation in this species (Leitner et al. in
revision). Perez et al. (2013) did not distinguish between the different response thresholds
definitions (whether responses follow a linear, sigmoid, or stepped pattern). Yet, we consider this
study to be a direct and successful measure of response thresholds because the authors test
workers with several different sucrose concentrations to precisely identify the level at which they
respond (in other words, their response thresholds), and then relate this measure back to each
worker’s task specialization. Worker types do appear to differ in their overall response
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probabilities as well (i.e., regardless of stimulus concentration), as suggested by the variation in
their responses to a neutral water stimulus.

Other types of response thresholds in addition to sucrose have also been demonstrated. In the
dimorphic ant Pheidole pallidula, the much larger (“major”) worker caste had higher response
thresholds for recruitment to food sources and enemy invasions (Detrain and Pasteels 1991;
Detrain and Pasteels 1992). Foraging tasks in this genus are normally divided between the much
smaller “minor” worker caste and the larger majors. Minors will retrieve small, individually
retrievable items, while majors only participate when prey are large and require processing
before transportation back to the nest. The same is true for nest defense, in which majors will
only become mobilized to join minor workers in defending the nest if the threat is extreme.
Detrain and Pasteels (1991, 1992) show that this division of labor within the tasks and foraging
and nest defense are based upon differences in thresholds for trail pheromone and tactile,
antennal stimulation by minors. More intense tactile stimulus by recruiting minors and higher
concentrations of trail pheromone are required for enticing majors to engage in foraging and
defensive behavior. The molecular underpinnings of defense and foraging behavior by majors
were later shown to be regulated by a cGMP-dependent protein kinase (PKG), the level and
distribution of which is significantly different in majors versus minors (Lucas and Sokolowski
2009). Nevertheless, by testing worker responses to different levels of stimulus and showing
clear behavioral differences associated with those responses, Detrain and Pasteels (1991, 1992)
directly show how differences in sensitivity to task-related stimuli coordinate task allocation,
which appear to follow in an exponential curve. An interesting future study might explore the
relationship between response thresholds and behavior within the minor caste by testing whether
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sensitivity differences to those same task stimuli underlie the well-documented repertoire
expansion that occurs with age in the minor workers of this ant genus (Seid and Traniello 2006).

In another example of direct evidence of variable worker response thresholds, differences in
hygienic behavior towards diseased brood, a heritable phenotype, was associated with response
thresholds to diseased brood odor in honeybees (Masterman et al. 2001; Gramacho and Spivak
2003). Bees selected for hygienic behavior detected, uncapped and removed diseased brood more
promptly than non-hygienic bees and were more sensitive to diseased brood odor compared to
the non-hygienic strain (although how this maps onto division of labor in a broader sense,
outside of hygienic behavior, is not clear). These response thresholds appeared to follow an
exponential curve and the two different strains had different y-intercepts, or response
probabilities. In another successful test of the response threshold hypothesis, Larsen et al.
(Larsen et al. 2016) explicitly demonstrated that Camponotus aethiops ant foragers were more
likely to attack intruders than nurses and inactive workers and that this was due to differences in
sensitivity to non-nestmate odors. Like hygiene thresholds, these aggression thresholds appeared
to follow a roughly exponential function. Importantly, this study tested behavior and sensitivity
to the cuticular extracts of non-nestmates individually. Individual tests are ideal for isolating the
role of intrinsic (rather than social) variation among workers in division of labor at the colony
level.

(ii)

Other evidence (with caveats)

Most studies that consider response thresholds come with some limitations. It is important to
note that in many cases, what is at issue is not that the authors incorrectly claim to have shown
evidence for response thresholds, but rather that their studies are commonly cited by others as
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evidence for response thresholds upon which to base new investigations. Here, we review those
often-cited studies and identify why they cannot be considered as evidence for response
thresholds. Identifying such studies is not meant to discredit their results, but rather to suggest
caution when considering how much evidence truly exists for response thresholds and to
acknowledge that not all studies mentioning the response threshold hypothesis actually test it.

a. Not measuring response thresholds directly
One common pitfall when attempting to measure response thresholds is not measuring them
directly, but rather using behavior as a proxy for them. As a consequence, these studies often
cannot distinguish between response threshold and response probability, which are not the same,
nor are they necessarily associated with each other (see section II). In Solenopsis geminata ants,
for example, medium-sized workers had a high propensity for trail following behavior (Brindis et
al. 2008). Medium-sized workers also had the highest electrophysiological antennal response to
trail pheromone extract produced by the Dufour’s gland of other medium-sized workers. The
authors suggest that a higher sensitivity to medium worker gland extract and high trail following
behavior explains why medium-sized workers are generally observed to be foragers. However, it
is unclear whether the correlations revealed between electrophysiological antennal response, trail
following behavior and foraging are necessarily dependent on stimulus level, as the response
threshold hypothesis would predict. For example, the authors found that ants of a given size class
tended to be more responsive to the extracts produced by the glands of their own size class
(which contained proportionally sized quantities of pheromone). The response threshold
hypothesis would predict that the medium-sized workers (the hypothesized low threshold
workers for trail pheromone) would have the greatest behavioral and electrophysiological
response to the extracts of small-sized workers (which contained a corresponding low quantity of
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stimulus) as compared to the other worker size classes. Yet, this was not the case; rather, smallsized workers exhibited slightly (though significantly) higher responses to the extracts produced
by the small-sized worker gland. Consequently, the authors were unable to identify whether
stimulus level – rather than some intra-class recognition cue – drove the observed worker
behavioral variation.

In another study, the task of undertaking in Acromyrmex versicolor ants was thought to be
regulated by response thresholds based on the observation that not all workers encountering dead
ants responded to them (Julian and Cahan 1999). Though the authors were able to rule out a
“foraging for work” mechanism, in which workers actively seek work and perform whatever task
they encounter, doing so does not automatically implicate response thresholds. Social context, or
simply a higher response probability (regardless of stimulus level), might be more important for
determining undertaking behavior than sensitivity to dead ants.

Evidence for response thresholds was also inferred from behavioral patterns in Temnothorax
albipennis ants after researchers increased foraging and brood workloads (Robinson et al. 2009;
Robinson et al. 2012). In this case, less corpulent workers were more likely to respond to the
increased foraging workload (but not necessarily brood workload), whereas age, previous
activity and location in the nest were irrelevant. The authors interpreted these findings as
providing evidence for “physiological response thresholds” for foraging. Certainly, this study
suggests that a physiological state (in this case, corpulence) is associated with foraging behavior
as opposed to some alternative worker attributes (age, previous experience, and spatial position)
and it is reasonable to speculate that physiological state might involve response thresholds. Yet,
without identifying a task stimulus and testing individual workers’ responses to it at different
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concentrations, conclusive evidence for response thresholds over alternative mechanisms is not
possible. Similarly, Ishii and Hasgeawa (Ishii and Hasgeawa 2012) report evidence for response
thresholds in Myrmica kototkui ants, in which experimental sub-colonies composed of either all
active or all inactive workers recovered their original distribution of worker activity levels. Less
corpulent workers tended to become more active, independent of age. Though these results, like
those with Temnothorax, identify corpulence as a putative driver of response thresholds and are
consistent with a response threshold hypothesis, behavioral patterns alone are simply not
adequate for demonstrating variable response thresholds.

b. Not linking response thresholds to task specialization
Sometimes, differences across workers in sensitivity to stimuli (possible response thresholds) are
found, but their link to division of labor is not made clear. In honeybees, for example, a dancing
response threshold for resource profitability (defined as the energetic efficiency of worker
foraging) was shown to vary across foragers (Seeley 1994). Bees showed a linear relationship
between stimulus level and the strength of the response (waggle runs per dance), in which
foragers varied in both slope and intercept, suggesting that response probability and response
threshold might be two independent parameters. Yet, how this threshold might vary across
different task groups, rather than simply explaining within-case behavioral variation, was not
considered. Similarly, pre-imaginal thermal experience in Camponotus rufipes ants determined
response thresholds for thermoregulatory behavior (Weidenmüller et al. 2009) but this was only
examined among brood tending workers. Thus, how this temperature threshold might underlie a
worker’s decision to be a nurse in the first place remains an open question.
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In another example, thermoregulatory fanning and brood incubation thresholds in bumblebees
and honeybees were effectively demonstrated in response to temperature changes (bumblebees:
O’Donnell and Foster 2001; Weidenmuller 2004; Westhus et al. 2013, honeybees: Cook and
Breed 2013) The same was shown for CO2 fanning thresholds (Weidenmuller 2004). Yet, the
finding that in honeybees, workers identified as fanners did not necessarily have lower fanning
thresholds (although they did have higher fanning probabilities), challenges the link between
these thresholds and division of labor (Cook and Breed 2013).

Finally, in Atta vollenweideri ant foragers, smaller workers were less sensitive to trail pheromone
but more sensitive to the difference between conspecific and heterospecific foraging trails
(Kleineidam et al. 2007). The authors concede that the biological relevance of these sensitivity
and discrimination differences is not clear. Yet, since size is related to division of labor (Wilson
1980), the authors conclude that these sensitivity differences are likely to serve some important
function for allocating workers to different foraging-related tasks. Whether this is the case would
be an important question to pursue, as would investigating how such sensitivity differences
among the foragers compare with in-nest workers.

c. Testing thresholds individually vs. within groups
Another issue to consider is whether individual response thresholds are truly being measured
when experiments are carried out in a social setting. A worker’s response in a group setting is
potentially confounded by its nestmates’ activities, which are constantly altering the stimulus
environment (a phenomenon known as stigmergy). This topic is discussed further in section VII.

d. Other caveats
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Limitations to response threshold studies can also include testing responsiveness to only one,
rather than multiple, concentrations of a stimulus (Kocher et al. 2010; Santoro et al. 2017) and
not indicating whether workers respond to all concentrations above their thresholds, (e.g.
(Tsuruda and Page 2009; Mattila and Seeley 2010; Falibene et al. 2012; Perez et al. 2013).
Addressing these concerns are important for distinguishing response thresholds from response
probability.

C. Evidence against response thresholds
If there is a response threshold mechanism for division of labor, its role in facilitating task
allocation is not simple. Weidenmüller (2004), for example, made the interesting discovery that
B. terrestris bumblebees not only differed in their sensitivity, or response thresholds, to
temperature and CO2 levels but also, independent of these fanning thresholds, in their response
probability and response duration. In other words, workers differed in the lowest temperature or
CO2 level to which they responded, their overall probability of fanning regardless of temperature
or CO2 level, and how often they quit fanning before normal stimulus levels were restored.
Fanning thresholds, furthermore, were not related to worker task specialization in honeybees
(Cook and Breed 2013). Interestingly, in contrast to its congener B. terrestris, fanning thresholds
and probabilities were associated in B. bifarius bumblebees (O’Donnell and Foster 2001).

Also, in honey bees, workers that were likely to become foragers and dancers (food recruitment
signalers) were not necessarily more active in those tasks once engaged, and this was also not
associated with the lowest concentration to which a forager would dance (the dancing response
threshold) (Mattila and Seeley 2010). In fact, different patrilines within a colony did not even
differ in average dancing thresholds, opposing the idea that genetic diversity in response
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thresholds enables colony resiliency (Jones et al. 2004; Oldroyd and Fewell 2007; Mattila and
Seeley 2010).

Also inconsistent with the predictions of the response threshold hypothesis, individual fanning
behavior in B. impatiens bumblebees was not affected by demographic manipulations aimed at
reducing response threshold variation in the colony. Additionally, as with B. terrestris, workers
commonly quit fanning before temperature homeostasis was achieved, contrary to what the
response threshold hypothesis would predict. In fact, the temperature at which workers stopped
fanning was often higher than the temperature at which they began. Interestingly, colonies
consisting of workers that began fanning at lower temperatures (the putative low threshold
workers) took longer to cool their nest (Jandt and Dornhaus 2014). Most problematic, perhaps, is
the finding that B. impatiens fanning thresholds appear to fluctuate randomly across trials
(Duong and Dornhaus 2011; Westhus et al. 2013) calling into question whether fanning
thresholds exist in this bumblebee species.

Indeed, successful demonstrations of response thresholds in one social insect species may not be
reproducible in others. In Temnothorax rugatulus ants and B. terrestris bees, sucrose thresholds
(along with two other putative task-related thresholds in T. rugatulus) were not consistent or
related to task specialization, as in honeybees (Leitner et al. in revision, Smith et al. 2016). This
may be because different protocols for measuring response thresholds are needed for different
species (for example, T. rugatulus ants, which are very small, may be more susceptible to the
effects of handling, which can introduce experimental noise), or response thresholds may not
drive task allocation in all species.
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There is also evidence to suggest that even if response thresholds regulate some tasks, they do
not regulate all of them. Normal rates of corpse removal, for example, were not resumed after
removal of the active (presumably low threshold) undertakers in honeybee colonies (Robinson et
al. 1995). This result contradicts the predictions of the response threshold hypothesis, namely
that the workers with the next highest undertaking threshold will quickly replace the missing
undertakers once dead bodies, the putative task stimulus, begins to accumulate (Robinson et al.
1995). Response thresholds, furthermore, do not appear to be an entirely intrinsic property,
because single honeybees, or honeybees in smaller groups, were less likely to fan (Cook and
Breed 2013) or respond to alarm pheromone (Robinson 1987) than those in bigger groups. Thus,
response thresholds do not appear to be driving division of labor alone (or at all) in some cases.

VII.

OBSTACLES TO TESTING RESPONSE THRESHOLDS

The scarcity of empirical evidence for response thresholds is not for lack of trying. Efforts to test
response thresholds are thwarted by several obstacles. The following section will describe three
of those obstacles and, where possible, suggest ways to overcome them. A checklist to guide the
design of future experiments for testing the response threshold hypothesis is provided in Table 3.

A. Identifying task stimuli
A major challenge of empirically testing response thresholds is that most, if not all, task stimuli
are unknown (but see table Table 1 for task stimuli that are known or have been tested). Even
fanning (Weidenmuller 2004) and sucrose (Page et al. 1998; Pankiw and Page 1999) thresholds
do not map onto division of labor in its most traditional sense. Honey bees workers, for example,
are unlikely to become foragers because they detect sucrose in the nest environment. Once they
are already foragers, their sensitivity to sucrose may determine what kind of resource they collect
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(which is indeed the case with the honey bee pollen hoarding syndrome, Page et al. 2006) but
sucrose itself is unlikely to initiate foraging behavior in the first place. In the case of fanning
thresholds, while temperature is a logical stimulus to associate with fanning behavior, fanning
behavior itself is not a particularly specialized task, unlike nursing and foraging (Johnson 2002).
Fanning thresholds, though easy to quantify, are therefore limited in the insight they can provide
on broader patterns of division of labor.

Because social insects largely rely on chemical communication, it is tempting to assume that task
stimuli are simple chemosensory cues. However, task stimuli might be more complex than a
single chemical that releases a behavior. Rather than a simple brood care pheromone that elicits
brood care behavior, for example, a worker might be detecting different signals that (a) identify
an object as a brood item and (b) signal that this object is hungry, and it would be up to the brain
to connect the two. For the purposes of experiment feasibility, it would be ideal if one simple
stimulus reflexively released a task behavior. However, future tests of the response threshold
hypothesis must consider the possibility that a combination of (potentially multimodal) stimuli
are needed to drive worker behavior in a task.

Additionally, particular task stimuli might be accessed by workers either globally or locally.
Therefore, not only identifying task stimuli, but also knowing how workers actually access and
perceive the stimulus in the colony (via local or global environment) is a challenge that needs to
be addressed when planning experiments.

B. Controlling stimulus intensity
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Once the task stimulus is identified, a second obstacle that researchers must overcome is
controlling its intensity. Systematically testing among-individual response threshold variation
requires that workers be tested with a series of stimulus intensities to determine the lowest level
at which they respond. For researchers, one of the primary benefits of the fanning and sucrose
threshold paradigms is that both sucrose concentration and nest temperature can be easily
controlled and measured. However, because social insects rely heavily on chemical
communication, it is likely that many task stimuli involve pheromones and other volatile
elements. Quantifying and varying levels of such a transient stimulus in precise and biologically
relevant increments, and consistently ensuring that it reaches the test subject at these exact levels
before evaporating, is exceedingly difficult.

C. Measuring individual thresholds in a social animal
Finally, and perhaps the most challenging, is reconciling testing a social animal in an individual
setting. The response threshold hypothesis specifically predicts that workers intrinsically vary in
their response thresholds to stimuli. In other words, response thresholds are internal properties of
individual workers. To identify response thresholds, one must therefore be able to measure them
individually, thereby controlling for the effects of social context or position in the nest, for
example. In many cases, this is difficult because testing workers in isolation might alter the
meaning of any task stimulus being tested or alter their behavior in some other uncontrolled way
(Cook and Breed 2013, Leitner et al. in revision). Most response threshold studies therefore test
response thresholds in a social context (e.g., Robinson 1987; Detrain and Pasteels 1991; 1992;
Fewell and Bertram 1999; Weidenmuller 2004; Weidenmüller et al. 2009; Westhus et al. 2013).
Can individual response thresholds be properly measured in a social context? If so, how would
external effects generated by nestmates be controlled for? If the answer is no, how can the
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challenges of testing a social animal in isolation be overcome? Answering these questions will be
an important step towards uncovering the proximate mechanisms of response thresholds and
their role in drive division of labor.

VIII.

ALTERNATIVE HYPOTHESES FOR DIVISION OF LABOR

The response threshold hypothesis is usually distinguished from other division of labor
mechanisms based on its assertion that intrinsic differences among workers, rather than external
factors in the environment, are a main driver of division of labor. Alternative, externally-based
hypotheses include “foraging for work” and a variety of network-based models that emphasize
the role of social context. Foraging for work, a hypothesis pioneered by Nigel Franks and Chris
Tofts, asserts that workers are intrinsically the same and that behavioral differentiation (i.e., task
specialization) arises from the spatial positioning of tasks in the nest (Tofts and Franks 1992;
Tofts 1993). Workers actively search the nest for tasks to perform; when they encounter a task
that needs attention, they will perform it until completion, at which point they will move around
the nest until they encounter another task that needs doing. Division of labor arises from this
process due to variation in workers’ probabilities of encountering tasks. Patterns such as
temporal polyethism, furthermore, can be explained as an emergent phenomenon of foraging for
work. Due to the spatial positioning of tasks, workers tend to move in a centrifugal fashion as
they age, starting at the brood pile in the nest center, from which they emerge as adults and
immediately start tending to the new brood, towards the outside of the nest, where foragers are
constantly needing to be replaced. As workers emerge as adults in the nest center, they displace
the previous (older) cohort performing brood care, which in turn displaces the cohort before
them, and so on, such that the oldest workers are essentially pushed out of the nest to become
foragers. On the other end, foragers are constantly being lost (e.g., due to general wear and tear
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or predation), creating a job sink that pulls the closest, most peripheral inside workers to the
outside. Critics of foraging for work argue that, if workers are always searching for work, this
hypothesis cannot explain the common occurrence of inactive, or “lazy” workers observed in
many social insect colonies (Herbers 1983; Schmid-Hempel 1990; Cole 1992; Jandt et al. 2012;
Charbonneau et al. 2014). In addition, foraging for work does not sufficiently account for the
observations that workers frequently quit tasks before the workload appears to be completed
(Johnson 2002) and that not all workers that come across a job opportunity respond to it
(Robinson et al. 1995; Julian and Cahan 1999).

Network-based hypotheses for task allocation, on the other hand, incorporate the role of social
context (such as interaction patterns with nestmates) as a crucial organizing principle. The
distinction from the response threshold model, in this case, is that a worker’s intrinsic sensitivity
to, or direct perception of, the stimulus alone is not sufficient for driving their decision to
perform a task. Rather, task performance is determined based upon a worker’s interactions and
encounter rates with other workers (reviewed in Gordon 2010). Similar to foraging for work,
network-based models emphasize the role of local information for indicating task need.
Response thresholds, on the other hand, usually assume that task stimuli are globally accessible,
with each worker having equal opportunity to perceive them (Beshers and Fewell 2001).

Some empirical support for these alternative hypotheses has been reported. For example, some
evidence for foraging for work and the spatial positioning of tasks was shown in colonies of
Temnothorax (formerly Leptothorax) unifasciatus and Camponotus floridanus ants (SendovaFranks and Franks 1994; Tripet and Nonacs 2004). Similarly, the importance of social
information has been demonstrated in Apis mellifera (Cook and Breed 2013) and network-based
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task allocation mechanisms have been demonstrated in Pogonomyrmex barbatus ants (Gordon
and Mehdiabadi 1999; Greene and Gordon 2007; Pinter-Wollman et al. 2011; Cook and Breed
2013). Yet, few of these studies can explicitly rule out alternative mechanisms. To do so is a
difficult task, as the different hypotheses for mechanisms of division of labor are not necessarily
mutually exclusive. In fact, some or all of these mechanisms might interact to generate division
of labor, or particular mechanisms might only regulate particular tasks. Mechanisms might also
species-specific. Nevertheless, it is important to identify alternatives so that studies on division
of labor can systematically attempt to rule them out and more precisely determine the main
drivers of task allocation, as well as establish how universal these drivers are across social insect
species.

IX.

CONCLUSION

As a leading explanation for division of labor in social insects, the response threshold
mechanism has received relatively little conclusive, empirical support, the most notable
exception being sucrose thresholds in honeybees. Where response thresholds do appear to exist,
the extent to which they are fixed or flexible and the time scales over which they might change
appears to vary considerably, even among closely related species. A rigorous, comparative
approach to testing the response threshold hypothesis across Hymenopteran species would
provide valuable insight into how prevalent response threshold mechanisms for task allocation
are and how particular features of these mechanisms might vary across different levels of social
organization.

It is clear that workers can differ intrinsically from one another genetically and physiologically.
The nervous system, where response thresholds are presumably located, differs markedly across
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workers in many social insect species, implicating a role for sensitivity differences in the
assignment of workers to tasks. Yet whether variation in the nervous system drives differences in
worker sensitivity, or response thresholds, to task stimuli is not clear. Manipulative experiments
that can demonstrate causal relationships between nervous system variation, responses to
different task stimulus levels and behavior will be necessary for testing the response threshold
hypothesis and determining how variable response thresholds might be generated.

A central aim in social insect research is uncovering how colonies achieve an organized division
of labor without any central control. The response threshold hypothesis has been favored as the
leading explanation for division of labor because it explains, in simple terms, how colonies can
have the stability required for division of labor and the flexibility required to respond to changes
in colony need. Yet, can universal rules on mechanisms of division of labor in the social insects
can ever be established? Many mechanisms might contribute to a colony’s task allocation
system. Perhaps response thresholds are so difficult to demonstrate because they are not, in fact,
mutually exclusive with alternative hypotheses, such as foraging for work or social information.
To achieve the longstanding goal of understanding how division of labor emerges at the colony
level from the independent actions of workers, it is important that research continue to explore
the cases in which response thresholds exist, across both species and tasks, to determine the
extent to which they drive division of labor versus – or in addition to – alternative mechanisms.
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Table 1 Table lists empirical studies that involve the response threshold hypothesis and indicates for each one which of 3 necessary criteria for
testing the response threshold hypothesis are met
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2017)

Only one caste of workers is examined, (Schatz et al.
The number of specialized stinger
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2016)

(Julian and Cahan
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Citation

(Robinson et al.
2009; Robinson et
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When active workers are removed,
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active. They remain active once
originally active workers are
replaced; originally active workers
resume their activity
Though activity level differences are
Colonies of either all active or
inactive workers readjust their activity consistent with response threshold
level to restore the pre-manipulation hypothesis, precise tasks and task
stimuli are not identified
distribution of active vs. inactive
workers
When solitary queens are placed in
pairs they differentiate into distinct
tasks

Young workers are stimulated to
forage when ratio of old to young
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Task stimuli were not identified

Citation

(Wilson 1984)

* Caveats

Task stimuli were not identified
When the ratio of major to minor
workers exceeds 1:1, major workers
become active and care for brood,
with increasing ratios corresponding
to increasing frequency in task
performance. These results match
the results of a fixed response
threshold model (Bonabeau 1996)
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Nervous
system
branch

Species

Section

Description

Citation

Cataglyphis fortis

Selective
development of
brain neuropil

Visual and, to some extent,
olfactory regions of the
mushroom bodies increase
when workers transition from
interior tasks to foraging

(Stieb et al. 2010; Stieb et
al. 2012)

Pheidole dentata

Selective
development of
brain neuropil

Age-related repertoire
expansion in the minor caste is
correlated with increased
mushroom body size

(Muscedere and Traniello
2012)

Camponotus
sericeus, compressus

Selective
development of
brain neuropil
Synaptic
remodeling

Small workers have more
glomeruli than large workers

(Mysore et al. 2009;
Mysore et al. 2010)

Brain size increases with
worker size, while
microglomerulus density is
constant such that larger
workers have many more
microglomeruli
JH (and ecdysteroid)
associated with the initiation
of foraging behavior
JH titers effect the timing of
development and titers differ
across worker types

(Groh et al. 2014)

Atta vollenwierdi

Central
Pogonomyrmex
californicus

Neuroendocrine

Apis mellifera

Neuroendocrine

Pheidole dentata

Neuroendocrine

Serotonin titers increase with
age, corresponding with onset
of trail following behavior.
Experimental depletion of
serotonin reduces
responsiveness to trail
pheromone

(Seid and Traniello 2005;
Muscedere et al. 2011)

Oecophylla
smaragdina

Fixed differences
in sensory organs

Worker agression is correlated
with sensilla number

(Gill et al. 2013)

Apis mellifera

Neuromodulation
in the PNS

Exposure of honeybee workers
to QMP altered the expression
of biogenic amine receptor
genes in the antennae, and
these effects were associated
with worker sensitivity to
QMP

(Vergoz et al. 2009)

Apis mellifera

Neuromodulation
in the PNS

Biogenic amine receptor
expression in the antennae is
associated with worker age
and task specialization

(McQuillan et al. 2012)

Peripheral

(Dolezal et al. 2012)
(Robinson 1992; Scheiner
et al. 2006)

Table 2 Additional examples of potential neural mechanisms of response thresholds (not included in text)
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Checklist for testing the response threshold hypothesis
Identify task stimulus (should be a discreet stimulus that can be easily
controlled and quantified)
Test individual workers at varying levels of this stimulus (consider
order of stimulus presentation – e.g. random, ascending, descending –
in the context of whether habituation or sensitization will be an issue)
Determine whether workers respond to all concentrations higher than
its threshold, as the response threshold hypothesis would predict,
rather than changing erratically across concentrations
Test individual workers multiple times to determine consistency of
response thresholds
Ideally, test all workers in the colony, or at least all worker ‘types’ to
determine the distribution of thresholds at colony level
Consider not excluding workers that do not respond to a stimulus
unless. It might be important to characterize workers that never
respond to a task stimulus and determine how this relates to their task
performance
Explicitly link worker response threshold variation with task
specialization in the colony setting

Table 3 Recommended guidelines for empirically testing the response threshold hypothesis
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APPENDIX D
Plasticity and constraint in task allocation: how and why do workers take on new tasks?
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Abstract
Complex living systems often exist in noisy environments and must have a way to respond to
change. In social insects, the colony itself is a complex system comprised of dozens, hundreds or
even millions of essentially autonomous workers. By studying the behavior of these workers in
response to experimental disturbance, insight can be gained on the mechanisms by which the
colony, and complex systems in general, achieve flexibility. Here, we explore dynamic task
allocation within colonies of Temnothorax rugatulus ants by increasing the demand for three
different types of work: nest maintenance, brood care and foraging. We determine (1) whether
colonies respond to dynamic task demand and the timeline of their responses, (2) the colonylevel strategies used to achieve this flexibility, and (3) the rules by which individual workers
come to be re-allocated to tasks. We find that T. rugatulus ants are responsive to colony
perturbation and the means by which they achieve flexibility is task-dependent, as is the time it
takes them to respond. This flexibility is achieved by the increased effort of already active
workers and the recruitment of new workers to the focal task. The newly recruited workers,
furthermore, come from task-specific reserve pools of unemployed workers: previously inactive
workers act as a specialized reserve pool for brood care and will engage in this task when they
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spatially encounter brood. On the other hand, roaming “walkers” are a more generalized or
flexible reserve force for all other tasks.

Introduction
All biological systems, whether they are groups of cells making up an organism or organized
societies of individuals, must withstand natural perturbations. Environments are often highly
dynamic, posing constant challenges, and the resiliency of a biological system to such challenges
is critical to its ecological success. Social insect colonies are excellent models for studying how
complex systems can absorb perturbations. The response of the colony (the system under
selection) to changes in the environment (e.g., worker loss, a change in resource availability, nest
damage) is achieved by the individual behavior of workers. Understanding how workers adjust
their behavior to meet changing colony needs can therefore elucidate how the colony achieves
dynamic task allocation and, more generally, how complex systems can withstand noisy
environments.

Social insects are renowned for their stable allocation of workers to colony tasks such as brood
care, nest building and foraging. When the colony is in undisturbed conditions workers usually
specialize in a task or a subset of tasks either permanently (as with morphological castes) or over
an extended period of time, often at a particular stage of their development (Hölldobler &
Wilson, 1990). Despite these somewhat stereotyped behavioral repertoires of their workers,
colonies are usually capable of considerable flexibility (e.g., in ants: Gordon, 1991; McDonald &
Topoff, 1985; Wilson, 1984 and bees: Fewell & Bertram, 1999; Huang & Robinson, 1996).
Pogonomyrmex ant workers that usually perform tasks involved in nest maintenance, for
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example, switch to foraging when a new food resource becomes abundant (Gordon 1991). As a
result, the colony as a whole is responsive to changes in environmental conditions, such as food
availability, variable task demands or worker losses.

Yet, colony flexibility appears to have its limits. Depending on the particular species and task,
colonies can take anywhere from one hour (Pheidole ants, Wilson, 1984) to a week or more
(honeybees, Johnson 2005) to recover normal rates of task performance after worker loss. Within
the same colony, too, changes in demand for one task may task longer to respond to than others.
In Polistes wasps, for example, normal water foraging rates are restored sooner than nectar
foraging when the respective worker types are removed (O’Donnell, 1998). In some cases,
colonies are never able to respond to changes in colony need. Pogonomyrmex ant colonies, for
example, produce foragers at season-specific rates and they do not compensate for excessive
forager losses by producing more foragers, even at the expense of larval survival (Kwapich &
Tschinkel, 2013; 2015). Colony level flexibility, therefore, is by no means infinite, but varies
considerably, suggesting that there might be different constraints and/or selective pressures that
balance worker specialization and flexibility across species and tasks.

Where dynamic task allocation does take place, colony strategies appear to vary across both
social insect species and tasks. Studies show, for example, that for some species and tasks,
colonies meet changes in task demand by recruiting workers from other tasks (Breed, Williams,
& Queral, 2002; Cartar, 1992; Fewell & Bertram, 1999; Johnson, 2002; Waddington & Hughes,
2010), increasing the effort of the existing work force for that particular task (Fewell & Winston,
1992; Gardner, Foster, & O’Donnell, 2006), or both (Gordon, 1989; Meudec & Lenoir, 1982;
O’Donnell, 1998; Wilson, 1983; 1984). In cases of task switching, the identity of newly recruited
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workers is often unclear. Recruits might be pulled, for example, from a specialized reserve pool
of workers (Charbonneau et al., 2017a; Gordon, 1989; Johnson, 2005; Wilson, 1984).
Alternatively, recruits could simply be workers nearby the source of the disturbance or increased
work need (Franks & Tofts, 1994; Robinson, Feinerman, & Franks, 2009; Tripet & Nonacs,
2004), although clearly for some tasks this is not the case (Julian & Cahan, 1999).
.
Here, we take a systematic approach to exploring task reallocation dynamics across three
spatially and functionally distinct tasks in Temnothorax rugatulus ant colonies. T. rugatulus have
small colony sizes, allowing us to study how the entire colony responds to different types of
perturbations. We were therefore able to use the same colonies of the same workers to explore
how colony flexibility to changes in demand for work differs across tasks, and who responds to
these different types of changes. We increased demand for three different tasks that are typically
performed by distinct groups of workers (Charbonneau & Dornhaus, 2015): brood care, nest
maintenance-related tasks and foraging-related tasks. We then explored whether, at the group
level, dynamic task allocation tasks place, how quickly it occurs, and the strategies used to
accomplish flexibility. We also created detailed behavioral profiles for each worker before and
after workload manipulation to explore which workers types (if any) are recruited to the different
types of workload increase (a specialized reserve worker pool or generalist workers that spatially
encounter the task in need).

We also tested the hypothesis that differences in workers’ sensory organs are associated with
worker responsiveness to changes in work demand. T. rugatulus workers vary considerably in
the density of their antennal sensilla, the structures that house chemosensitive (and presumably
task stimulus-sensitive) sensory neurons (Leitner, Charbonneau, Gronenberg, & Dornhaus,
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2019). In other social insect species, differences in sensilla were associated with differences in
sensitivity to learned odors, aggression levels, and forager resource preferences (Gill, van
Wilgenburg, Macmillan, & Elgar, 2013; Riveros & Gronenberg, 2010; Spaethe, Brockmann,
Halbig, & Tautz, 2007; Van Wilgenburg, Clemencet, & Tsutsui, 2010). In T. rugatulus, sensilla
variation did not appear to predict task specialization when colonies (and task stimulus levels)
were at equilibrium (Leitner et al., 2019). In the present study, we therefore tested whether these
worker sensilla differences are instead associated with a worker’s responsiveness to changes in
task demand.

Methods
Ant collection, marking and behavior
Five queen-right colonies of Temnothorax rugatulus ants were collected between October 2016
and June 2018 from the Santa Catalina Mountains (Tucson, AZ) at an elevation of about 2000 m.
Each colony was housed in an artificial nest consisting of a cardboard nest chamber between two
glass slides and kept inside a fluon-coated box. Colonies were provided weekly (unless otherwise
noted) with freeze-killed fruit flies, honey water (diluted 1:10) and water ad libitum and kept on
a 12 hour light cycle at 21°C. Each ant was individually marked using Testor’s Pactra® paint.

Following marking, we measured each worker’s baseline behavior by filming ants for either (1)
10 minutes at arbitrary times between 8 am and 5 pm on three non-consecutive days within a
one-week period, or (2) for 30 minutes on one day. We determined that these two filming
regimes were equally effective at capturing the behavioral profile of each ant
because Temnothorax behavior was shown to be consistent over the course of several weeks and
single observations have been shown to provide reliable worker behavior profiles (Charbonneau
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& Dornhaus, 2015; Kohlmeier, Feldmeyer, & Foitzik, 2018; Pamminger, Foitzik, Kaufmann,
Schützler, & Menzel, 2014).

The behavioral state (see Table 1) of each ant was recorded at 30-second timesteps by an
observer analyzing the videos. Behavioral variation across workers was measured two ways: (1)
as the proportion of total observed time each ant spent in each behavioral state, and (2) by using
a hierarchal cluster analysis to categorize workers into four groups, where workers in each group
had similar overall behavioral profiles (nurses, foragers, walkers and inactives, as described in
(Charbonneau & Dornhaus, 2015). Workers belonging to a particular group were typically those
that spent more time than others doing that task, yet they might have also spent time doing other
tasks (for instance, a forager may have spent some time being inactive).
Behavior

Description

Nest maintenance

Carrying nest building material (e.g. stones), carrying debris

Brood care

Manipulating brood (feeding, grooming, moving)

Self-grooming

Grooming itself

Allogrooming

Nestmate grooming

Trophallaxis

Receiving or giving liquid food to/from another adult ant

Foraging

Any behavior in which the ant is outside of the nest, e.g., foraging for fruit flies,
water, or honey solution outside nest, scouting, or simply wandering

Wandering inside

Anytime an ant is mobile inside the nest wall but is not engaged in any discernable
task

Inactive

Immobile, not engaged in any tasks

Table 1 List of behaviors observed during video analysis with their descriptions
Only workers that were observed in at least two of the three recordings were included in the first
behavioral measure (proportion of time doing task), while for the cluster analysis we required
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that workers be observed in all three recordings to accurately measure their behavioral profiles.
The sample sizes for the two behavioral measures differed slightly as a result. Following the
baseline behavior recordings, colonies were then subjected to different types of workload
increases, immediately followed by another behavior recording. As with the baseline behavior,
the post-workload-increase behavioral state of each ant was recorded at 30-second timesteps by
an observer. Worker behavior was measured as the proportion of total time each ant spent in
each behavioral state.

Workload increases
Colonies were presented with three types of workload increase: twice the amount of brood (focal
task: brood care), provision of sucrose (focal tasks: foraging and trophallaxis), and nest debris
(i.e., a piece of paper covered in fungal spores; focal tasks: nest maintenance, self-grooming and
allogrooming). All of the workload manipulations were performed in the morning, between
0700-0900 h, after which the colonies were recorded for 30 minutes. An observer analyzing the
videos recorded worker behavior every 30 seconds.

For each of the three workload experiments, the proportion of workers performing a task relative
to baseline (“proportional worker allocation”) was calculated at each 30-second timestep before
and after the workload increases (hereafter also referred to as “before” and “after” conditions) by
dividing the proportion of ants per colony performing the task at that timestep by the mean
proportion of ants per colony performing that task before the workload increase (the baseline).
Therefore, the average of all proportional worker allocation values within a task before the
workload increase was equal to one, meaning no change from the baseline proportion of workers
in that task. For the focal tasks in each assay, we also averaged the proportional worker
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allocation across all five colonies at each 30-second timestep to measure the time course of
colony effort re-allocation (“mean proportional worker allocation,” as in Figure 2). The mean
change in the proportion of allocated workers relative to baseline after workload increase
(“proportional change in worker allocation”) for each focal task was calculated as the average
of the proportional worker allocation across all five colonies and across all 60 “after” time
points (in other words, for each task, the mean proportional worker allocation averaged across
all “after” timepoints, as in Table 2). We also scaled the proportional change in worker
allocation by dividing it by the standard deviation of the proportion of ants performing a given
focal task across all 60 “before” time points (“scaled proportional change in worker allocation,”
Table 2). Finally, we measured the time it took each worker to respond to the increased workload
(“latency to perform focal task”) as the time from the beginning of the recording to the first time
the worker performed the focal task.

To determine the strategies by which colonies re-allocate their effort to meet changing task
demand we distinguished between workers that were newly recruited to the focal task (“new”
workers) and workers that were already active in the task (“original” workers). Original workers
for a given task were ants that were observed performing that task for at least one timestep
before the workload increase, whereas new workers for that task were ants that were never
observed performing the task before.

We also determined the distance of each worker from the source of the workload increase for
each workload experiment (in other words, worker distance from the fungus-laden paper, the
nearest brood item and the sucrose, respectively). Using Fiji (a distribution of ImageJ, version
2.0.0) we measured the distance of the straight path between the center of each worker’s head
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and the nearest edge of the focal task item (fungus paper, brood item, or sucrose) from a screen
shot taken at the start of the video recording. The majority of focal tasks took place inside the
nest, and thus the area outside the nest (which was mostly outside of the camera frame and was
therefore difficult to precisely measure) was treated as a single location at the nest entrance. This
meant that for fungus and brood workloads, whose focal tasks took place inside the nest, the
distance from the nest entrance to the fungus paper and nearest brood item, respectively, was
assigned to workers located outside the nest. In the sucrose assay, the sucrose was outside the
nest in the foraging arena and so we used the center of the nest entrance as the “task source” for
inside workers. Any worker outside of the nest (i.e., in the foraging arena) was assigned a
distance of 0 mm from the sucrose.

Finally, we measured the change in individual worker behavior before and after workload
increases for each focal task (“directional change in proportion time in focal task”) by
subtracting the proportion of time the ant spent performing the focal task before the workload
increase from the proportion of time that ant spent performing the task after the workload
increase. We also measured absolute change (abs [ ]) in worker behavior for each focal task by
taking the absolute values of the change in proportion time in focal task for each worker,
“absolute change in proportion time in focal task”). This allowed us to assess the full magnitude
of change in worker behavior in the focal task regardless of whether the change was positive or
negative. Data for both measures of change (directional and absolute) were obtained from a total
of 60 observations (30-second time points over 30 minutes), 353 ants and five pooled colonies
unless otherwise noted.

Sucrose experiment
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(Focal tasks: Foraging and trophallaxis)
The workload for foraging and trophallaxis was increased by first removing the colonies’ sources
of sucrose immediately after the baseline behavior recordings. We withheld their sucrose for one
week, after which a new test tube of sucrose solution was provided. Immediately following the
re-introduction of the sucrose, the colony was recorded for 30 minutes.

Brood experiment
(Focal task: Brood care)
Demand for brood care was increased 48 hours following the sucrose experiment by doubling the
amount of brood each colony had. Colonies were briefly anesthetized with carbon dioxide while
the nest was opened and brood (an arbitrary mix of eggs and larvae taken from designated source
colonies otherwise not involved in the experiment) were deposited on top of the existing brood
pile. The nest was then resealed, and the colony was given approximately five minutes to revive
(when the majority of the workers were awake), after which they were recorded for 30 minutes.

Fungus experiment
(Focal tasks: Nest maintenance and grooming)
Finally, the need for nest maintenance and grooming behaviors was increased after another 48
hours by presenting the colony with a piece of paper covered with Aspergillus flavus fungal
spores (grown in acidified potato dextrose agar at room temperature and 30% humidity in a
climate-controlled room with a 16-hour cycle of fluorescent light, courtesy of Barry Pryor,
University of Arizona). The colony was once again anesthetized with carbon dioxide while the
nest was opened, and the paper was placed in the center of the nest chamber. The nest was then
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closed, the colony was given five minutes to revive, and their behavior was recorded for 30
minutes.

Worker sensilla density and response to workload change
Following the workload increase experiments, we quantified worker antennal sensilla in two of
the five colonies (188 ants total), as described in (Leitner et al., 2019). Briefly, we counted the
number of sensillum insertions (“sockets”, hereafter also referred to as “sensilla”) on the distalmost segment of the right antenna of each worker. To visualize under the light microscope,
antennae were incubated in 100% ethanol at 25° C for ten minutes and then in methyl salicylate
for sixty minutes. Antennae were then mounted onto slides using methyl salicylate, sealed under
a cover slip with nail polish and viewed under a 63x/1.25 Plan-Neofluoar oil objective using a
Zeiss Axioplan brightfield microscope. We used SPOTbasic software to capture images of the
dorsal and ventral surfaces of the distal-most segment and the GNU image manipulation program
GIMP 2.8 to count sensilla sockets within a defined area (100 μm x 50 μm) covering most of the
segment and aligned with the base of the segment on both surfaces. Ants with missing or
damaged antennae were discarded.

Statistical analyses
Data were analyzed using Kruskal-Wallis with post-hoc Dunn’s tests and linear mixed-effects
models (LME), with colony as a random variable to account for inter-colony variation (specific
models for each analysis are included in the figure captions). LME p-values were obtained using
the anova() function in base stats. For all boxplots used to illustrate data, boxes show the lower
and upper quartile, the horizontal lines within boxes show the median and whiskers and extend to
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the most extreme data point which is no more than 1.5 x interquartile range from the box. Data
beyond the whiskers were considered outliers and are depicted as such. All statistical analyses
were performed in R Studio 1.1.423, using dplyr, reshape2, vcd, ggplot2, dunn.test, lme,
multcomp, multcomView and base stats packages.

Results
A total of 353 ants from five colonies were used in the following analyses (unless otherwise
noted). Colony sizes were as follows: Colony A: n = 123 ants, Colony B: n = 67 ants, Colony C:
n = 35 ants, Colony D: n = 77 ants, Colony E: n = 51 ants.

Do colonies respond to increased task demand?
All five colonies showed similar trends in their responses to the three workload increases and we
therefore pooled the colonies. For each of the three workloads, re-allocation of colony effort
occurred in most tasks (Figure 1a-c, ESM1). After the workload increase in all three assays, for
example, there was an increase in the proportion of workers (proportional worker allocation, see
methods) walking inside and a decrease in the proportion of inactive ants. However, the focal
tasks for each assay usually showed the greatest re-allocation of colony effort compared to the
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other, non-focal tasks (Figure 1, Kruskal Wallis tests comparing the differences in proportional
worker allocation before versus after the workload increase across tasks for each workload
assay, all p-values < 0.0001, significant differences as determined by post-hoc Dunn’s tests are
indicated on Figure 1a-c).
For most focal tasks colonies showed a positive change in the proportion of allocated workers
(mean proportional worker allocation) after the respective workload increase with the exception
of allogrooming in the fungus paper experiment, in which there was a decrease in the proportion
of allocated workers relative to baseline (Figure 2, Table 2). The magnitude of this colony effort

re-allocation (proportional change in worker allocation) differed considerably across focal tasks.
The most dramatic change in worker allocation occurred for nest maintenance in the fungus
paper workload assay (Figure 2a, Table 2), in which the proportion of nest maintenance workers
after the fungus paper was added was almost 30 times greater than the baseline proportion of
workers allocated to this task. The proportion of self-grooming workers was about five times
greater after the addition of fungus paper, while the proportion of allogrooming workers
decreased on average by a factor of about 0.2. The proportion of brood care workers was about
16 times greater following the addition of brood (Figure 2b, Table 2). Finally, when sucrose was
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added (Figure 2c, Table 2), the proportion of trophallaxing ants increased on average about 4
times and the proportion of foragers increased on average by about 8 times that of the baseline

proportion of workers allocated to these tasks. Table 2 provides scaled values for the magnitude
of change in each focal task by dividing the proportional change in worker allocation for each
colony by the standard deviation of proportion of ants performing the respective task before the
workload increase and averaging these values across the colonies.

How quickly does dynamic task allocation occur?
Tasks differed in their timelines of response (Figure 3). Workers that responded at all took the
shortest amount of time to start self-grooming (fungus experiment), followed closely by brood
care (in the brood experiment). Workers took significantly longer to start performing foraging
and trophallaxis (in the sucrose experiment) and nest maintenance (in the fungus experiment) in
response to the workload increases. Allogrooming took the longest to respond to, which is
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consistent with the result that allogrooming decreased post-fungus workload (Kruskal Wallis
with post hoc Dunn’s test, letters on Figure 3 indicate p < 0.001).

What are the mechanisms of dynamic task allocation?

Colonies might respond to task demand increases by either recruiting workers from other tasks
(“new” workers) or by workers already engaged in the focal task (“original” workers) increasing
their effort. Which strategy the colony employed to re-allocate their effort was task-dependent.
All tasks used both strategies to some extent, although tasks differed significantly in whether
original or new workers performed the majority of the post-increase-workload (Figure 4, LME
model: Proportion of post-increase-workload performed ~ Task * Original/new worker, random
effect = Colony; Task: p = 0.99, Original/new workers: p = 0.58, Task x Original/new worker: p
< 0.001). New workers for the tasks of nest maintenance, brood care and foraging performed the
majority of the post-increase workload for those tasks. Original workers, on the other hand,
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performed the majority of the post-increase workloads for the tasks of allogrooming, selfgrooming and trophallaxis.

Who gets re-allocated and why?
At the individual level, workers on average increased their time spent performing the focal tasks
(with the exception of allogrooming, summarized in Table 3). As a next step we identified which
workers changed their behavior the most in the focal tasks and why. We tested between three
non-mutually exclusive hypotheses for how workers come to be re-allocated to tasks: (i) a
“foraging for work” hypothesis, in which re-allocated workers might be generalists that simply
perform the focal task because they encounter it in the nest; alternatively, workers might
somehow be specialized for responding to changing task needs, possibly by (ii) having higher
sensory sensitivity for changes in task stimuli and/or (iii) belonging to a specialized reserve pool
of otherwise unemployed workers.
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(i) Foraging for work hypothesis
We first tested the hypothesis that re-allocated workers are those that are closest to the task
source. In the fungus experiment, we found that distance from the fungus paper did not predict a
worker’s latency to respond to it by performing any of the three focal tasks (nest maintenance,
allogrooming and self-grooming, Figure 5a) nor did it predict the directional or absolute change
in worker time spent performing any of these focal tasks (directional change in the proportion of
time spent doing fungus tasks: Figure 6a, absolute change in the proportion of time spent doing
fungus tasks: ESM 3). Distance from the nearest brood item in the brood experiment, however,
predicted both time to respond by performing brood care (Figure 5b) and the magnitude of
change in brood care behavior (whether measured as directional change in proportion of time
spent in brood care: Figure 6b, or absolute change in proportion of time spent in brood care:
ESM 3). Workers nearer to brood items were both quicker to respond and were more responsive
(i.e., they increased, as well as changed overall, their brood care behavior the most). In the

137

sucrose assay, distance from the sucrose tube (located outside of the nest) predicted latency to
forage but not latency to trophallaxis (Figure 5c). Distance did not, however, predict worker
changes in time spent foraging or trophallaxis behavior (directional change in proportion of time
spent in sucrose tasks: Figure 6c, foraging p = 0.50, trophallaxis p = 0.54, absolute change in
proportion of time spent in sucrose tasks: see ESM 3). Thus, it appears that only some types of
tasks might rely on a foraging for work re-allocation mechanism.

(ii) Peripheral sensory sensitivity differences hypothesis
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Next, we tested the hypothesis that worker variation in the quantity of antennal sensory
structures (sensilla) drives worker variation in sensitivity to changes in workload stimuli and
would therefore predict the magnitude of a worker’s response to the workload increase.
However, neither directional or absolute change in proportion of time spent doing focal tasks
was predicted by sensilla density in any of the three workload assays (Directional change in
proportion of time spent doing focal tasks: Figure 7, absolute change in proportion of time spent
doing focal tasks: ESM 4) and therefore our results are not consistent with the peripheral sensory
sensitivity differences hypothesis.

(iii) Specialist reserve worker hypothesis
Lastly, we tested the hypothesis that colonies have a reserve pool of workers with the specific
role of attending to changes in workload. If this were the case, we expected that previously
unemployed workers would show the largest change in their focal behavior after the workload
increases. Workers were grouped into four different types (forager, inactive, nurse, walker, as in
Charbonneau and Dornhaus 2015) using a hierarchical clustering analysis based on their baseline
(pre-workload-increase) behavior.
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When challenged with the fungus paper, worker types differed significantly from one another in
the magnitudes of their responses (both directional and absolute) for the focal tasks of nest
maintenance and allogrooming but not self-grooming (directional change in proportion time in
focal task: Figure 8a, absolute change in proportion time in focal task: Figure 9a).Walkers and
foragers increased their time spent doing nest maintenance more than inactives and nurses (who
did not respond very dynamically to this task need), but foragers decreased their time spent
allogrooming more than any of the other worker groups (suggesting they were allocated
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elsewhere, e.g., nest maintenance), followed by walkers and nurses and then inactives (Figure
8a).

Worker types did not significantly differ in their directional response to the increased amount of
brood (Figure 8b). Interestingly, however, directional change in proportion time in brood care
for nurses widely varied and was nearly evenly split between nurses increasing and decreasing
their brood care behavior. Using the absolute change in proportion time in brood care measure
revealed that nurses and inactives changed their time spent in brood care (regardless of direction
of change) significantly more than foragers and walkers (Figure 9b). Furthermore, if not
performing brood care, nurses and inactives spent most of their time walking inside (ESM 5),
possibly to gather the recently added and often spread-out brood items for placement in the
brood pile.

Finally, when presented with sucrose, workers types differed in both directional and absolute
changes in proportion of time spent foraging (directional change in proportion time: Figure 8c
(i), absolute change in proportion time: Figure 9c (i)) and trophallaxis (directional change in
proportion time: Figure 8c (ii), absolute change in proportion time: Figure 9c (ii)). Among the
four worker types, walkers increased their foraging behavior the most, whereas foragers
increased their time spent trophallaxing the most (and decreased their time spent foraging). As
with the focal tasks in the fungus experiment, nurses and inactives performed the focal tasks of
foraging and trophallaxis significantly less than the other two worker types.

Together, these results are consistent with the hypothesis that colonies have a reserve pool of
unemployed workers for attending to task increases. Within this reserve pool, furthermore, it
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appears that there are two groups: a specialized reserve force for increases in task demand for
brood care (the inactives) and a more generalized reserve force for other tasks such as nest
maintenance, foraging and trophallaxis (the walkers).

Discussion
Here, we show that T. rugatulus colonies respond dynamically to increases in workload, but the
time scale for responding to changes in task demand varies across task types. The mechanisms
by which colonies re-allocate work effort are similarly task-dependent. In addition, colonies rely
on two reserve pools of unemployed workers, one more specialized than the other in terms of
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which task changes they attend to. It appears that the specialized reserve pool might arise from
limits to behavioral flexibility in nurses and inactives, revealing a surprising amount of constraint
in what appears to be a very dynamic system.

Colonies respond dynamically to increased task demand
Social insect colonies have to balance between the seemingly opposing goals of achieving
worker task specialization for a stable division of labor and maintaining the flexibility to respond
to changing colony needs. Understanding the mechanism by which colonies achieve this feat has
been a main goal of social insect biologists. However, it appears that one universal mechanism
might not explain how this balance is struck. Across species, for example, honey bee colonies
will replace experimentally removed foragers by accelerating the development of young nurses
(Robinson, 1992), whereas Pogonomyrmex harvester ants will not replace foragers at all
(Kwapich & Tschinkel, 2013; 2015). Even within the same species there appears to be
considerable variation in dynamic task allocation across tasks. In honey bees, normal foraging
rates are restored within one week after experimental forager removal (Johnson, 2005), whereas
normal rates of undertaking are not restored (at least on a timescale of weeks) when undertakers
are removed ( Robinson, Page Jr, 1995). Understanding dynamic task allocation in a complex
system, therefore, requires understanding how its underlying mechanisms differ across species
(with different levels of social complexity) and tasks.

Here, we show that Temnothorax rugatulus ants achieve dynamic task allocation across a variety
of tasks. The fact that T. rugatulus are able to reallocate on fairly short timescales (< 1 h) makes
sense in light of the fact that these workers are generally thought to be only weak specialists
(Pinter-Wollman, Hubler, Holley, Franks, & Dornhaus, 2012). In particular, T. rugatulus
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workers tend to remain in particular tasks largely to avoid task-switching costs (Leighton,
Charbonneau, & Dornhaus, 2016) and not because they are uniquely qualified only for particular
tasks (Dornhaus, 2008). Rather, having the flexibility to reallocate workers when colony needs
change might be more adaptive for this species.

We observed differences, however, in how much colony effort was re-allocated for different
tasks. When provided with sucrose after having been starved of it for a week, colonies increased
their trophallaxis workforce an average of only four-fold, while a piece of paper covered in
fungal spores incited colonies to increase their nest maintenance workforce by an average of 30fold. Possibly, differences across tasks in colony re-allocation effort is a consequence of how
common the tasks are (Johnson, 2002; Visscher, 1983). Nest maintenance, for example, is a
relatively rare task, to which an average of only 0.2% of the workforce was allocated in baseline
(before workload increase) conditions. Thus, when fungus paper was added nest maintenance
workers increased dramatically (to 4.6% of the workforce). Self-grooming, in contrast, is a
relatively common task, performed by an average of 5.3% of the workforce in baseline
conditions. Though the workforce increased to 17.4% after the fungus paper was introduced, this
increase was less drastic because so many workers were self-grooming in the first place.

Some task increases were also attended to more quickly than others. This might be a result of the
spatial positioning of the task source in the nest. Accordingly, we found that for the tasks of
brood care and foraging, workers closer to the task source responded more quickly. Yet, this was
not the case for any of the other focal tasks (nest maintenance, grooming, trophallaxis). This
would suggest that either these tasks require specialized workers that were not spatially close to
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the task source, or that these tasks are comparatively low priority; which of these is the case may
depend on the task. The role of specialized workers is considered later in the discussion.

The mechanisms dynamic task allocation are task-dependent
Colonies can match increases in task demand by either recruiting new workers to the task or by
workers already active in the task increasing their effort. We found that T. rugatulus use a mix
of both new recruits and original workers for attending to changes in work demand, which
appears to be common in the social insects (O’Donnell, 1998; Wilson, 1984). The extent to
which T. rugatulus ants used each strategy, however, varied by task.

Among those workers that were newly recruited to a task, the mechanisms by which they were
re-allocated also appear to be task-specific. We tested three (non-mutually exclusive) hypotheses
for who gets re-allocated to which tasks and why. The first hypothesis we tested was based on
the idea of “foraging for work” (Franks & Tofts, 1994), which predicts that workers closest to a
particular task source (fungus paper, brood item, or sucrose) will have the highest response to
changes in demand for that task. Empirical support for foraging for work is mixed. In Bombus
impatiens bumblebees and Temnothorax albipennis ants, for example, the spatial location of
workers inside the nest did not predict whether they responded to workload manipulations
(Robinson, Feinerman, & Franks, 2009). However, evidence of foraging for work in other
species suggests that it might underlie dynamic task allocation in some social insects. For
example, a foraging for work mechanism at least partially explained worker behavior in
Camponotus floridanus (Tripet & Nonacs, 2004) and Leptothorax (now Temnothorax)
unifasciatus (Sendova-Franks & Franks, 1995) ants.
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Our results were consistent with a foraging for work hypothesis for the task of brood care but
none of the other tasks, offering more evidence for task-specific worker re-allocation
mechanisms. In the case of brood care, workers closer to a brood item responded sooner to the
increased demand for brood care and also increased their brood care behavior more than those
farther from a brood item. In the sucrose experiment, workers that were closest to the sucrose
were the quickest to respond; however, their proximity did not predict the magnitude of their
response. In fact, workers closer to sucrose tended to decrease the time they spent foraging. For
all other focal tasks, worker distance from the task source did not predict either their latency to
respond or magnitude of response to the increased workload.

The second task re-allocation hypothesis we tested predicted that worker variation in the
peripheral sensory organs is associated with sensitivity to changes in workload stimuli. Worker
differences in sensitivity to the rate of stimulus change has been demonstrated in bumble bees
(Westhus, Kleineidam, Roces, & Weidenmüller, 2013). One potential mechanism for sensitivity
differences is worker variation in the quantity or quality of the peripheral sensory organs, for
example, the antennal sensilla. In fact, considerable variation in antennal sensilla density has
been reported among T. rugatulus workers (Ramirez-Esquivel, Leitner, Zeil, & Narendra, 2017,
Leitner et al., 2019); However, we find that worker sensilla variation is not related to their
responses to changes in task demand. Our results are therefore not consistent with the peripheral
sensory organ hypothesis, suggesting that variation in these sensory organs might either not
affect sensory sensitivity to changing stimuli, or re-allocation is not driven by changing stimulus
levels (at least that can be directly detected by antennae).
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Finally, we tested the hypothesis that new recruits come from a specialized pool of reserve
workers. Surprisingly, our results revealed two different pools of reserve workers: inactive
workers and walkers. Inactive workers appeared to be a more specialized reserve force,
responding only to changes in demand for brood care but staying fairly inactive for all other
focal tasks. On the other hand, the walkers acted as a more generalized reserve, increasing their
behavior the most and showing the greatest response overall, in most of the other focal tasks
(foraging, nest maintenance and allogrooming, though it was a decrease in behavior in the latter
case). Our results are consistent with previous findings in this species, in which walkers and
inactives became the two most active groups after previously active workers were removed from
the colony (Charbonneau, Sasaki, & Dornhaus, 2017b). We found that foragers, too, were highly
responsive to most tasks (with the exception of brood care); however, we did not consider them
to be a reserve worker pool because they are already employed and two of the six focal tasks
were foraging-related, in which case they were simply performing their job. Moreover, walkers
performed more focal tasks across the three workload experiments than the foragers (or any other
group, ESM 6).

Our results are also consistent with other studies showing that new worker recruitment might
depend on whether a task is generalized or requires a physiological specialization (Johnson,
2003; Robinson et al., 2009). Johnson (2003) for example, looked at two types of honeybee
workers to determine that inducing heat stress elicited thermoregulatory fanning (a physiologyindependent task) by both nurses and food processors, while experimentally increasing nectar
influx, elicited a response (which requires a physiological specialization) from only food
processors.
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In the case of T. rugatulus ants, perhaps the two types of reserve workers are similarly
differentiated in physiology. Possibly, the more specialized inactive workers possess some
physiological, possibly age-related property that constrains their task repertoire to only brood
care. We base this idea on our finding that nurses and inactives were conspicuously unresponsive
to any other workload increase besides brood care. Such limited behavioral flexibility suggests
the possibility that these worker types are young or naïve. This would be consistent with a
temporal pattern of polyethism and agrees with previous findings that younger workers perform
brood care and are less flexible than foragers (Kohlmeier et al., 2018; Tripet & Nonacs, 2004,
and also Gordon 1989 for other types of tasks). If Temnothorax undergo a temporal polyethism,
then our results might suggest that workers can roughly be divided up into two groups: younger
nurses and inactives versus older walkers and foragers. This progression would mirror the
general trend of honey bees and other social hymenoptera, which begin as nurses, then become
middle-aged workers performing nest maintenance tasks, and finally foragers (Seeley, 2014;
Wilson, 1971; Winston, 1991).

In sum, our results show that colonies of T. rugatulus ants are highly responsive to a variety of
different types of colony perturbation, but the time scales of colony effort re-allocation differ
across tasks, with nest maintenance and foraging related tasks taking longer to respond to than
brood care and self-grooming. Colonies achieved their flexibility using more than one strategy
(recruiting new workers and increasing worker effort) and which strategy they relied on more
was task-dependent. Re-allocated workers were recruited from two pools of otherwise
unemployed workers: a more generalized group of walkers (responding to changes in demand for
nest maintenance and foraging-related tasks) and the more specialized inactives (responding to
changes in demand for brood care). Among the specialized inactive reserves, workers that
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spatially encountered an extra brood item responded to it (foraging for work). Finally, inactives
and nurses appeared to have limited behavioral flexibility which might constrain colony-level
dynamic task allocation for more advanced tasks, such as nest maintenance and foraging.
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ESM 2 Summary of the mean proportions of time workers spent performing focal tasks per colony (out of 60
observations) before and after the workload increases, as well as the mean magnitude of change in worker time
spent performing each focal task (as both absolute change in proportion time in focal task and directional change in
proportion time in focal task). Also, a column indicating the direction of change: up arrow indicates a mean
increase in the proportion of time spent in the focal task and down arrow indicates a decrease in the proportion of
time spent in the focal task
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ESM 6 Boxplot showing the number of focal tasks performed by each worker type across the
three workload assays. Kruskal-Wallis p = 0.004. Letters on figure indicate significant results of
a post hoc Dunn’s test with Bonferroni adjust alpha = 0.01. Boxes show the lower and upper
quartile, the horizontal lines within boxes show the median and whiskers and the extend to the
most extreme data point
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