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Abstract

In a social species like the honey bee (Apis mellifera), changes in foraging strategy require shifts in several groups of spe-
cialized workers that are involved in collecting, storing, and processing food. In cases of extreme food shortage, honey bee
colonies can switch to a high-risk, high-reward foraging tactic known as honey robbing, which involves stealing mature honey
from other colonies. Colonies engaged in honey robbing show a corresponding increase in defensive behaviors displayed
by specialist guard bees, presumably because the conditions that provoke robbing also increase the risk of colony invasion.
Previous studies suggest aggressive behaviors displayed by robbing forager nestmates modulate guard defensiveness. In
the current study, we evaluated which aspects of the robbing experience likely alter forager aggression, and in turn, guard
defensiveness. We trained colonies to visit feeders containing either raw honey or a sucrose solution and examined whether
food type, experience of conflict at the feeder, or other abiotic cues that reflect the time of the season best explain variation
in guard defensiveness. We found little evidence that food type influences forager interactions with guards. Rather, conflict
at the feeder is the best predictor of increased aggressive interactions, even when accounting for the effects of seasonal
change. Thus, intraspecific conflict at the food resource during robbing may drive shifts in individual forager aggression,
activating guard defensiveness as one component of a syndrome of colony-level changes required to accommodate the rob-
bing foraging tactic.

Significance statement

Honey bees possess an extreme foraging tactic that they employ under conditions of resource scarcity. This tactic, honey
robbing, requires coordinated changes among worker bees to accommodate enhanced food collection, processing, and stor-
ing, as well as nest defense. In a previous study, we showed that robbing foragers show unusually high aggression, and that
this shift may trigger greater defensiveness from nestmate guards once foragers return home. Here, we explored the cues that
coordinate the change in defensive effort from guards and find that forager conflict at the food resource is a strong predictor
of guard defensiveness. These results suggest that guards use behavioral cues from their own foragers to estimate their risk
of attack and increase their defensiveness accordingly.

Keywords Behavioral plasticity - Behavioral syndromes - Collective behavior - Aggression - Territorial defense

Introduction

Foraging for food carries a variety of risks, including time
and energy loss, predation, and competition for resources
(Reader et al. 2005; Verdolin 2006; Berger and Gotthard
2008). Many animals change how they negotiate the risks
54 Clare C. Rittschof and rewards of foraging depending on context, i.e., vari-
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USA or variation in environmental factors like food availability,
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predation threat, or perceived competition level (Bloxham
et al. 2014; Couvillon et al. 2014b; Charalabidis et al. 2017).
In social insects like the honey bee (Apis mellifera), colonies
forage collectively, so foraging strategies reflect complex,
context-dependent decision-making processes (Schmid-
Hempel et al. 1985; Seeley 1989; Shafir et al. 2002; Higgin-
son and Barnard 2004; Sasaki and Pratt 2018). For example,
foragers save energy by exploiting high-value flowers close
to the nest (Couvillon et al. 2014a), but when resources are
scarce, they travel farther and accept lower quality food
(Seeley 1989; Couvillon et al. 2014b). Foragers are also
sensitive to predation risk, using a “stop signal” to discour-
age nestmates from visiting food resources where they have
experienced a predator attack (Nieh 2010), but only when
the benefits of risk avoidance outweigh the costs (Borofsky
et al. 2020; Bell et al. 2021).

Honey robbing is a distinctive example of a high cost,
context-dependent honey bee foraging strategy that becomes
prevalent under conditions of food shortage (Free 1954;
Downs and Ratnieks 2000; Garbuzov et al. 2020). During
honey robbing, foragers switch from collecting nectar from
flowers to invading neighboring honey bee colonies to steal
mature honey (Free 1954). Robbing has unusual benefits
because victim colonies are a consistent and reliable source
of many kilograms of processed and concentrated nectar
(i.e., honey). However, there are also extreme risks, includ-
ing forager mortality and increased disease and parasite
exposure (Couvillon et al. 2008; Peck and Seeley 2019).
As is typical for a honey bee foraging strategy (Seeley and
Tovey 1994; Seeley 1997), robbing does not just involve a
shift in activity for foraging specialists. Rather, it is best
characterized as a colony-level syndrome associated with a
variety of changes that allow the workforce to collect and
store high volumes of food while still providing adequate
service for other tasks, including defense against poten-
tial attack from neighboring colonies (Rittschof and Nieh
2021). Sufficient nest defense is particularly critical, because
the conditions that promote honey robbing simultaneously
increase the risk of invasion by neighboring colonies (Gar-
buzov et al. 2020).

In a previous study, we found that colonies in the act
of robbing simultaneously increase their defensiveness:
guard bees (defensive specialists responsible for denying
non-nestmates entry to the colony) become more aggres-
sive towards their own foragers when the foragers return
from a robbing trip (Grume et al. 2021). This surprising pat-
tern could reflect the fact that the benefits of hypervigilance
against potential robbing invaders sometimes outweigh the
costs of nestmate rejection. However, the cues guards use
to adjust their behaviors towards robbing nestmates remain
unclear. Increased guard defensiveness towards robbing for-
agers could be a direct or indirect response to a cue acquired
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or experienced by the robbing forager herself. Honey bees
use odors acquired from honeycomb to identify nestmates
(Breed et al. 1995), a possible source of sensory confusion
between guards and returning foragers during robbing. How-
ever, in our previous study (Grume et al. 2021), we found
that odor cues acquired from foreign honeycomb do not
seem to explain increased guard defensiveness; instead, rob-
bing foragers have a brain molecular profile that resembles
a high-aggression bee, suggesting the robbing experience
induces a shift in forager aggression that may trigger guard
defensiveness. In the current study, we investigate potential
causes of increased forager aggression and guard defensive-
ness during robbing.

One conspicuous feature of robbing that could influ-
ence forager behavior and guard response is the type of
food collected (stored honey versus floral nectar). There
are many aspects of these two resources that differ. For
example, high sugar concentration in honey, or the con-
sistent and reliable source of sugar presented by a victim
colony, could incentivize robbing activity during the fall
when collecting and processing nectar into mature honey
is highly costly (Garbuzov et al. 2020). Another critical
difference between honey and nectar is the type and con-
centration of plant phytochemicals and plant volatiles (Gao
et al. 2010; Mao et al. 2013; Carlesso et al. 2021; Njoroge
et al. 2021), chemicals that could alter forager behavior
and thus guard response. We designed the current study to
evaluate whether the experience of foraging on honey may
directly or indirectly provoke guard defensiveness once for-
agers return home. However, we also assessed two alterna-
tive hypotheses to explain shifts in guard defensiveness,
based on previous studies on aggression modulation and
robbing patterns in honey bees. The first alternative is that
an experience of conflict at the food resource modulates
guard defensiveness by enhancing forager aggression. This
hypothesis is based on extensive previous studies show-
ing that aggressive encounters with conspecifics alter, and
often increase, individual aggression (Alaux and Robinson
2007; Alaux et al. 2009; Rittschof and Robinson 2013;
Rittschof et al. 2015; Rittschof 2017), and that foragers
sometimes act aggressively towards one another while rob-
bing (Free 1954). The second alternative is that guards
use external abiotic cues like day length or temperature
variation to modulate their defensiveness, regardless of
the cues perceived from the robbing foragers themselves.
This hypothesis is based on previous studies showing that
robbing activity reliably increases during the fall as the
quantity of floral resources declines and the cost of pro-
ducing honey increases (Garbuzov et al. 2020). This study
represents an important step in determining how a robbing
colony coordinates a multifaceted shift in foraging strategy
to exploit a high-risk, high-value food resource.
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Methods
Overview

To assess our primary hypothesis, that foraging on honey
directly or indirectly alters guard defensive behaviors
towards returning foragers, we trained experimental colonies
to forage at a feeder that was filled with raw honey (~82%
sugars) or an unscented sucrose solution (50% sugars) and
monitored guard defensiveness towards foragers when they
returned to their home colony. We assessed general guarding
activity as well as behavior directed towards individually
marked foragers that we confirmed were returning from the
trained feeder. The unscented sucrose solution is a high-
value reward, but one that is not as concentrated as honey,
and devoid of the typical phytochemical compounds that
characterize honey. Notably, both reward types are in high
quantities in a feeder context compared to natural flowers,
and so this design does not account for the differences in
absolute food quantity and reliability that distinguish rob-
bing from floral resource foraging. To assess our first alter-
native hypothesis, that aggressive interactions at the feeder
shift forager aggression and thus guard defensiveness, we
monitored foraging traffic at the feeder throughout the exper-
iment and assessed whether feeder traffic experienced by
foragers predicted guard defensiveness. To assess our sec-
ond alternative, that abiotic seasonal cues influence guard
behavior regardless of forage type and forager experience,
we evaluated how guard defensiveness changed for experi-
mental colonies over the course of the summer and fall, and
how well seasonality explained variation in guard defensive-
ness compared to other factors.

We completed four rounds of the experiment (each round
lasted 10 total days, see Fig S1 for timeline), using a unique
colony for each experimental round. Colonies were healthy
(not undergoing active treatment for Varroa mites) and full-
sized. We selected a site for the experiment that was isolated
from other colonies to minimize interference from other col-
onies at the feeder. We placed experimental colonies on-site
four days before the experiment began (days 1-4) so foragers
had plenty of time to acclimate to the new location.

On day 5 of the experiment, we trained foragers to visit
an artificial feeder (detailed below). Over the next four days
(days 6-9), we filled the feeder with honey or sucrose on
alternating days and monitored colony foraging activity, the
number of bees visiting the feeder, colony defensiveness dis-
played towards returning foragers, and the foraging activity
and defensive attacks experienced by individually marked
bees (all measures are detailed below). This design mim-
icked the opportunistic day-to-day switching between rob-
bing and nectar foraging that promoted guard defensiveness
in our previous study (Grume et al. 2021). Providing only

one type of food at a time allowed us to use general measures
of guard defensiveness and colony foraging activity, as well
as measures for individually marked foragers. It also ensured
that adequate numbers of foragers visited each food type.

After 4 days of testing (day 10), we moved the experimen-
tal colony to an outlying apiary 1 km away and introduced a
new colony for the subsequent round of the experiment. Our
rationale for the choice of 1 km is that a similar approach
did not lead to interference from prior experimental colonies
in a previous study (Grume et al. 2021). However, in that
study, we did not train the bees to visit the feeder. In the
current study, some foragers may return to the learned feeder
site even after their colony has been moved, which could in
part explain the presence of interfering bees in the study
(see “Results”). We observed a single case of a marked bee
returning to the feeder once a colony was relocated, but there
were likely more unmarked bees that did so as well. We
explicitly evaluate the possibility that conflict at the feeder
(whether driven by the presence of non-nestmates or nest-
mates) influences guard defensiveness (see “Results”). It is
also possible that some of these past foragers drifted into our
present experimental colony; however, we never observed
large numbers of bees or clusters of bees returning en masse
to the new experimental colony, suggesting the move was
far enough for the former experimental colony to adjust to
its new location.

We conducted this experiment from July 15 to Sep-
tember 18, 2020, on the University of Kentucky North
Research Farm (Lexington, KY). The experimental time-
frame (July—September) captures the time of the season that
transitions from relatively abundant floral resources in mid-
summer (low honey robbing risk) to very low floral resource
availability coupled with reduced time to process collected
food prior to the onset of winter (very high honey robbing
risk). We used colony order to explore the extent to which
guard defensiveness increased across the rounds of the study,
which might suggest a role for abiotic factors in modulating
guard behavior. However, with only one experimental colony
per round, we cannot rule out the possibility that colony-level
variation in demography or genetic background, and perhaps
some activity from neighboring or former colonies (see
above), are responsible for the seasonal variation we observe.
Due to the number of personnel involved in data collection
and other logistical constraints, we were also unable to test
multiple colonies simultaneously, which would have allowed
us to assess any seasonal effects more confidently. For these
reasons, our results should be interpreted cautiously.

Honey and sucrose feeder design

We built a gravity feeder to continuously supply honey or
sucrose during training and testing (see below). The feeder
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consisted of a 0.5-L glass jar mounted on a round plastic
base that was approximately 20 cm in diameter. The base
had 6 troughs that were approximately 1 cm deep and 5 cm
long extending out radially from the jar. There was another
circular trough that connected the radial troughs (Fig S2).
This design allowed several hundred bees to feed at once and
made it relatively easy to paint individual bees on their tho-
races as they fed. At the beginning of each experimental day,
we filled the jar with either unscented sucrose (50% w/w) or
raw honey derived from a bulk extraction of ~20 colonies
during the previous year. This concentration of sucrose has
been used in numerous field studies of honey bee foraging
behavior (see Balderrama et al. 1992; Blatt and Roces 2001;
Mujagic and Erber 2009; Eiri and Nieh 2016 among others).
It is a~ 10% higher concentration of sugar than is found in
most floral nectars (Pamminger et al. 2019), thus making
it possible to train the bees to the feeder in the presence of
natural food sources, but it is much lower than the total con-
centration of sugars in honey (~ 82% w/w of sugars to water,
with a distribution of sugars around 40/30/5 w/w/w glucose,
fructose, and sucrose; Doner 1977; Aljohar et al. 2018). The
feeder was placed on a small wooden table similar in height
to the entrance of the hive (~20 cm high).

Feeder training

Although foraging honey bees can spontaneously discover
artificial food resources, they will more reliably visit feed-
ers if they are trained to the location and the time of day the
feeder is present (Seeley 1997). Feeder training lasted three
to four hours (depending on the amount of colony foraging
activity) and was conducted in two stages: initiation and
orientation.

During initiation, we loaded a 50% sucrose solution (W/w)
into the feeder, which was placed on a platform at the same
height as the colony entrance and directly in front of the
colony. We then waited for foragers to spontaneously inves-
tigate the feeder. Once a small population of foragers (~6)
landed on the feeder and collected food, we ended the initia-
tion phase and moved on to the orientation phase. Because
foraging food scouts must spontaneously locate the feeder,
initiation is usually the longest stage of feeder training (Van
Nest and Moore 2018). Although we did not precisely time
the duration of the initiation stage, it was roughly equivalent
across all colonies used in this experiment.

During the orientation stage, we progressively moved the
feeder away from the colony in roughly 1-m increments.
Between each move, we waited approximately five minutes
to allow foragers to return to the feeder and collect food.
Because foragers can visually locate the nearby feeder and
begin to recruit nestmates to the food location over the
course of this stage, we eventually began moving the feeder
over larger increments (up to 10 m; Van Nest and Moore
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2018). The final position of the feeder in this experiment
was 20 m from the colony. Once the orientation stage was
complete, the feeder was removed, but the platform was left
in the same position overnight. At the beginning of each
subsequent day of the experiment (days 6-9), we returned
the feeder (filled with the appropriate food, see above) and
allowed 30 min for the colony to rediscover the feeder before
starting data collection. We used a random number generator
to determine which food type was used on the first day of
data collection, and then we alternated food sources on the
following 3 days.

Data collection

Starting on experiment day 6, we collected data over a
1-h period between 1000 and 1200. We chose this time
because it was consistently warm enough for flight and not
so hot that foraging activity was inhibited. Data collection
involved three observers. Two observers monitored the
colony entrance for measures of colony foraging activity,
defensiveness, return trip timing for individually marked
bees, and defensive behaviors directed towards individually
marked bees (information on individually marked bees is
detailed below). These observers were blinded to the feeder
treatment. The other observer was stationed at the feeder,
where they painted individual foragers with unique identify-
ing marks, recorded the timing of visits from these foragers
to the feeder, and tallied feeder bee traffic. This observer
could not be blinded to the feeder treatment. Colony for-
aging activity, colony defensiveness, and feeder bee traffic
measurements were taken every 10 min over the 1-h obser-
vation period (N =6 measures for each experimental day per
colony). Colony foraging activity and feeder foraging activ-
ity were measured at the same time, while colony defen-
siveness was staggered 5 min behind. For colony foraging
activity and feeder bee traffic, we counted the number of
foragers that entered the colony, or the number of foragers
present at the feeder over a 1-min period. Colony defensive-
ness measures followed approaches from previous studies
(Grume et al. 2021; detailed below).

Colony defensiveness measurements

Previous studies show that increased colony defensiveness
in the robbing context is usually the result of an increased
frequency of defensive actions by individual guards, not an
increase in the total number of individuals acting as guards
(Grume et al. 2021). We thus recorded behaviors displayed
by guards as a group rather than track individuals. During
each 1-min observation period, we quantified the defen-
siveness of the guards by recording five different types of
behaviors that escalate in severity (Richard et al. 2012; Pres-
ton et al. 2019; Grume et al. 2021). The mildest defensive
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behavior is antennation, in which guard bees rub their anten-
nae on returning foragers and use scent cues to determine if
the foragers are nestmates or non-nestmate intruders (Moore
et al. 1987). The next behavior is antennation with open
mandibles, a threat behavior. The next behavior is biting,
where guards bite the legs, antennae, or abdomen of forager
bees. Abdomen flexion is the next most severe behavior,
where a guard grabs the forager and flexes her abdomen
without extruding her stinger. Stinging is the most severe of
the guard behaviors, in which the stinger is extruded in an
attempt puncture the cuticle of the other bee. We weighted
the tallies of these behaviors based on their severity with
antennation receiving a one and stinging receiving a five.
We then summed all tallies for an overall measure of colony
defensiveness (Richard et al. 2012; Li-Byarlay et al. 2014;
Rittschof et al. 2015). This weighted sum approach has some
drawbacks, namely that it assumes a linear relationship
among behaviors in terms of their relative severity. How-
ever, because almost all behaviors we observed were the first
level, antennation (see “Results”), such an issue will have
minimal effects on the inferences of this study.

Individually marked forager behavioral
measurements

In addition to our general measures of colony foraging activ-
ity and defensiveness, we marked and followed individual
foragers to assess how feeding experience impacted the like-
lihood of a guard response. We also used individual data to
calculate the time elapsed between feeder visits, which we
predicted would increase with decreasing resource value and
increasing resource competition (Seeley 1994).

We tracked five individual bees per colony because we
could successfully mark and keep track of this number con-
sistently, even on days with heavy foraging activity. On the
first day of the experiment, we paint-marked five foragers
with model paint (The Testor Corporation, Rockford, IL,
USA) while they collected food at the feeder. We selected
foragers that appeared healthy but experienced (no obvious
deformities or behavioral signs of illness, but with mild wing
wear); we reasoned that these foragers were most likely to
make repeated trips to the feeder (Prado et al. 2020). Once
marked, we recorded the time of day associated with each
subsequent feeder visit and colony return visit, as well as
whether the individual experienced any defensive behav-
iors from guards during each return visit. We scored guard
behaviors as described for colony-level measurements. How-
ever, because defensive behaviors were relatively rare and
always low level antennation or antennation with open man-
dibles, we analyzed defensiveness as a binomial (“yes” or
“no”) regardless of the number and type of defensive behav-
iors encountered. We did not observe any clear instances of
aggressive behaviors displayed by individually marked bees

towards guards, nor did we observe casting behaviors typical
of robbing bees (Free 1954).

Data processing

Although feeder bee traffic and colony foraging activ-
ity measures were taken simultaneously, other behavioral
measures at the individual and colony levels were not always
perfectly matched temporally. To evaluate relationships
among colony defensiveness, colony foraging activity, and
feeder bee traffic, as well as colony foraging activity, colony
defensiveness, and guarding behaviors directed towards indi-
vidually marked bees, we matched up the temporally closest
recordings of each factor. Colony defensiveness measures
were 5 min apart from colony foraging measures and feeder
traffic measures (see above), and the timing of these meas-
urements relative to individual bee observations varied with
individual trip timing. Overall, there was an average of a
5-min difference between colony foraging activity measure-
ments and observations of individual foragers at the colony
entrance, and an average of a 4-min difference between
colony defensive measures and observations of individual
foragers returning to the colony and interacting with guards.
Because we hypothesized that feeder bee traffic may lead to
aggressive interactions among foragers, altering the response
of guards once the foragers returned home, we analyzed
feeder bee traffic measures that directly preceded the marked
individual’s return home. We worked with two separate data-
sets and built different models for analyses of colony-level
and individual patterns because the measurement frequency
was greater when tracking individuals. These results are dis-
cussed separately. Notably, the colony-level measures that
contribute to both datasets are the same.

Statistics

Data analyses were performed in R version 4.1.1. Statisti-
cal tests and data transformations, where relevant, are listed
in the appropriate location in the “Results” section. Mixed
model analyses, including linear mixed models (LMM) and
generalized linear mixed models (GLMM) were performed
using Ime4::Imer and Ime4::glmer, respectively. We assessed
overall model fits by examining residual distributions using
qqplots and histograms (DHARMa::simulateResiduals or
the residuals function in base R). For analyses of colony-
level factors (colony defensiveness, colony foraging activ-
ity) we used GLMMs with a Poisson distribution including
experimental day as a random effect because measurements
for the same treatments were repeated across multiple days
for each colony. For analyses of individually marked for-
agers, we used binomial GLMMs and the unique forager
identity as a random effect. Where possible, we included
experiment day as an additional random effect, as some
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individuals were assessed over multiple days. However, due
to the relatively small number of individuals tracked (and
variation as to whether they were followed over one or mul-
tiple days), a model with experiment day often resulted in a
singular fit warning, and this factor was eliminated in these
cases. To assess seasonal effects on behavior, we treated
colony identity (1-4) as an ordinal predictor of variation in
our response factors above. We made figures using the R
package ggplot2.

Results

Hypothesis 1: Returning foragers fed honey provoke
guards Similar to previous studies (Harrison et al. 2019;
Grume et al. 2021), antennation made up over 90% of
observed guard defensive behaviors, followed by 4% each
for antennation with mandibles open and biting, and less
than 1% each for abdomen flexion and stinging. We found
no evidence that foraging on honey is sufficient to induce
changes in guard defensiveness (Fig. 1). An analysis of
feeder treatment (honey versus sucrose) on a per colony
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Fig. 1 Treatment and season related changes in colony defensiveness.
We assessed colony defensiveness every 10 min over a 1-h observa-
tion period for 2 days per treatment per colony. We tallied all defen-
sive behaviors displayed towards incoming foragers regardless of
forager identity. We report a weighted measure of colony defensive-
ness that considers the severity of various defensive behaviors (see
“Methods”). Pairwise analyses show treatment differences in defen-
siveness for colony 4 only, and no evidence overall that feeding on
honey increased colony defensiveness towards returning bees. An
LMM analysis showed main effects of treatment, colony number (a
measure of season, see “Methods”), and their interaction on colony
defensiveness, suggesting that colony defensiveness increased sig-
nificantly over the course of the season, but with some variation as a
function of treatment
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basis showed significant treatment differences for colony 4
(LMM, X?,=10.5, P=0.001), a non-significant trend for
colony 2 (LMM, X21 =3.6, P=0.06) and no differences for
colony 1 (LMM, le =0.01, P=0.9) and colony 3 (LMM,
X?,=0.01, P=0.9). In both cases of significant (or nearly
significant) treatment differences, colony defensiveness was
higher for the sucrose treatment, opposite of the prediction if
honey is the cue that elevates forager aggression and/or pro-
vokes guards during robbing. We found similar results when
we assessed whether individual foragers were attacked upon
return to the colony following a feeder visit (Fig. 2, colony
1: le =0.3, P=0.6, colony 2: le =0.7, P=0.4, colony 3:
X?,=0.3, P=0.6, colony 4: LMM, X*,=9.7, P=0.002).

Hypothesis 2: Aggressive interactions at a food source pre-
dict elevated guard defensiveness We recorded tallies of
the number of bees present at the feeder (“feeder bee traf-
fic”) which provides a measure of competition at the food
resource. We evaluated whether feeder bee traffic was cor-
related with the degree of colony defensiveness or the prob-
ability that an individual forager would provoke a guard
response upon return to the colony.

All colony-level analyses used GLMMs. Because we
expected that the main source of bees at the feeder was our
trained focal experimental colony, and because foraging traffic
at the colony entrance predicts guard defensiveness to some
extent (Grume et al. 2021), we first evaluated the relation-
ship between feeder bee traffic and colony foraging activity.
Treatment (honey versus sucrose) predicted significant vari-
ation in both colony foraging activity (X*, = 13.6, P=0.0002)
and feeder bee traffic (le =7.5, P=0.006), so we analyzed
the relationship between colony foraging activity and feeder
bee traffic separately for each treatment level. We found that
feeder bee traffic and colony foraging activity were uncorre-
lated for honey (honey: le =1.2, P=0.28) and weakly cor-
related for sucrose (X21 =4.0, P=0.04), suggesting that feeder
traffic was influenced by nearby colonies in addition to our
focal colony. We then evaluated how colony foraging traffic,
feeder bee traffic, and their interaction impacted colony defen-
siveness in a single model, separated by treatment.

For sucrose, where there was a greater range of feeder
bee traffic, we found significant positive effects of feeder bee
traffic and colony foraging traffic on colony defensiveness
(colony foraging traffic: X2, =4.5, P=0.03, feeder bee traffic:
X?,=33.9, P<0.00001, interaction: X*; =2.6, P=0.11). We
assessed variance inflation factors to verify they were low
enough (~ 1) to minimize impacts of collinearity between
colony foraging traffic and feeder bee traffic in this analysis
(see above). A plot of colony foraging activity, feeder bee
traffic, and colony defensiveness (Fig. 3) suggests feeder
bee traffic is a consistent positive predictor of colony defen-
siveness across different levels of colony foraging traffic. In
contrast, the relationship between colony foraging traffic and
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Fig.2 Variation in the fre-
quency with which an individu-
ally marked forager provoked a
guard by treatment and across
colonies. We found that return-
ing foragers were more likely
to provoke aggressive behav- 0.75
iors from guards as the season
progressed, but there was little
evidence that an experience of
foraging on honey increased the
probability of provoking a guard
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colony defensiveness is weaker and somewhat inconsistent.
Specifically, there are high levels of colony defensiveness at
intermediate levels of colony foraging traffic, corresponding
to high levels of feeder bee traffic. This pattern, indicative
of feeder visitors coming from other nearby colonies, was
largely driven by the last experimental period (Sept. 15, Col.
4, Fig S3). Colony 4 (Sept. 15) also showed higher defen-
siveness at intermediate levels of feeder bee traffic (Fig S3),
which could indicate a greater forager aggressive response
to non-nestmates at the feeder (prompting a greater reaction
from guards upon return). Another possibility is that there is
some periodic intrusion to the home colony by foreign honey
bees that is not captured by our data collection methods,
although in a prior study we showed that increased colony
defensiveness with robbing activity occurs even without the
presence of intruders (Grume et al. 2021). The same analysis
of colony defensiveness for honey showed no effect of any
factor, possibly because feeder bee traffic was substantially
lower for this treatment (colony foraging traffic: X*, =0.46,
P =0.50, feeder bee traffic: le =2.1, P=0.15, interaction:
X?,=2.8, P=0.09).

We also assessed how feeder bee traffic and colony for-
aging traffic impacted guard defensive behaviors directed
towards individually marked bees (Fig. 4). For the individual
forager dataset (see “Methods”), we again assessed the cor-
relation between feeder bee traffic and colony foraging traffic
on a per treatment basis. These factors were uncorrelated for
honey (LMM, le =0.43, P=0.51) but strongly correlated
for sucrose (LMM, X21 =38.8, P<0.0001). GLMM analysis
for honey with feeder bee traffic, colony foraging traffic, and
their interaction as fixed effects showed that feeder bee traffic

Aug 11
(Col 3)

Sep 15
(Col 4)

Provoked a guard

Jul 15
(Col 1)

No Il Yes

Jul 28
(Col 2)

Aug 11
(Col 3)

Sep 15
(Col 4)

significantly increased the frequency of defensive behavior
by guards (GLMM, honey: le =4.0, P <0.05), with no
impact of colony foraging activity (X> 1=1.9, P=0.2) or the
interaction term (X? 1=3.4, P=0.052). For sucrose (where
feeder bee traffic and colony foraging traffic were strongly
correlated), we performed two GLMMs and found a signifi-
cant positive effect of feeder bee traffic on the frequency of
defensive behaviors by guards (X*,=15.4, P<0.0001) and
no effect of colony foraging traffic (X*, =0.9, P=0.35). Tak-
ing our colony and individual responses together, our results
support the hypothesis that robbing foragers may alter their
behavior and become more likely to provoke guards due to
their interactions with other bees at the food source.

Finally, we evaluated whether feeder bee traffic (log
transformed to optimize model fit) predicted the latency for
individual foragers to return to the feeder, which could be
evidence of suppressed foraging at the individual level. We
found no significant relationship between feeder bee traf-
fic and the latency to return to the feeder (GLMM, honey:
le =2.5, P=0.11, sucrose: X21 =3.8, P=0.051). Feeder bee
traffic was generally inversely correlated with the latency to
return to the feeder (Fig S4), which could suggest foragers
are responding positively to the quality of the food resource
as opposed to negatively to the risk of attack.

Hypothesis 3: Guards use seasonal abiotic cues to tune their
defensiveness to robbing risk Because we assessed behavior
for four different colonies serially between mid-July and mid-
September, we used colony number as an ordinal variable that
corresponds to time of the season. An LMM for colony defen-
siveness with colony number, treatment, and their interaction
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Fig.3 Colony defensiveness significantly increases with the number
of bees encountered at the treatment feeder. Plots show data for the
sucrose treatment only, where there were significant main effects of
feeder bee traffic (top) and colony foraging traffic (bottom) on colony
defensiveness. The unusual elevation in colony defensiveness at inter-
mediate levels of colony foraging traffic was largely attributable to
colony 4 (Fig S3). This pattern could indicate the presence of bees
from other colonies, as data were collected during the most competi-
tive time of year for food resources

as fixed effects showed that all fixed effects significantly
predicted variation in colony defensiveness (LMM, colony
number: X?, = 11.4, P=0.0007, treatment: X>, =5.5, P=0.02,
colony number X treatment: le =8.8, P=0.003; Fig. 1). We
performed a similar analysis where we used the actual week
of the experiment (1-9.9) as opposed to colony number as
an indicator of season (to account for the fact that there were
variable time gaps between rounds of the experiment). This
analysis gave very similar results (data not shown).

An assessment of defensive behaviors displayed towards
marked individual bees gave similar results to the colony-level
data but with no significant effect of treatment (GLMM, colony
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number: le =5.2, P=0.02, treatment: le =0.004, P=0.95, col-
ony X treatment: le =54, P=0.02, Fig. 2). The significant inter-
action effect is a result of colony 4, where no individuals expe-
rienced defensiveness after foraging on honey. Notably, feeder
bee traffic is also significantly correlated with colony number
and thus season (LMM with experiment day as a random effect,
X?,=6.6, P=0.01, Fig S3), suggesting competitive interactions
at the food source may drive what appears to be a seasonal effect.

Discussion

Previous work showed that foragers returning from a robbing
trip provoked heightened defensiveness from guard bees at
their home colony, likely due to changes in forager aggression
(Grume et al. 2021). In the current study, we assessed whether
feeding on honey or interacting with conspecifics at a food
source drive this shift in forager-guard aggression, or if guards
are using private information like seasonal cues to modulate
their behavior in response to robbing risk. The strongest pat-
tern we observed was that guard bees were more defensive
towards returning forager nestmates when there was a high
level of bee traffic at the food source the foragers visited. This
result, consistent whether we assessed colony-level patterns
or defensive behaviors directed towards individually marked
foragers, indicates that conflict at a food source gives rise to
changes in forager aggression and guard response, possibly
explaining the behavioral patterns associated with robbing. We
found no evidence that food resource type consistently played
a role in these patterns. Moreover, although guard defensive-
ness increased as the season progressed, feeder bee traffic also
increased over this time frame; combined with our limited
colony-level replication, we cannot definitively disentangle the
role of seasonal cues in the aggression dynamics we observed.

Honey bee colonies use odor cues to identify nestmates,
behaving defensively towards individuals they identify as non-
nestmates (Breed 1983; Breed et al. 1988). Though some early
studies suggested that floral odors acquired during feeding trips
alter guard nestmate recognition abilities and thus defensive
behaviors (Ribbands et al. 1952; Wilson 1971), more recent
work, especially studies investigating relatively long-term
exposure to food odors, have not supported this idea (reviewed
in Downs et al. 2000, 2001). In our current study, we assessed
whether switching from honey to sucrose day to day was suf-
ficient to induce a change in guard behavior (presumably due
to a shift in forager aggression). Our findings largely agree
with more recent previous work showing that food type alone
is not enough to alter guard behavior (only one colony showed
differences in defensiveness as a function of food type). In the
robbing context, this outcome suggests foraging on honey is
not sufficient to cause an increase in aggression in forager bees.
It is important to note that in the current study, both the sucrose
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Fig.4 Returning foragers were
more likely to provoke guards
as feeder bee traffic increased.
Plots show whether a forager
provoked a guard defensive
response as a function of the
bee traffic at the feeder experi-
enced just prior to returning to
the colony. Each dot represents
an individual foraging trip, and
dots are colored by the level of
foraging traffic at the colony
entrance nearest the time at
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and honey treatments represent high-value food rewards, and
honey and nectar differ in other ways that are not represented
in the current study design (discussed below, see also “Meth-
0ds”). Though we cannot rule out the possibility that honey
provides important aggression-modulating information to
forager bees, our results suggest that direct competition at the
food source may be the more critical cue. Future studies could
consider other ways that odor cues, like accumulation of alarm
pheromone from aggressive interactions between foragers at a
food source, may influence guard behavior.

While honey stores at victim colonies draw in large num-
bers of foragers during a robbing event, we found that honey
is not sufficient to either attract large numbers of foragers or
provoke guard defensiveness once those foragers return home.
In contrast, one of four experimental colonies showed evi-
dence that foraging on sucrose, rather than honey, elevated
guard defensiveness. Higher attraction of bees to the sucrose
feeder may be partially responsible for the treatment differ-
ence in colony defensiveness (discussed below). However,
compared to the other three experimental colonies, this colony
also had higher than expected defensiveness in relationship
to both feeder bee traffic and colony foraging traffic, which
could indicate an additional factor is impacting forager and/

200 400 600 800

Feeder bee traffic

50 75 100

or guard behavior. This colony was assessed during the time
of the year when robbing is common. Some seasonal increase
in invasion threat (Garbuzov et al. 2020) or forager drift, e.g.,
outside our observation window, could have led to increased
defensiveness. Because bees from other colonies were also
more likely to visit the feeder at this time of year (indicated
by increased feeder bee traffic without a concomitant increase
in colony foraging traffic), another possibility is that compet-
ing with non-nestmates at the feeder has a greater impact on
forager aggression than competing with nestmates.

Our results showing greater traffic at the sucrose ver-
sus honey feeder stand in contrast to our previous study
showing heavy foraging traffic directed at victim colonies
housing unprotected full honeycomb frames, along with
very little activity at sucrose feeders placed at the same
site on different days (Grume et al. 2021). This discrep-
ancy between current and prior results could be explained
by variation in study design, the desired foraging target,
and/or forager motivation and resource profitability. In
the current study, we trained foragers to the feeder loca-
tion as opposed to relying on them discovering the food
resource spontaneously (Grume et al. 2021). It is possi-
ble that the large disparity in bee visitation between the
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sucrose feeder and full honeycomb frames in our previ-
ous work reflected an ability to locate unguarded honey
in a natural colony context versus sucrose in an artificial
feeder, an ability that training overcame in the current
study. Notably, we also trained foragers using sucrose,
which may have resulted in a preference for this food
type. Finally, training may have enhanced the memory
of the highly profitable feeder, regardless of treatment,
hindering the foragers’ ability to distinguish between the
honey and sucrose treatments.

Foraging preferences could explain the elevated attrac-
tion to sucrose: it could indicate water seeking behavior,
which may be particularly relevant during drought conditions
(Nufiez and Giurfa 1996; Pankiw et al. 2001). Sugar prefer-
ences could also play a role: while honey has a higher overall
sugar concentration (~82%), it also has much more glucose
and fructose compared to the sucrose feeder (~40% glucose,
35% fructose, 5% sucrose, and 20% water by weight; Doner
1977; Aljohar et al. 2018). Honey bees sometimes show a
preference for sucrose over glucose or fructose when the con-
centrations are matched (Waller 1972), and they can have
a stronger learned association with sucrose (Simcock et al.
2018). Finally, foraging on raw honey has costs: honey has a
much greater viscosity and stickiness compared to sucrose,
and high flow rates (a characteristic of the lower concentra-
tion sucrose solution) lead to higher recruitment and visita-
tion (Nufiez and Giurfa 1996). We also observed that many
honey foragers needed to groom themselves before being able
to fly back to the colony. It is possible that the bees were less
motivated to return to the honey feeder due to a perception
of a diminished reward value because of the extra time and
effort required to collect it (Seeley 1986); these foragers may
also exhibit different recruitment signaling towards naive for-
agers as a result of this experience (Borofsky et al. 2020).

Robbing activity changes with food availability and
the approach of winter, and correspondingly, colonies are
more defensive, presumably in response to robbing attacks
or other ecological cues that indicate robbing risk (Downs
and Ratnieks 2000; Garbuzov et al. 2020). Such a pattern
predicts increased defensiveness over the course of our
experiment, and possibly that guard and forager behavior are
driven by experiences unmeasured in the experiment (e.g., a
history of robbing attack or an experience of failing to find
floral resources). Although we found that guard defensive-
ness increased over the course of the season, this shift was
likely driven, at least in part, by competitive interactions at
the experimental food source, which also increased. Colony
defensiveness shifted day to day for at least one colony as we
switched the food treatment, suggesting plasticity in defen-
siveness even within a short seasonal time window. Thus,
though broad seasonal patterns (particularly the late-season
nectar dearth) may drive increased traffic at food sources
including robbed victim colonies (Downs and Ratnieks
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2000; Garbuzov et al. 2020), it appears unlikely that sea-
sonal cues exclusively alter forager aggression or guard
defensiveness. There is likely also important day-to-day
variation in colony defensiveness that could reflect acute
resource competition.

Because guard defensiveness is associated with feeder
bee traffic in our experiment, at least some of that traffic
originated from nearby colonies, and experimental colonies
were relatively close to the feeder, an alternative explanation
for our results could be that experimental colonies experi-
enced robbing threats from foragers from other colonies,
leading to increased guard defensiveness. Attempted robbing
and colony invasion are characterized by increased foraging
activity at the entrance of the victim colony, as a proportion
of the entering foragers are robbers recruited by nestmates
to the victim colony. However, we found weak evidence
that foraging activity at the colony entrance predicted guard
behaviors, suggesting an increased volume of entering bees,
whether they were nestmates or invaders, was not sufficient
to increase guard defensiveness. Traffic at the feeder, irre-
spective of colony foraging activity, was a much stronger
predictor of guard defensiveness. In our previous study
where we showed increased guard defensiveness during a
robbing event, we used automated marking to show there
was little, if any, interference from neighboring colonies at
our experimental sites (Grume et al. 2021). Thus, it seems
unlikely that interfering invaders to the experimental colony
explain the patterns of guard defensiveness we observed.
As discussed above, attempted invasions by nearby colonies
could have occurred outside of our observation window and
may explain some portion of the stable shifts in defensive-
ness that occurred over the season.

Our data suggesting that forager aggression increases
with forager competition with conspecifics at a food resource
follows a robust pattern of experienced-induced plasticity
in aggression in honey bees (Alaux and Robinson 2007,
Alaux et al. 2009; Rittschof and Robinson 2013; Rittschof
et al. 2014; Shpigler et al. 2017; Herb et al. 2018). Honey
bee aggression, typically performed in the context of nest
defense, is sensitive to social and ecological information
experienced throughout an individual worker bee’s life
(Rittschof et al. 2015). This plasticity presumably allows
honey bees to optimize their investment in costly nest
defense activities (Rivera-Marchand et al. 2008), and to
defend the colony collectively (Breed et al. 1990; Guzman-
Novoa and Page 1994). Because nest defense involves a
specialized subset of worker bees (Breed et al. 1990), these
individuals are thought to be most sensitive to aggression-
modulating information. However, robbing studies sug-
gest that non-defensive specialists (foragers) also adjust
their aggression in response to environmental information
(Grume et al. 2021; Rittschof and Nieh 2021). Our study
thus emphasizes first that there are contexts beyond nest
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defense that may require plasticity in aggression, and sec-
ond, that individuals other than defensive specialists adjust
their aggression in response to personal experience.

It is interesting to note that our studies as well as previ-
ously published robbing studies (Free 1954) suggest that
foragers may show elevated aggression even after inter-
acting with their own nestmates at a food source. This
raises an important unexplored role of context in nest-
mate recognition and response. Extensive studies show
that guard bees use ecological context and personal/colony
experience to modulate their defensiveness towards non-
nestmates, being more permissive to entry when robbing
threats and experiences are reduced (Downs and Ratnieks
2000; Couvillon et al. 2008). In these cases, guards pre-
sumably identify but ignore non-nestmates. However, for-
agers visiting heavily trafficked resources may be unable to
correctly identify nestmates using typical olfactory cues,
or they may respond to competitor presence using visual
or tactile cues, which supersede or override any olfactory
information that identifies a nestmate. Indeed, Free (1954)
observed that the presence of fighting bees at a colony
entrance is sufficient to induce casting, a robbing forager
flight behavior, suggesting foragers respond to visual cues
at a distance. Though we did not observe casting at either
the feeders or our experimental colonies, Free’s observa-
tions nonetheless suggest that foragers can modify their
behavior without physically contacting another bee. Per-
haps in addition to transitioning to a robber-typical entry
behavior, foragers, upon observing a contested resource,
become more aggressive in preparation for fighting, a
response that may be agnostic to nestmate identity.

Because colonies recruit nestmates to robbing targets,
nestmate encounter rate is likely high during a robbing event,
and thus ignoring nestmate foragers could come at some cost.
How or why colonies tolerate this and other costs could be
related to the value of the food resource. For example, forag-
ers recruit nestmates to a victim colony during robbing, even
after experiencing the cost of being attacked by the resident
bees (Rittschof and Nieh 2021), which would typically slow
recruitment, even to a feeder (Lau and Nieh 2010; Nieh 2010).
Perhaps seasonal context, difficulty finding food, or food qual-
ity alters the tendency to recruit, or to perform recruitment
inhibiting stop signals (Borofsky et al. 2020; Bell et al. 2021).
We found that latency to return to the feeder was inversely
correlated with traffic at the food source, suggesting resource
scarcity may override conflict avoidance. These possibilities
are the subject of on-going studies. To address these ques-
tions, it will be important to directly observe aggressive inter-
actions between foragers at the feeder, an important piece of
information we did not include in the current study.
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