
lable at ScienceDirect

Animal Behaviour 203 (2023) 183e192
Contents lists avai
Animal Behaviour

journal homepage: www.elsevier .com/locate/anbehav
Social interactions differ in their impact on foraging decisions

Julie S. Miller, Noa Pinter-Wollman*

Department of Ecology and Evolutionary Biology, University of California, Los Angeles, CA, U.S.A.
a r t i c l e i n f o

Article history:
Received 15 December 2022
Initial acceptance 1 May 2023
Final acceptance 6 June 2023

MS. number: A22-00585R

Keywords:
collective behaviour
decision making
foraging
interaction type
social interaction
* Corresponding author.
E-mail address: nmpinter@ucla.edu (N. Pinter-Wo

https://doi.org/10.1016/j.anbehav.2023.07.008
0003-3472/© 2023 The Authors. Published by Elsevier
ND license (http://creativecommons.org/licenses/by-n
Animals rely on both personal and social information when making decisions. To acquire social infor-
mation, animals interact with other individuals. However, not all interactions are the same. The type of
interaction (e.g. affiliative or agonistic) and the state of the individual one interacts with may impact the
information provided. Here we asked whether the decisions of ants to forage are determined by indi-
vidual or social information and whether the type of social interaction experienced impacts these de-
cisions. We found that foragers of the Argentine ant, Linepithema humile, relied predominantly on local
interactions of particular types when deciding whether or not to continue foraging. Specifically, the time
a forager spent in the nest was affected by the proportion of trophallactic interactions it experienced but
not by other types of interactions. Furthermore, latency to leave the nest was only affected by the
proportion of trophallactic interactions with hungry ants and not by other interactions or by personal
information. Finally, global colony hunger level did not affect a forager's decision to continue foraging.
Thus, the type of interaction and the state of the individual one interacts with impact decision making.
Therefore, when examining the emergence of collective outcomes from local interactions, it is important
to consider the nature of these interactions and not only their rate or quantity.

© 2023 The Authors. Published by Elsevier Ltd on behalf of The Association for the Study of Animal
Behaviour. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Animals constantly use information to make decisions, such as
when and where to forage or find shelter and with whom to mate.
To make an accurate decision, animals use information that can be
acquired from personal experience (personal information) or based
on social interactions with other individuals (social information)
(Wagner & Danchin, 2010). Acquiring personal information can be
beneficial if social information is not reliable (Kendal et al., 2005),
but it can also be costly because of the time it takes to acquire and
the potential associated threats (Smit & van Oers, 2019; Webster &
Laland, 2008). Social interactions can be an efficient way to gain
information (Bonnie& Earley, 2007), but the informationmight not
be reliable because, for example, the individuals providing infor-
mation might differ in the accuracy of information they possess
(Aguinaga et al., 2021; Danchin et al., 2004; Giraldeau et al., 2002;
Heinen & Stephens, 2016).

The nature of social interactions determines future actions.
When animals interact, they gain information, for example about
the location (Harel et al., 2017) and quality (Coolen et al., 2005) of
food, social status (Hobson et al., 2021) and presence of predators
(McRae, 2020). Based on such social information, animals often
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change their behaviour (Battesti et al., 2012). Different types of
interactions provide different information, for example, an
agonistic encounter may provide information about social status
(Hobson et al., 2021), while a grooming interaction might provide
information about the parasite load of groupmates (Akinyi et al.,
2013; Duboscq et al., 2016). Therefore, the response of an individ-
ual to each type of interaction will depend on the nature of the
interaction, for example, flee from a fight or follow an informed
individual to food. Furthermore, with whom one interacts can in-
fluence the type of information received. Individuals differ in their
experience, age, physiological state, and so forth, and these differ-
ences may affect the type of information they convey when inter-
acting. For example, juveniles provide less accurate information
about predation threat than adults, because of differences between
juveniles and adults in life experience (Ramakrishnan & Coss,
2000; Seyfarth & Cheney, 1986). Thus, the response of animals to
social information from different individuals may depend on who
the information comes from and how reliable it is (Blumstein &
Daniel, 2004; Hare & Atkins, 2001).

Social insects live in colonies that operate as collective units and,
therefore, they rely heavily on social interactions for gaining in-
formation. The collective behaviour of social insects emerges from
social interactions (Gordon, 2010; Seeley, 1995). Each individual
responds to local interactions, without information about the
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global state of the colony. Interaction rates regulate collective be-
haviours such as foraging (Cook et al., 2020; Pinter-Wollman et al.,
2013) and deciding where to nest (Seeley, 2010). Despite the
importance of social interactions for colony function, there has
been little research on how a single species uses different types of
interactions to provide different types of information. Social insects
engage in different types of interactions, such as food sharing,
antennation, aggression, and so forth, and each of these in-
teractions provides different information. Sometimes, only the
combination of multiple types of interactions can uncover impor-
tant social information (Gadagkar et al., 2022; Sharma et al., 2022).

An important collective behaviour that ant colonies engage in,
and that requires gathering information to reach important de-
cisions, is collective foraging. Certain individuals in a colony act as
foragers that leave the nest to collect food, while others remain in
the nest to perform other tasks, such as care for the queen and
brood (Gordon, 1989, 1996). How a forager decides whether or not
to forage (i.e. whether the colony is hungry) has been the topic of
much research. Foragers often rely on interactions with nestmates
(Gordon, 2010), the presence of larvae (Ulrich et al., 2016), their
own crop load (Howard & Tschinkel, 1980; Wallis, 1964) and the
waiting time between arriving at the nest and offloading their
food (Seeley, 1989) to determine whether foraging is required.
Harvester ants use the rate at which they encounter successful
foragers (ants carrying seeds) to determine whether to continue
foraging (Greene et al., 2013; Pinter-Wollman et al., 2013). In
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Figure 1. Imaging ants' food content. A colony (workers and queen) in their nest (a) befo
chamber with the queen showing the fluorescently labelled food in the ants' abdomens. (d) C
between the two workers. (e) Tracking trophallaxis events (black tick marks) of returnin
percentage of the colony that contained food (green line) over time (frames). Percentage o
fluorescence in a frame) in relation to the amount of food in the colony at the end of the e
carpenter and Formica ants, foraging decisions are regulated by the
crop load of foragers and the rate at which foragers unload their
crops (Greenwald et al., 2018; Wallis, 1964). Argentine ants can
regulate the nutrients on which they forage based on colony need
(Csata et al., 2020), even in high-risk environments (Barbee &
Pinter-Wollman, 2022).

While past work on ant foraging decisions has focused on the
role of the odour (Greene et al., 2013) or nutritional value (Csata
et al., 2020) of food in foraging decisions, here we focus on the
type of interactions and information (personal or social) that for-
agers use to determine the hunger of a colony. Furthermore, we
expand past examinations of the impact of interaction rate on
foraging decisions to include interaction rates of multiple types of
interactions. Specifically, we hypothesized that the type of social
interaction (antennation, mouth-to-mouth, trophallaxis), the state
of the ant encountered (satiated or hungry) and individual infor-
mation (time spent regurgitating) play different roles in deter-
mining the decision of a forager to continue foraging and bring
more food to the colony.

METHODS

Colony Collection and Maintenance

We collected eight groups of Argentine ant (Linepithema humile)
workers and queens from the UCLA Botanical Gardens and from the
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sidewalk outside Temescal Canyon State Park, Los Angeles. To
ensure groups contained amixture of individuals from different age
and tasks groups, we collected ants from foraging trails and from
the nest interior by flooding the nest entrance and aspirating the
escaping individuals. Immediately following collection, we placed
the eight groups, each containing 200 workers, approximately 50
brood and one queen, in plastic boxes (20 � 9.7 � 9.8 cm). The
walls of the plastic boxes were coated with Fluon to prevent ants
from escaping. Each box contained a nest made of Plexiglas that had
a 3 � 3 grid of interconnected circular chambers (2.7 cm diame-
ter� 2 mm high), with a single entryway (2 � 4 mm) from the
upper middle chamber (Fig. 1a, b). The floor of the nest was filled
with moistened plaster and the nest was wrapped in foil to main-
tain a dark interior. Following introduction into the box, the ants
moved themselves into the nest. To provide a constant water
source, we placed a vial filled with water and plugged with a cotton
ball to allow the water to wick through the cotton but not spill. We
stored the colonies in an incubator with constant temperature
(25 �C) and humidity (50%) with a 14:10 h light:dark cycle. Before
we began observations of foraging behaviour, we starved colonies
for 14 days but provided water ad libitum to ensure that colonies
were not dehydrated. This starvation duration represents the lower
bounds used in similar experiments (2e3 weeks: Baltiansky et al.,
2021; 3e5 weeks: Greenwald et al., 2018; 2e8 weeks: Greenwald
et al., 2015) and in other starvation experiments in ants (e.g. 20
days: Kwapich & Tschinkel, 2015; 14 days: Shaffer et al., 2013) but
slightly longer than is typically used to motivate foraging in other
L. humile studies (~5 days: Csata et al., 2020; Poissonnier et al.,
2019; Reid et al., 2011). We chose to extend this species-typical
period of starvation to minimize the quantity of lingering sugar
solution in the crops of the ants because it would have been
invisible to our fluorescence-based detection system and might
have influenced our results (detailed below). At the end of starva-
tion, all brood had been cannibalized or died, so at the time of the
experiment, colonies lacked brood.

Recording Colony Behaviour

To determine which ants were fed and to track food exchange,
we fed the starved colonies with sugar water that was fluo-
rescently dyed and videorecorded the ants' activity inside the
nest during feeding. Twenty minutes before introducing the food
and starting the recording, we removed the foil from the nest to
allow the colonies to acclimate to the lighting. We introduced
food to the starved colony by replacing the water vile with a glass
vial containing 1 ml of 1 M sucrose solution with 5 mg of fluo-
rescein (FITC-F1300, Invitrogen, ThermoFisher Scientific, Wal-
tham, MA, U.S.A.; absorption 490 nm/emission 514 nm). We
began filming the colony inside the nest within 1 min of intro-
ducing the food. All filming was performed through the clear lid
of the box to prevent ants' escape and avoid changes to the
within-nest airflow. We used Royal Blue Luxeon Rebel Color LED
lights (peak wavelength ¼ 447.5 nm; Luxeon Star LEDs, Randolph,
VT, U.S.A.) to illuminate the nest during recording and to excite
the FITC in the food. We filmed the nest from above with a CMOS
colour camera (FLIR Chameleon3 3.2 MP Color USB3 Vision, Sony
IMX265) fitted with a Tamron lens (M118FM08, 8 mm, 1/1.8 inch)
and a 540 nm Semrock filter to capture the FITC emission. The
nest was recorded at 10 frames/s for 20 min using the ‘Micro-
Manager’ image capture software (Edelstein et al., 2014). The
camera did not capture the activity outside the nest (i.e. at the
food source), however, the food content of ants returning to the
nest was visible through their abdomens (Fig. 1bed) so we could
infer that they visited the food.
Forager Behaviours

We manually tracked the behaviour of every forager returning
to the nest with food using a custom MATLAB (Mathworks Inc.,
Natick, MA, U.S.A.) script. The script allowed observers to record
the time and location of behaviours by placing the computer
mouse cursor on the location of a behaviour in a frame on the
computer screen and clicking a particular letter coded for each
behaviour. The behaviours recorded for each focal forager allowed
us to determine how long it spent in the nest before it decided to
continue foraging and the amount of personal and social infor-
mation it obtained while in the nest. To determine the time a
forager remained inside the nest, we recorded the frame at which a
forager (1) entered and (2) exited the nest. To determine the
‘personal information’ that a forager obtained (i.e. information
based on its own experience without interacting with any nest-
mates), we recorded the start and end of food regurgitation. We
defined food regurgitation as a forager standing still with food
visibly resting in its mandibles but with no recipients present.
Foragers do not interact with any other individuals during regur-
gitation; they remain stationary and display their food, presumably
waiting for it to be unloaded. To determine the ‘social information’
that a forager obtained (i.e. information based on interactions with
nestmates), we recorded three types of interactions: (1) anten-
nation, defined as one of the ants orienting towards the other and
tapping that ant at least once with its antenna; (2) the start and
end of trophallaxis, defined as the exchange of liquid food between
two individuals that lasted at least 0.5 s (Fig. 1d); (3) brief mouth-
to-mouth contact, defined as two ants contacting each other using
their mandibles for less than 0.5 s and not exchanging food. For
each interaction, observers noted whether or not the abdomen of
the nonfocal ant was fluorescent to determine whether the forager
interacted with a hungry (no fluorescence) or fed (fluorescent)
nestmate. All behaviours were recorded for each forager's entire
duration inside the nest. Because ants were not individually
marked and the food outside the nest was not filmed, a forager that
left the nest and returned was considered a new individual.
However, because we set out to ask what underlies a decision to
continue foraging after a forager returns to the nest, our unit of
analysis was a return trip, rather than a particular forager. Thus, our
inability to distinguish among foragers did not affect our ability to
examine foragers' decisions after they returned to the nest with
food. Because the behavioural record of late-returning foragers was
censored (i.e. the video recording stopped before the forager left
the nest), we only tracked foragers returning up until the rate of
food increase began to slow (Fig. 1e) or until 1500 frames before
the end of the video, whichever came first.

Forager Decisions

To quantify the decisions of foragers to continue foraging after
visiting the nest, we used two variables: ‘time spent in the nest’ and
‘latency to leave nest after the last interaction’. Time spent in the
nest was the number of frames from the first frame we began
tracking the forager inside the nest to the last frame the forager was
tracked. Latency to leave the nest after the last interaction was
quantified as the number of frames that elapsed between the last
time a forager had any interaction (of any type) with another ant
until it left the nest. For foragers that did not leave the nest, we used
the end of the movie as the end point. In 147 cases of the 1412
returns of foragers that we tracked, the forager did not interact with
any other ants while in the nest before it left or before the video
ended. These 147 cases were not included in the analysis of the
latency to leave the nest after the last interaction.
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Data Analysis

To determine whether the decision of a forager to continue
foraging was affected by different types of social interactions, the
state of the ant encountered or individual information, we used
generalized linear mixed models (GLMM). The response variable
was either time spent in the nest or latency to leave the nest after
the last interaction. To examine the relationship of these response
variables with the absolute number of social interactions, we per-
formed two statistical models (one for each response variable) in
which the independent variables (fixed effects) in both models
included the number of trophallaxis, antennation or mouth-to-
mouth interactions with a fed or hungry individual. In addition,
we included the number of regurgitation events as a fixed effect in
the models as a proxy for individual information. We further
included the time at which the ant entered the nest as a fixed effect
to account for colony satiation, which increased over time (Fig. 1e).
Finally, we included colony identity (ID) as a random effect to ac-
count for potential variation among colonies.

We further examined the effect of the proportion of different
interactions on time spent in the nest or latency to leave the nest
after the last interaction because ants might not rely on the abso-
lute number of interactions but rather on the relative number of
each type of interaction they experience. We summed all interac-
tion types (trophallaxis, antennation, mouth-to-mouth with fed
and hungry ants) for each tracked forager and divided the number
of interactions of each type by this sum to get the proportion of
each interaction type relative to all the interactions that each
forager experienced. We then ran two GLMMs with either time
spent in the nest or latency to leave the nest after the last inter-
action as the response variable and the proportion of trophallaxis,
antennation or mouth-to-mouth interactions with a fed or hungry
individuals as well as the number of regurgitation events and the
time at which the forager entered the nest as fixed effects. We
included colony ID as a random effect in the model.

We ran the GLMMs in R (R Core, 2014) using the ‘glmer()’
function in the ‘lme4’ package (Bates et al., 2015) and used the
‘Anova()’ function from the ‘car’ package (Fox & Weisberg, 2019) to
determine the confidence of our estimates using an analysis of
deviance. All data and analysis code can be found in the Supple-
mentary material.

Ethical Note

This work was conducted in accordance with the ASAB/ABS
Guidelines for the use of animals in research. Ants are in-
vertebrates and do not require special institutional permissions for
experimentation. We handled ants with extreme care. We used an
aspirator to collect the ants to minimize ant mortality during
collection. No invasive methods were used during the experi-
ments, which involved videorecording ants’ behaviour. Ants were
starved before the experiments to motivate foraging behaviour.
Table 1
Statistical output for the GLMM of a forager's time spent in the nest as a function of the

Fixed effect Estimate

Proportion of trophallaxis with fed 1791
Proportion of trophallaxis with hungry 1361
Proportion of mouth-to-mouth with fed 231
Proportion of mouth-to-mouth with hungry 240
Proportion of antennate with fed 199
Regurgitate 386
Time to enter nest 0.016

Interactions were included as proportions in this model, so the last interaction (proportio
redundant information. Significant outcomes are shown in bold.
We followed similar protocols to those used in other studies (see
above). Specifically, the starvation period in our experiment was
chosen to prevent any queen mortality or above-average mortality
of adult workers while providing a sufficiently robust experi-
mental effect while minimizing the number of colonies needed in
the study. After the experiments, we kept the ants in the labora-
tory and provided them with food ad libitum until they died
naturally.

RESULTS

We tracked 1412 forager returns to the nest across eight col-
onies. Most types of interactions positively corresponded to the
time a forager spent in the nest, but the number of interactions
with hungry individuals was a better predictor of a forager's latency
to leave the nest after its last interaction than were other in-
teractions. Interestingly, forager decisions were most impacted by
the proportion of trophallaxis interactions they experienced rather
than the proportion of other types of interactions.

As expected, the number of interactions of all types, except for
antennations with hungry ants, increased with the amount of time
a forager spent in the nest (Appendix, Table A1, Fig. A1). However,
the amount of time a returning forager spent inside the nest was
positively related to the proportion of its trophallaxis interactions
relative to all other interactions but not to the proportion of other
interaction types (Table 1, Fig. 2). Furthermore, personal informa-
tion (regurgitation) played an important role in determining a
forager's duration in the nest, with duration in the nest increasing
with the number of regurgitation events (Table 1, Fig. 3a). When
considering the effect of the proportion of interactions on a for-
ager's time spent in the nest, we did not detect a significant effect of
the time at which a forager returned to the nest, a proxy for colony
satiation (Table 1). However, when considering the absolute num-
ber of interactions, there was a very small positive but significant
effect of the time at which a forager returned to the nest on a for-
ager's duration in the nest (Appendix, Table A1, Fig. A2a). The
random effect colony ID explained only 4.6% of the variance in the
statistical model of interaction proportions and 8% in the model of
absolute number of interactions.

A forager's latency to leave the nest after its last interaction was
positively affected by the proportion of trophallaxis interactions it
had with hungry ants (Table 2, Fig. 4) and by the absolute number
of trophallaxis interactions it had with fed or hungry ants (Table 3,
Appendix, Fig. A3). The number of regurgitations, a proxy for in-
dividual information, did not predict a forager's latency to leave
the nest after its last interaction, regardless of whether we
considered the proportion of interactions (Table 2) or the absolute
number of interactions (Table 3, Fig. 3b). Similarly, the time at
which a forager entered the nest, a proxy for colony satiation, did
not affect a forager's latency to leave the nest after its last inter-
action. The random effect colony ID explained only 1% of the
variance in the statistical model that considered the absolute
proportion of interactions

SE t c2 P

238 7.52 56.47 <0.0001
197 1.07 49.93 <0.0001
237 0.98 0.96 0.328
317 0.76 0.58 0.447
171 1.17 1.36 0.243
178 21.67 469.76 <0.0001
0.02 0.78 0.6 0.438

n of antennate with hungry) could not be included in the model because it provided
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number of interactions and 3% in the model that considered the
proportion of interactions.

DISCUSSION

We found that a forager's decision to leave the nest and continue
foraging depended on the type of interactions it experienced and
who it encountered (fed or hungry ants) but not on its personal
information or the colony's state. Interactions differed in the in-
formation they provided foragers about colony needs. As foragers
spentmore time in the nest, they hadmore interactions of all types;
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designations as in Fig. 2; dashed lines show nonsignificant relationships based on the GLM
however, only the proportion of trophallaxis interactions was
positively related to the amount of time a forager spent in the nest.
The latency to depart from the nest and continue foraging was
related to the number of interactions a forager had with fed ants
and the proportion of trophallaxis events they had with hungry
ants, but not to the proportion of other types of interactions they
experienced. Interestingly, neither personal information nor colony
satiation predicted a forager's latency to leave the nest and
continue foraging.

When examining the proportion of interactions of each type,
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Table 2
Statistical output for the GLMM of a forager's latency to leave the nest after its last interaction as a function of the proportion of interactions

Fixed effect Estimate SE t c2 P

Proportion of trophallaxis with fed 99.59 63.22 1.58 2.48 0.115
Proportion of trophallaxis with hungry 150.42 51.62 2.91 8.49 0.004
Proportion of mouth-to-mouth with fed 74.6 63.18 1.18 1.39 0.238
Proportion of mouth-to-mouth with hungry 21.52 84.98 0.25 0.06 0.8
Proportion of antennate with fed �23.23 45.46 �0.51 0.26 0.61
Regurgitate 3.18 7.78 0.67 0.44 0.504
Time to enter nest 0.005 0.005 0.99 0.97 0.325

Interactions were included as proportions in this model, so the last interaction (proportion of antennate with hungry) could not be included in the model because it provided
redundant information. Significant outcomes are shown in bold.

J. S. Miller, N. Pinter-Wollman / Animal Behaviour 203 (2023) 183e192188
time a forager spent in the nest, even though, as one might expect,
the more time a forager spent in the nest, the more interactions it
experienced overall. This finding highlights the importance of
examining trophallaxis interactions within the context of other
interactions that a forager experiences. The foragers in our study
were returning with liquid food in their crops that needed to be
offloaded to other ants, through trophallaxis, before a forager could
leave the nest to continue foraging, similar to other ants
(Greenwald et al., 2015; Wallis, 1964). The time required to offload
food depends on the space that receiving ants have in their crop to
uptake food from foragers. Hungry ants have an empty crop, which
allows them to receivemore food from a forager compared to partly
full crops of fed ants. It appears that the amount of time a returning
forager spends in the nest is determined by the time it takes to
offload its food through trophallaxis, similar to honey bees (Seeley,
1989). When a forager returns to a fed colony, it may experience
many short trophallaxis interactions because each interaction will
offload only a small amount of the food in its crop. This may explain
the positive relationship between the time an ant spends in the
nest and the proportion of trophallaxis interactions with fed ants,
because the more fed ants there are, the more ants a forager needs
to find to offload its food. When a forager returns to a hungry
colony, it will empty its crop quickly via few trophallaxis in-
teractions with hungry ants that each offload a large amount of
food. Sometimes, when the colony is hungry, a forager may offload
its food to multiple hungry ants simultaneously (Howard &
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Figure 4. Predictors of a forager's latency to leave the nest after its last interaction. The num
ant until leaving the nest (latency to leave nest after the last interaction) as a function of th
lines and shadow designations as in Fig. 2; dashed lines show nonsignificant relationships
Tschinkel, 1980; Wallis, 1964; J. S. Miller & N. Pinter-Wollman,
personal observations). Therefore, few trophallaxis interactions
with hungry ants are required to quickly offload the foragers' food,
explaining the positive relationship between the time a forager
spends in the nest and the proportion of trophallaxis interactions it
has with hungry ants. The explanation above assumes awell-mixed
population in which a forager is equally likely to interact with any
worker in the nest. Recent work suggests that how deep a forager
moves into the nest might influence its decision to continue
foraging (Baltiansky et al., 2023). Future work could examine
whether the location of fed and hungry ants in the nest changes as
the colony becomes satiated and affects forager interactions and
decisions. Finally, we expect that the presence of larvae would
change the impact of trophallaxis interactions with workers on
forager decisions, because larvae are important recipients of liquid
food and their food consumption is regulated by the rate of
trophallaxis between foragers and larvae (Cassill & Tschinkel,
1996).

Regurgitation behaviour also corresponded to the amount of
time a forager spent in the nest. We defined regurgitation as a
forager bringing up food from its crop and holding it in its man-
dibles while not interacting, because nestmates were not nearby.
By regurgitating, the forager is potentially anticipating a trophal-
laxis partner. Thus, if other ants do not approach to take the food
(e.g. because they are not hungry), then a forager will have more
instances of regurgitation and it will therefore stay in the nest for
0
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Table 3
Statistical output for the GLMM of a forager's latency to leave the nest after its last
interaction as a function of the absolute number of interactions

Fixed effect Estimate SE t c2 P

Trophallaxis with fed 10.84 2.98 3.63 13.16 0.0003
Trophallaxis with hungry 7.78 2.3 3.38 11.44 0.0007
Mouth-to-mouth with fed 31.48 4.81 6.54 42.73 <0.0001
Mouth-to-mouth with hungry �5.88 6.43 �0.91 0.84 0.36
Antennate with fed �3.91 0.92 �4.26 18.12 <0.0001
Antennate with hungry �1.83 2.26 �0.82 0.67 0.41
Regurgitate �2.8 5.23 �0.54 0.29 0.59
Time to enter nest 0.01 0.01 1.35 1.83 0.17

Significant outcomes are shown in bold.
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longer, thereby reducing its foraging rate. These findings are similar
to those of Seeley (1989), who found that honey bee foragers use
the time they wait to offload their food to decide whether or not to
continue foraging. Furthermore, our findings are consistent with
those of Greenwald et al. (2018), who showed that a forager's de-
cision to forage is based on the amount of food it has in its crop.
However, the global state of the colony does not affect foraging
decisions. In our study, the satiation of the colony was not a reliable
predictor of the time a forager spent in the nest. One might expect
that the hungrier the colony is (i.e. the earlier a forager returns to
the nest), the shorter the forager visits will be, so it can continue to
bring food to the colony. However, it appears that foragers do not
have knowledge about the global state of the colony and the time
they spend inside the nest is predominantly related to their local
interactions rather than to the global state of the colony.

A forager's latency to leave the nest and continue foraging after
its last interaction was best predicted by its interactions with fed
ants and the proportion of trophallaxis interactions it had with
hungry ants. Themore interactions a returning forager hadwith fed
ants, the longer it took to leave the nest. It is possible that a larger
number of interactions with fed ants was an indicator that the
colony was satiated, and foraging was not required, thus increasing
the forager's latency to leave the nest. Future work might examine
forager decisions when a colony is fully satiated, i.e. beyond the
duration of our experiments that concluded once most ants in the
colony were fed. For example, foragers in satiated colonies might
stay in the nest and not leave it until food is consumed, or they
might leave the nest without offloading all their food. Surprisingly,
as the proportion of trophallaxis interactions with hungry ants
increased, it took the forager longer to leave the nest. One might
expect that as the proportion of forager's interactions with hungry
ants increases, the forager will perceive greater colony hunger and
leave the nest sooner to continue foraging and bring more food
back to the nest. However, because liquid food takes time to
transfer from the full forager to the hungry ants (Wallis, 1964), the
greater the proportion of interactions a forager has with hungry
ants, the longer it might take to offload the food and leave the nest
from the onset of an interaction. Because we quantified a forager's
latency to leave the nest as the time that elapsed from the start of
its last interaction until leaving the nest, it is possible that, if a
forager's last interactionwas trophallaxis with a hungry ant (as it is
likely to be if the proportion of trophallaxis events with hungry ants
is high), then the time that the forager took to offload food led to
longer trophallaxis interactions and therefore longer latencies to
leave the nest, compared to other interactions, which were shorter.
Interestingly, neither individual information (regurgitation), nor
colony satiation predicted a forager's latency to leave the nest.

Our findings suggest that foragers rely predominantly on local
andparticular social interactions to obtain information about colony
hunger level, rather than on personal or global information. Thus,
social information, gained from a particular type of interactions,
trophallaxis, is more important than personal information for a
forager when deciding whether or not to continue foraging. While
past work on social insects and other biological systems (Sumpter,
2010) has uncovered the importance of local interactions for the
emergence of collective outcomes, we highlight that not all in-
teractions provide the same type of information. Some interaction
types, like trophallaxis in this study, along with the state of the in-
dividuals one interactswith, like being hungryas found in thiswork,
have a greater impact on decision making than other types of in-
teractions, such as antennation or interactions with fed individuals.
Thus, it is important to consider the nature of local interactions, and
not only their rate or quantity, when studying emergent collective
outcomes.

Author Contributions

J. S. Miller designed the study, collected and curated all the data.
N. Pinter-Wollman analysed the data and wrote the first draft of the
manuscript.

Data Availability

The raw data and analysis code for this study are available as
supplementary material and on Zenodo (https://zenodo.org/
record/8132463; Pinter-Wollman, 2023).

Declaration of Interest

None.

Acknowledgments

We thank Alon Oyler-Yaniv for help setting up the imaging
system and all the students who helped extract behavioural infor-
mation from the videos: Anvitaa Anandkumar, Edwin Avelar, Bryce
Barbee, Riley Beck, Maurissa Brown, Khadizhat Dakaeva, Francis
Evangelista, Aoife Galvin, Britton Hayman, Keliana Hui, Natalie Kim,
Riva Krekaria, Taryn Lane, Evelyn Lemus, Kathleen Len, Athena
Lynch, Max Madrzyk, Ally Osterland, Tyler Packham, Ada Patterson,
Himadree Radadia, Amanda Reshke, Dominic Riccione, Nathan
Rivas, Matthew Senechal, Emily Surrell, Mathew Thomas, Wendy
Tran, Christine Wastila, Anna Weir, Bruce Zhang and Sarah Zhao. J.
S. Miller was funded by a U.S. National Science Foundation (NSF)
postdoctoral fellowship. N. Pinter-Wollman was funded by an NSF
Integrative Organismal Systems (IOS) grant (2015662).

Supplementary Material

Supplementary material associated with this article is available,
in the online version, at https://doi.org/10.1016/j.anbehav.2023.07.
008.

References

Aguinaga, J., Gomulkiewicz, R., & Watts, H. E. (2021). Effect of social information on
an individual's assessment of its environment. Animal Behaviour, 178, 267e277.
https://doi.org/10.1016/j.anbehav.2021.06.009

Akinyi, M. Y., Tung, J., Jeneby, M., Patel, N. B., Altmann, J., & Alberts, S. C. (2013). Role
of grooming in reducing tick load in wild baboons (Papio cynocephalus). Animal
Behaviour, 85, 559e568. https://doi.org/10.1016/j.anbehav.2012.12.012

Baltiansky, L., Frankel, G., & Feinerman, O. (2023). Emergent regulation of ant
foraging frequency through a computationally inexpensive forager movement
rule. eLife, 12, Article e77659. https://doi.org/10.7554/eLife.77659

Baltiansky, L., Sarafian-Tamam, E., Greenwald, E., & Feinerman, O. (2021). Dual
fluorescence imaging and automated trophallaxis detection for studying multi-
nutrient regulation in superorganisms. Methods in Ecology and Evolution, 12(8),
1441e1457. https://doi.org/10.1111/2041-210X.13646

https://zenodo.org/record/8132463
https://zenodo.org/record/8132463
https://doi.org/10.1016/j.anbehav.2023.07.008
https://doi.org/10.1016/j.anbehav.2023.07.008
https://doi.org/10.1016/j.anbehav.2021.06.009
https://doi.org/10.1016/j.anbehav.2012.12.012
https://doi.org/10.7554/eLife.77659
https://doi.org/10.1111/2041-210X.13646


J. S. Miller, N. Pinter-Wollman / Animal Behaviour 203 (2023) 183e192190
Barbee, B., & Pinter-Wollman, N. (2022). Nutritional needs and mortality risk
combine to shape foraging decisions in ants. Current Zoology. , Article zoac089.
https://doi.org/10.1093/cz/zoac089

Bates, D., M€achler, M., Bolker, B. M., & S.C, W. (2015). Fitting linear mixed-effects
models using lme4. Journal of Statistical Software, 67, 1e48.

Battesti, M., Moreno, C., Joly, D., & Mery, F. (2012). Spread of social information and
dynamics of social transmission within Drosophila groups. Current Biology, 22,
309e313. https://doi.org/10.1016/j.cub.2011.12.050

Blumstein, D. T., & Daniel, J. C. (2004). Yellow-bellied marmots discriminate be-
tween the alarm calls of individuals and are more responsive to calls from ju-
veniles. Animal Behaviour, 68, 1257e1265. https://doi.org/10.1016/
j.anbehav.2003.12.024

Bonnie, K. E., & Earley, R. L. (2007). Expanding the scope for social information use.
Animal Behaviour, 74, 171e181. https://doi.org/10.1016/j.anbehav.2006.12.009

Cassill, D. L., & Tschinkel, W. R. (1996). A duration constant for worker-to-larva
trophallaxis in fire ants. Insectes Sociaux, 43, 149e166.

Cook, C. N., Lemanski, N. J., Mosqueiro, T., Ozturk, C., Gadau, J., Pinter-Wollman, N., &
Smith, B. H. (2020). Individual learning phenotypes drive collective behavior.
Proceedings of the National Academy of Sciences of the United States of America,
117, 17949e17956. https://doi.org/10.1073/pnas.1920554117

Coolen, I., Ward, A. J. W., Hart, P. J. B., & Laland, K. N. (2005). Foraging nine-spined
sticklebacks prefer to rely on public information over simpler social cues.
Behavioral Ecology, 16, 865e870. https://doi.org/10.1093/beheco/ari064

Csata, E., Gautrais, J., Bach, A., Blanchet, J., Ferrante, J., Fournier, F., L�evesque, T.,
Simpson, S. J., & Dussutour, A. (2020). Ant foragers compensate for the nutri-
tional deficiencies in the colony. Current Biology, 30, 135e142. https://doi.org/
10.1016/j.cub.2019.11.019

Danchin, E., Giraldeau, L.-A., Valone, T. J., & Wagner, R. H. (2004). Public informa-
tion: From nosy neighbors to cultural evolution. Science, 305, 487e491. https://
doi.org/10.1126/science.1098254

Duboscq, J., Romano, V., Sueur, C., & MacIntosh, A. J. J. (2016). Network centrality
and seasonality interact to predict lice load in a social primate. Scientific Reports,
6, Article 22095. https://doi.org/10.1038/srep22095

Edelstein, A. D., Tsuchida, M. A., Amodaj, N., Pinkard, H., Vale, R. D., & Stuurman, N.
(2014). Advanced methods of microscope control using mManager software.
Journal of Biological Methods, 1(2), Article e10. https://doi.org/10.14440/
jbm.2014.36

Fox, J., & Weisberg, S. (2019). An R companion to applied regression (3rd ed.). Sage.
Gadagkar, R., Sharma,N., & Pinter-Wollman,N. (2022). Queen succession in the Indian

paper wasp Ropalidia marginata: On the trail of the potential queen. Journal of
Biosciences, 47, Article 18. https://doi.org/10.1007/s12038-021-00250-7

Giraldeau, L.-A., Valone, T. J., & Templeton, J. J. (2002). Potential disadvantages of
using socially acquired information. Philosophical Transactions of the Royal So-
ciety B: Biological Sciences, 357, 1559e1566. https://doi.org/10.1098/
rstb.2002.1065

Gordon, D. M. (1989). Dynamics of task switching in harvester ants. Animal
Behaviour, 38, 194e204.

Gordon, D. M. (1996). The organization of work in social insect colonies. Nature, 380,
121e124.

Gordon, D. (2010). Ant encounters: Interaction networks and colony behavior.
Princeton University Press.

Greene, M. J., Pinter-Wollman, N., & Gordon, D. M. (2013). Interactions with com-
bined chemical cues inform harvester ant foragers' decisions to leave the nest in
search of food. PLoS One, 8, Article e52219. https://doi.org/10.1371/
journal.pone.0052219

Greenwald, E. E., Baltiansky, L., & Feinerman, O. (2018). Individual crop loads pro-
vide local control for collective food intake in ant colonies. eLife, 7, Article
e31730. https://doi.org/10.7554/eLife.31730

Greenwald, E., Segre, E., & Feinerman, O. (2015). Ant trophallactic networks:
Simultaneous measurement of interaction patterns and food dissemination.
Scientific Reports, 5, Article 12496. https://doi.org/10.1038/srep12496

Hare, J. F., & Atkins, B. A. (2001). The squirrel that cried wolf: Reliability detection by
juvenile Richardson's ground squirrels (Spermophilus richardsonii). Behavioral
Ecology and Sociobiology, 51, 108e112. https://doi.org/10.1007/s002650100414

Harel, R., Spiegel, O., Getz, W. M., & Nathan, R. (2017). Social foraging and in-
dividual consistency in following behaviour: Testing the information centre
hypothesis in free-ranging vultures. Proceedings of the Royal Society B:
Biological Sciences, 284, Article 20162654. https://doi.org/10.1098/rspb.2016.
2654

Heinen, V. K., & Stephens, D. W. (2016). Blue jays, Cyanocitta cristata, devalue social
information in uncertain environments. Animal Behaviour, 112, 53e62. https://
doi.org/10.1016/j.anbehav.2015.11.015

Hobson, E. A., Monster, D., & DeDeo, S. (2021). Aggression heuristics underlie animal
dominance hierarchies and provide evidence of group-level social information.
Proceedings of the National Academy of Sciences of the United States of America,
118, Article e2022912118. https://doi.org/10.1073/pnas.2022912118

Howard, D. F., & Tschinkel, W. R. (1980). The effect of colony size and starvation on
food flow in the fire ant, Solenopsis invicta (Hymenoptera, Formicidae). Behav-
ioral Ecology and Sociobiology, 7, 293e300. https://doi.org/10.1007/Bf00300670

Kendal, R. L., Coolen, I., van Bergen, Y., & Laland, K. N. (2005). Trade-offs in the
adaptive use of social and asocial learning. Advances in the Study of Behavior, 35,
333e379. https://doi.org/10.1016/S0065-3454(05)35008-X

Kwapich, C. L., & Tschinkel, W. R. (2015). Limited flexibility and unusual longevity
shape forager allocation in the Florida harvester ant (Pogonomyrmex badius).
Behavioral Ecology and Sociobiology, 70, 221e235. https://doi.org/10.1007/
s00265-015-2039-1

McRae, T. R. (2020). A review of squirrel alarm-calling behavior: What we know and
what we do not know about how predator attributes affect alarm calls. Animal
Behavior and Cognition, 7, 168e191. https://doi.org/10.26451/abc.07.02.11.2020

Pinter-Wollman, N. (2023). Social interactions differ in their impact on foraging de-
cisions. Zenodo. https://doi.org/10.5281/zenodo.8132463

Pinter-Wollman, N., Bala, A., Merrell, A., Queirolo, J., Stumpe, M. C., Holmes, S., &
Gordon, D. M. (2013). Harvester ants use interactions to regulate forager acti-
vation and availability. Animal Behaviour, 86, 197e207. https://doi.org/10.1016/
j.anbehav.2013.05.012

Poissonnier, L. A., Motsch, S., Gautrais, J., Buhl, J., & Dussutour, A. (2019). Experi-
mental investigation of ant traffic under crowded conditions. eLife, 8, Article
48945. https://doi.org/10.7554/eLife.48945

R Core Team. (2014). R: A language and environment for statistical computing. R
Foundation for Statistical Computing. http://www.R-project.org/.

Ramakrishnan, U., & Coss, R. G. (2000). Age differences in the responses to adult and
juvenile alarm calls by bonnet macaques (Macaca radiata). Ethology, 106,
131e144. https://doi.org/10.1046/j.1439-0310.2000.00501.x

Reid, C. R., Sumpter, D. J. T., & Beekman, M. (2011). Optimisation in a natural system:
Argentine ants solve the Towers of Hanoi. Journal of Experimental Biology,
214(1), 50e58. https://doi.org/10.1242/jeb.048173

Seeley, T. D. (1989). Social foraging in honeybees: How nectar foragers assess their
colony's nutritional status. Behavioral Ecology and Sociobiology, 24, 181e199.

Seeley, T. D. (1995). The wisdom of the hive. Harvard University Press.
Seeley, T. D. (2010). Honeybee democracy. Princeton University Press.
Seyfarth, R. M., & Cheney, D. L. (1986). Vocal development in vervet monkeys. An-

imal Behaviour, 34, 1640e1658. https://doi.org/10.1016/S0003-3472(86)80252-4
Shaffer, Z., Sasaki, T., & Pratt, S. C. (2013). Linear recruitment leads to allocation and

flexibility in collective foraging by ants. Animal Behaviour, 86(5), 967e975.
https://doi.org/10.1016/j.anbehav.2013.08.014

Sharma, N., Gadagkar, R., & Pinter-Wollman, N. (2022). A reproductive heir has a
central position in multilayer social networks of paper wasps. Animal Behaviour,
185, 21e36. https://doi.org/10.1016/j.anbehav.2021.12.011

Smit, J. A. H., & van Oers, K. (2019). Personality types vary in their personal and
social information use. Animal Behaviour, 151, 185e193. https://doi.org/10.1016/
j.anbehav.2019.02.002

Sumpter, D. J. T. (2010). Collective animal behavior. Princeton University Press.
Ulrich, Y., Burns, D., Libbrecht, R., & Kronauer, D. J. C. (2016). Ant larvae regulate

worker foraging behavior and ovarian activity in a dose-dependent manner.
Behavioral Ecology and Sociobiology, 70, 1011e1018.

Wagner, H., & Danchin, E. (2010). A taxonomy of biological information. Oikos, 119,
203e209. https://doi.org/10.1111/j.1600-0706.2009.17315.x

Wallis, D. I. (1964). The foraging behaviour of the ant, Formica fusca. Behaviour, 23,
149e176.

Webster, M. M., & Laland, K. N. (2008). Social learning strategies and predation risk:
Minnows copy only when using private information would be costly. Pro-
ceedings of the Royal Society B: Biological Sciences, 275, 2869e2876. https://
doi.org/10.1098/rspb.2008.0817

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis (2nd ed.). Springer.

https://doi.org/10.1093/cz/zoac089
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref6
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref6
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref6
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref6
https://doi.org/10.1016/j.cub.2011.12.050
https://doi.org/10.1016/j.anbehav.2003.12.024
https://doi.org/10.1016/j.anbehav.2003.12.024
https://doi.org/10.1016/j.anbehav.2006.12.009
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref10
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref10
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref10
https://doi.org/10.1073/pnas.1920554117
https://doi.org/10.1093/beheco/ari064
https://doi.org/10.1016/j.cub.2019.11.019
https://doi.org/10.1016/j.cub.2019.11.019
https://doi.org/10.1126/science.1098254
https://doi.org/10.1126/science.1098254
https://doi.org/10.1038/srep22095
https://doi.org/10.14440/jbm.2014.36
https://doi.org/10.14440/jbm.2014.36
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref17
https://doi.org/10.1007/s12038-021-00250-7
https://doi.org/10.1098/rstb.2002.1065
https://doi.org/10.1098/rstb.2002.1065
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref20
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref20
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref20
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref21
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref21
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref21
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref22
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref22
https://doi.org/10.1371/journal.pone.0052219
https://doi.org/10.1371/journal.pone.0052219
https://doi.org/10.7554/eLife.31730
https://doi.org/10.1038/srep12496
https://doi.org/10.1007/s002650100414
https://doi.org/10.1098/rspb.2016.2654
https://doi.org/10.1098/rspb.2016.2654
https://doi.org/10.1016/j.anbehav.2015.11.015
https://doi.org/10.1016/j.anbehav.2015.11.015
https://doi.org/10.1073/pnas.2022912118
https://doi.org/10.1007/Bf00300670
https://doi.org/10.1016/S0065-3454(05)35008-X
https://doi.org/10.1007/s00265-015-2039-1
https://doi.org/10.1007/s00265-015-2039-1
https://doi.org/10.26451/abc.07.02.11.2020
https://doi.org/10.5281/zenodo.8132463
https://doi.org/10.1016/j.anbehav.2013.05.012
https://doi.org/10.1016/j.anbehav.2013.05.012
https://doi.org/10.7554/eLife.48945
http://www.R-project.org/
https://doi.org/10.1046/j.1439-0310.2000.00501.x
https://doi.org/10.1242/jeb.048173
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref40
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref40
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref40
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref41
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref42
https://doi.org/10.1016/S0003-3472(86)80252-4
https://doi.org/10.1016/j.anbehav.2013.08.014
https://doi.org/10.1016/j.anbehav.2021.12.011
https://doi.org/10.1016/j.anbehav.2019.02.002
https://doi.org/10.1016/j.anbehav.2019.02.002
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref47
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref48
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref48
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref48
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref48
https://doi.org/10.1111/j.1600-0706.2009.17315.x
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref50
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref50
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref50
https://doi.org/10.1098/rspb.2008.0817
https://doi.org/10.1098/rspb.2008.0817
http://refhub.elsevier.com/S0003-3472(23)00184-7/sref52


J. S. Miller, N. Pinter-Wollman / Animal Behaviour 203 (2023) 183e192 191
Appendix
0

0 10 20 30 40

5000

10 000

Trophallaxis

D
u

ra
ti

on
 i

n
 n

es
t 

(f
ra

m
es

)
W

ith
 fed

 an
ts

W
ith

 h
u

n
gry an

ts

(a)

0

0 50 100 150

4000

8000

12 000

Antennation

Number of interactions

(b)

0

0 10 20 30

5000

10 000

15 000

Mouth-to-mouth

(c)

0

0 20 40 60

4000

8000

12 000
(d)

0

0 20 40 60

4000

8000

12 000
(e)

0

0 10 20 30

4000

8000

12 000
(f)

Colony
10
11
12
14
3
4
5
9

Figure A1. Predictors of time spent in the nest. The number of frames a returning forager spent inside the nest before leaving it to continue foraging (duration in nest) as a function
of the number of interactions with (aec) fed or (def) hungry ants when performing (a, d) trophallaxis, (b, e) antennation or (c, f) mouth-to-mouth interactions. Each point rep-
resents a single forager's visit to the nest and points are coloured by colony (see legend); grey lines show the relationship between the variables with a 95% confidence interval as a
grey shadow using the GLM fit in ‘ggplot2’ (Wickham, 2016); solid lines depict statistically significant relationships; dashed lines show nonsignificant relationships based on the
GLMM described in the text.

Table A1
Statistical output for the GLMM of a forager's time spent in the nest and the number of interactions

Fixed effect Estimate SE T c2 P

Number of trophallaxis with fed 159.4 7.35 21.68 470.03 <0.0001
Number of trophallaxis with hungry 97.21 5.69 17.09 292.02 <0.0001
Number of mouth-to-mouth with fed 161.33 11.86 13.6 184.99 <0.0001
Number of mouth-to-mouth with hungry 60.03 15.99 3.75 14.09 0.0002
Number of antennate with fed 12.65 2.27 5.58 31.16 <0.0001
Number of antennate with hungry �1.15 5.5 �0.21 0.04 0.835
Regurgitate 200.6 12.71 15.78 249.07 <0.0001
Time to enter nest 0.07 0.01 5.98 35.75 <0.0001

Significant outcomes are shown in bold.
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Figure A3. Predictors of latency to leave the nest after the last interaction. The number of frames a returning forager spent inside the nest from its last interaction with an ant until
leaving the nest (latency to leave nest after the last interaction) as a function of the number of interactions with (aec) fed or (def) hungry ants when performing (a, d) trophallaxis,
(b, e) antennation or (c, f) mouth-to-mouth interactions. Symbol, line and shadow designations as in Fig. A1.
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Figure A2. Effect of time to return to nest on forager decisions. (a) Total time spent in nest and (b) latency to leave the nest after the last interaction as a function of the time (frame)
at which a forager returned to the nest, i.e. the satiation of the colony, which increased over time. Symbol, line and shadow designations as in Fig. A1.
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