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Abstract In the absence of predators, pollinators can often
maximize their foraging success by visiting the most
rewarding flowers. However, if predators use those highly
rewarding flowers to locate their prey, pollinators may
benefit from changing their foraging preferences to accept
less rewarding flowers. Previous studies have shown that
some predators, such as crab spiders, indeed hunt prefer-
entially on the most pollinator-attractive flowers. In order to
determine whether predation risk can alter pollinator
preferences, we conducted laboratory experiments on the
foraging behavior of bumble bees (Bombus impatiens)
when predation risk was associated with a particular reward
level (measured here as sugar concentration). Bees foraged
in arenas containing a choice of a high-reward and a low-
reward artificial flower. On a bee’s first foraging trip, it was
either lightly squeezed with forceps, to simulate a crab
spider attack, or was allowed to forage safely. The foragers’
subsequent visits were recorded for between 1 and 4 h
without any further simulated attacks. Compared to bees
that foraged safely, bees that experienced a simulated attack
on a low-reward artificial flower had reduced foraging
activity. However, bees attacked on a high-reward artificial
flower were more likely to visit low-reward artificial
flowers on subsequent foraging trips. Forager body size,
which is thought to affect vulnerability to capture by
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predators, did not have an effect on response to an attack.
Predation risk can thus alter pollinator foraging behavior in
ways that influence the number and reward level of flowers
that are visited.
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Introduction

Acquiring resources is necessary for survival, yet increased
foraging effort often results in a higher risk of predation
(Verdolin 2006). While predation events may be rare, they
impose an extremely high fitness cost when they do occur.
Consequently, selection can favor foraging strategies that
sacrifice foraging gains in order to decrease the risk of
predation (reviewed in Bednekoff 2007; Brown and Kotler
2007). Such “non-consumptive effects” of predators on
forager behavior lead to trait-mediated indirect effects on
other community members that may be even larger than the
effects of actual prey death (Preisser et al. 2005).

Trait-mediated indirect effects can weaken all forager
interactions (i.e., by reducing overall foraging effort) or
change the profile of forager interactions (i.e., by changing
habitat use due to habitat-specific predation risk; Schmitz et
al. 2004). The habitat-specific predation risk depends on
habitat characteristics that increase the chance of prey
concealment or escape (e.g., light, habitat complexity, and
availability of refugia Bednekoff 2007), as well as on the
habitat preferences of the predators themselves. Predator—
prey foraging games predict that predators should prefer to
hunt in patches that are high quality for their prey (Hugie
and Dill 1994; Sih 1998), resulting in a tradeoff for the prey
between foraging gains and predation risk.
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This preference for higher quality foraging patches has
been observed in crab spiders (Thomisidae), which are
ambush predators of important pollinators, including honey
bees and bumble bees. Crab spiders will move to flowers
receiving more pollinator visits (e.g., Morse and Fritz 1982;
Morse 1988), as well as to flowers with cues that they
provide more or better resources, both within (Heiling and
Herberstein 2004) and between (Schmalhofer 2001) plant
species. These cues, which are preferred by both pollinators
and crab spiders, include floral symmetry (Meller 1995;
Wignall et al. 2006), odor (Andersson 2003; Heiling et al.
2004), and age (Chien and Morse 1998; Higginson et al.
2006). Thus, depending on how crab spiders change
pollinator foraging behavior, they could have trait-
mediated indirect effects on plant communities by reducing
overall pollination or by altering phenotype-specific and
species-specific pollination rates.

Previous studies have found that bees avoid crab spiders
(Dukas 2001a; Dukas and Morse 2003; Robertson and
Maguire 2005; Reader et al. 2006; Gongalves-Souza et al.
2008) and flowers where either they have experienced
simulated predation attempts or encountered dead conspe-
cifics (Dukas 2001a; Abbott 2006). Furthermore, bees will
avoid locations that are more likely to harbor crab spiders;
after experiencing a simulated attack on a flower with a
camouflaged predator model, bees are more likely to falsely
reject similar-appearing flowers without a predator model
(Ings and Chittka 2008; Ings and Chittka 2009). However,
in all these studies, safe and dangerous flowers provided
equal rewards or reward levels were not controlled.
Therefore, while it has been predicted that pollinators
should optimize their lifetime foraging success by switch-
ing their preference to low-reward flowers when ambush
predators are present (Jones 2010), this prediction has not
been empirically tested.

Here, we examine the response of bumble bee (Bombus
impatiens) foragers to simulated predator attacks when
artificial flowers differ in reward level. We measured
whether predation risk affects foraging activity and prefer-
ence for flower type and patch. Furthermore, as the strength
of pollinator response is predicted to increase with the
pollinator’s vulnerability to capture by the predator (Jones
2010), we investigated whether there is any interaction
between response to predation risk and forager body size, a
potential determinant of vulnerability to capture by crab
spiders (Morse 1979). Foragers were given access to two
foraging arenas, representing separate flower patches, each
provisioned with one high-reward and one low-reward
artificial flower, which could be distinguished by the color
of the flower. Given this setup, an attacked forager could
avoid the flower on which it was attacked by (1) continuing
to visit the same flower type, but switching to a new
resource patch, or (2) switching to the other flower type.
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Switching patches, but not flower type, suggests that bees
associate the experience of danger with an individual
flower, not the flower type. Alternatively, switching flower
types suggests that danger is associated with flower type,
not just an individual flower.

Methods
Setup and training

Two B. impatiens colonies (obtained from Koppert Biolog-
ical Systems, MI, USA), containing approximately 150 to
200 workers each, were housed in wooden nest boxes (39 x
23x8 cm). All bees were marked with colored, numbered
plastic tags for individual identification. Each colony was
connected to three wooden foraging arenas (each 24 x20x
8 cm) by transparent PVC tubes 152 ¢cm long (Fig. 1). Nest
boxes and foraging arenas had transparent acrylic covers to
allow viewing, and foraging arenas had trap doors on the

nest box
experiment training experiment
arena arena arena
‘ /|r\ ‘N
trap door artificial flower divider

Fig. 1 Experimental setup. Artificial flowers consisted of a colored
foam circle (outermost circle) beneath a Petri dish (large white circle)
filled with sugar solution that could be reached through a small hole in
the lid (innermost circle). The position (left or right) of the low-reward
and high-reward artificial flowers (light and dark backgrounds) was
randomized in each box for each training day and during each trial.
The experimental arenas were accessible to bees at all times, but were
empty except during test periods
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rear wall to allow for simulated predator attacks (described
below). These laboratory foraging conditions allowed us to
control the bees’ foraging options and to monitor all
foraging trips within the experimental trials. While foraging
under laboratory conditions is restricted, previous labo-
ratory experiments on bumble bee foraging response to
predation risk (e.g., Ings and Chittka 2008; Ings and
Chittka 2009) have found behavior similar to that observed
in the field.

Bees were given ground pollen daily and, except for
training and trials, were provided with a low-concentration
sugar solution in artificial flowers placed in the center
foraging arena. The sugar solution was 25% v/v “Beehappy”
in water solution (Koppert Biological Systems) in colony 1
and 20% w/w sucrose solution in colony 2. The artificial
flowers were constructed from Petri dishes (4 cm diameter x
1 cm) sealed with hot glue, with a slit drilled through the top,
and placed on top of a gray foam (Crafters Square) circle
(Fig. 1).

Training of all active foragers took place for 24 h before
experimental trials were carried out. During training, a low-
reward artificial flower on a yellow foam circle and a high-
reward artificial flower on a blue foam circle were put in
the center foraging arena. In colony 1, “low” and “high”
sugar solutions were 25% and 50% v/v “Beehappy” in
water, respectively; in colony 2, “low” and “high” sugar
solutions were 20% and 40% w/w sucrose, respectively.
These sugar concentrations span a typical range found in
bumble bee visited flowers (Cruden et al. 1983), and honey
bees have been shown to discriminate against sucrose
solutions that are 50% lower than the alternative (Bachman
and Waller 1977). Furthermore, during training, a strong
preference for the high-reward flower was observed. In the
“Beehappy” trials of colony 1, bees had additional olfactory
cues for reward level compared to sugar solution trials of
colony 2; however, data were combined after no significant
difference was found between the two colonies.

Testing

During experimental trials, artificial flowers were removed
from the center (training) arena and pairs of new, clean
artificial flowers were placed in the experimental arenas
(which had not previously contained food). Each pair
included one low-reward artificial flower (as described
above) on a yellow foam circle and one high-reward
artificial flower on a blue foam circle. Trials lasted between
2 and 4 h, during which every forager visit was recorded by
forager identity, flower visited, and time. Simulated
predator attacks were modeled after crab spider attacks, in
which the spider grabs the bee with its raptorial forelimbs
(Morse 2007). We simulated this type of attack by lightly
squeezing the bee’s abdomen with forceps for approximately

2 s before releasing the bee. Our simulated predator attacks
are similar in effect to those of Ings and Chittka (2008,
2009), who simulated attacks by squeezing bees between
pads attached to robotic arms. Additionally, previous
investigation has shown similar responses to flowers where
a forager encountered either a dead bee or a dead spider, or
had been attacked by a model spider (Dukas 2001a),
suggesting that forager responses are not specific to
particular cues of crab spider presence.

Within each trial, we systematically attacked every
second bee that was making its initial foraging trip.
However, foragers were not attacked if there was another
forager present on or near the artificial flower; instead, the
next bee making its initial foraging trip would be attacked.
The forceps used in the simulated attacks were immediately
removed from the foraging arena following an attack to
restrict the cue of predation risk to the forager that was
attacked. This may have led to a lower estimate of
predation risk than if a spider model had been present;
several bees searched the area around the artificial flower
after being attacked and resumed feeding after failing to
encounter further danger (personal observation). After all
trials were completed, the thorax widths of foragers were
measured with digital calipers as a measure of body size
(Goulson et al. 2002; Jandt and Dornhaus 2009).

Statistical analyses

We hypothesized that experiencing an attack would make
foragers less likely to return to forage, slower at returning
to forage, and less likely to return to the same flower type
and box. Thus, we used one-tailed statistical tests reflecting
these hypotheses in analyses of the effect of an attack on
foraging behavior. The reward level of the first flower
visited greatly affected the response to an attack, so these
analyses were split by first flower type. Two-tailed tests
were used on analyses of the effects of body size on
foraging behavior as we did not have a clear prediction of
how size would affect vulnerability. Morse (1979) found
that crab spiders were more successful in capturing smaller
pollinator species; however, in that study, captured bumble
bees were not significantly smaller than the general
population of foraging bumble bees. Larger individuals
could be more difficult for the predator to handle, but might
also differ in maneuverability. The mass of foragers has
been found to decrease their flight performance, which
Dukas (2001b) has suggested could increase their vulner-
ability to capture. The reward level of the first flower
visited did not interact with forager body size, so these
analyses simply compare attacked and non-attacked for-
agers. The times to the first return foraging trip were
exponentially distributed, and consequently were log-
transformed for analysis with parametric tests. Analyses of
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proportions of return visits to the original foraging arena or
to the original flower type included only those bees that had
had the opportunity to visit all arenas or flowers within the
given time period (i.e., those that had made at least two or
four return trips, respectively).

Results

Simulated attacks did change foraging behavior, but the type
of response depended on the reward level of the flower on
which the attack occurred. For bees that first visited a high-
reward artificial flower, there was no significant difference
between bees that were attacked and those that were not
attacked in the likelihood to return to forage at all in the
hour after the first foraging trip (x> test, n=90, x>=0.645,
p=0.422; Fig. 2a) or, for those bees that did return to
forage, in the rate of return visits (Mann—Whitney U test,
n1=52, ny=22, U'=575, z=0.0296, p=0.489; Fig. 3a).
However, for bees that first visited a low-reward artificial
flower, bees that were attacked were significantly less
likely to return to forage in the hour after the attack (x>
test, n=72, x*=4.35, p=0.0369; Fig. 2a) and, if they did
return to forage, had a significantly lower rate of return
visits (Mann—Whitney U test, n,=30, n,=22, U'=426, z=
1.769, p=0.0385; Fig. 3a) than those bees that were not
attacked. On the other hand, for those bees that were not
attacked, whether the first visit was to a low-reward or
high-reward artificial flower did not significantly affect
the rate of return visits (two-tailed Mann—Whitney U test,
n1=30, n,=52, U'=920, z=1.343, p=0.179; Fig. 3a).
Larger bees took less time to return to forage, though this
relationship was significant only for those bees that were
not attacked (linear regression, attacked, n=39, p=0.510,
R*=0.012; not attacked, n=70, p=0.0171, R*=0.0807;
Fig. 3b). However, bee size did not alter the time to return
after an attack (comparison of regression coefficients,
t=-0.858, p=0.393) and, for the bees that had experienced
an attack, body size did not affect whether the bees
returned to forage within an hour of the attack (unpaired
t test, n=56, t=—0.0646, p=0.949).

While those foragers that were attacked on a high-reward
flower did not reduce their foraging activity, their foraging
preferences did change. These bees were significantly less
likely to return to the same type of flower on the second
foraging trip than bees that were not attacked (x° test,
n=76, x*=12.2, p=0.000482; Fig. 2b). Foragers attacked
on a high-reward flower also made a smaller proportion of
their return foraging trips to high-reward flowers during
their first hour of foraging (Mann—Whitney U test, n;=10,
n,=20, U'=142, z=1.88, p=0.0304; Fig. 4a). On the other
hand, foragers that were attacked on a low-reward flower
were not significantly less likely to return to a low-reward
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Fig. 2 The proportion of bees that a returned to forage within an hour
of their first foraging trip, b returned to the same flower type on their
second foraging trip, and ¢ returned to the same arena on their second
foraging trip. On the first foraging trip, bees either went to a low- or
high-reward artificial flower and either foraged safely (white bars) or
were attacked (gray bars)

flower on the second trip (X2 test, n=56, X2:1.89, p=0.170;
Fig. 2b) or to make a smaller proportion of their return
foraging trips to low-reward flowers during their first hour
of foraging (Mann—Whitney U test, n;=8, n,=16, U'=55,
z=—0.596, p=0.724; Fig. 4a) compared to foragers that were
not attacked. After the first hour of foraging, there was no
longer a significant difference in preference for flower type
for bees that were attacked either on a high-reward flower
(Mann—Whitney U test, n,=7, n,=18, U'=59.5, z=—0.0764,
p=0.531) or on a low-reward flower (Mann—Whitney U test,
n =17, n,=12, U'=45, z=0.224, p=0.411).
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Fig. 3 a The effect of artificial flower reward level and simulated predator
attacks on the mean rate of bees returning to forage (visits/hour). On the
first foraging trip, bees either went to a low- or high-reward artificial flower
and either foraged safely (white boxes) or were attacked (gray boxes).
Boxes show the median and interquartile range, with whiskers spanning
the entire range, except for outilers (black circles) that fall beyond 1.5

Overall, 28.4% of bees switched foraging arenas
between the first and second foraging trips. However,
switching between arenas did not appear to be a response to
perceived predation risk. Bees that had experienced an
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times the interquartile range from the 25th or 75th percentile. b The
relationship between forager body size and the time between first and
second flower visits for bees that were attacked (black circles, black
regression line, y = 1.774 — 0.078x) and not attacked (gray circles,
dashed gray regression line, y = 2.260 — 0.207x) on their first foraging
trip

attack were not significantly more likely to switch between
arenas (X2 test, first visit to high-reward flower, n=78, =
0.00464, p=0.946; first visit to low-reward flower, n=56,
x*=1.17, p=0.280; Fig. 2c). Similarly, an attack did not
decrease the proportion of return trips to the original arena
during the first hour of foraging (Mann—Whitney U test,
first visit to a high-reward flower, n;=20, n,=39, U'=
419.5, z=0.494, p=0.311; first visit to a low-reward flower,
n1=15, n,=24, U'=225, z=1.37, p=0.0855; Fig. 4b).

Discussion

In our experiments with B. impatiens, we found that
simulated predator attacks affected either the foraging
activity or the foraging preferences of the bees. The
behavioral response to predation risk was dependent on the
reward level of the flower where the attack occurred. Bees
attacked on a low-reward artificial flower spent more time in
the nest between flower visits and were less likely to return
to forage within an hour of the attack. Bees attacked on a
high-reward artificial flower were more likely to switch
flower types on subsequent foraging trips, even though that
meant switching to an inferior resource; however, this
change in preference decayed within about 1 h.

By avoiding dangerous flowers, foragers may be able to
increase their lifespan and therefore lifetime resource gain.
From data synthesized by Dukas (2001b), we estimated
that, even in areas with relatively low crab spider densities,
between 20% and 47% of bumble bee forager losses each
day could be attributed to predation by crab spiders.
Therefore, avoiding crab spiders may be adaptive despite
a cost to short-term resource gain.

Since a single crab spider attack is unlikely to be
successful in capturing a bumble bee (Morse 1979, 1981),
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bumble bees may be able to use unsuccessful attacks to
inform their future foraging behavior. Given the positive
relationship between flower reward level and crab spider
presence that has been observed (Chien and Morse 1998;
Schmalhofer 2001; Heiling et al. 2004; Heiling and
Herberstein 2004; Wignall et al. 2006), foragers may be
able to infer crab spider densities, and thus optimal foraging
strategies, through limited encounters with crab spiders.
Predation risk may also be communicated; honey bees have
been found to reduce waggle dance recruitment to patches
with predators (Abbott and Dukas 2009), and bumble bees
can copy the flower preferences of more experienced
foragers (Baude et al. 2008).

Theory predicts that a forager encountering a crab spider
on a high-reward flower is likely to be able to increase its
lifetime foraging gains by switching to lower-reward
flowers (Jones 2010), the forager response we observed
here. This prediction is independent of the number of
flower phenotypes present, but further research will be
required to determine whether pollinators generalize preda-
tion risk to high-reward flowers that differ in appearance
from the one where a predator was encountered. If, instead,
a forager encounters a crab spider on a low-reward flower,
it is likely that there is a high crab spider density and that
the forager may be better off searching for another patch.
We did not find support for this prediction here: foragers
were not more likely to switch between arenas after an
attack. Given the small scale of the foraging arenas, the two
patches in our experiment may not have been considered
sufficiently independent by the foragers; thus, further
experiments are required to fully test this prediction.

Pollinator vulnerability is also expected to play a role in
the response to predation risk (Jones 2010). However, while
we found that smaller foragers generally took longer to
forage (as has been reported previously, see Spaethe and
Weidenmiiller 2002), changes in foraging rate after an
attack did not depend on forager body size. Previous
studies have found differences in the crab spider capture
success of pollinator species of different sizes (Morse 1979,
1981), though not in bumble bee individuals of different
sizes. While bumble bee foragers do vary greatly in size, it
is possible that all are too large for further increases in size
to affect their vulnerability. Alternatively, advantages of
increased size might be associated with tradeoffs. For
example, increased mass can decrease flight performance,
which has been suggested to lead to increased vulnerability
to capture (Dukas 2001b). Behaviors such as vigilance (e.g.,
Yokoi and Fujisaki 2009) and avoidance learning could
potentially compensate for smaller size, but our results and
those of Ings and Chittka (2008) suggest that this is not the
case in bumble bees.

Solitary pollinator species may react even more strongly
to predation risk than what we show here for bumble bees,
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due to both greater vulnerability and greater loss of fitness
resulting from predation. Solitary species, which tend to be
smaller than the bumble bees we studied, have been found
to be more vulnerable to capture by crab spiders (e.g.,
Morse 1979, 1981). Furthermore, the cost of predation is
higher for solitary species. Social insects have been
predicted to be less risk averse than solitary species (Clark
and Dukas 1994) because a worker’s investment into the
colony is not lost at its death (Queller 1989; Gadagkar
1990). Indeed, pollinators such as solitary bees and syrphid
flies have been observed to have stronger avoidance of crab
spiders than honey bees and bumble bees (Brechbuhl et al.
2010a; Brechbuhl et al. 2010Db).

The results of our experiments, that predation risk does
significantly alter bumble bee behavior, both in terms of
foraging activity and foraging preferences, suggest that
anthophilous (flower inhabiting) ambush predators could
indirectly reduce overall pollination and alter the plant
phenotypes and species that receive the most pollination.
The bees in our study appeared to generalize predation risk
across flowers with a similar phenotype to those where an
attack had been experienced. It has been demonstrated
previously that this generalization of predation risk is
especially strong when the predator is camouflaged (Ings
and Chittka 2009), as it was in our study. However, we
have shown for the first time that avoidance of flowers
more likely to harbor a predator occurs even when it
reduces foraging gains.
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