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Foraging decisions of social animals occur in the context of social groups, and thus
may be subject to considerations of not only an individual’s nutritional state and nutrient
input, but those of the social group in which they live. In eusocial insects, which live
in colonies containing workers that forage for food that is mostly consumed by others,
foraging decisions that reflect colony needs may also be considered at both the colony
and individual level. If colony energy balance is perturbed, is the counteracting response
occurring on the group level (a change in division of labor) or on the individual level
(a change in individual foraging choices)? To address this, colony and individual level
foraging behaviors were observed in two species of eusocial bees: the highly social
honey bee Apis mellifera and the primitively eusocial bumble bee Bombus terrestris. After
manipulations of protein (P) and carbohydrate (C) stores in colonies of both species,
there were changes in multiple different behavioral responses including colony level
(number of foragers, allocation to nectar and pollen foraging, nutrient mass foraged)
and individual level (P and C concentration preference and loading during foraging).
These results suggest both honey bee and bumble bee colonies balance nutrient needs
through a combination of both colony level shifts in foraging allocation, as well as slight
modulation of individual nutrient preferences. This study also uncovered colony level
differences between the two bee species; honey bees balanced P intake while bumble
bees balanced C intake. These patterns may reflect differences in life history traits such
as perenniality and hoarding, traits that are developed in more highly social species.
Overall, this study highlights the importance of considering both group and individual
level behavioral responses in foraging decisions in social animals.

Keywords: Apis mellifera, Bombus terrestris, intake target, nutritional homeostasis, p:c ratio, pollen, nectar,
foraging

INTRODUCTION

What to eat? Where to forage, and for how long? Decision making in the context of food-searching
behavior can be a complex process, involving multiple sensory modalities, specific forms of learning
and memory, and integration of multiple different sources of external environmental and internal
physiological information. Optimal foraging theory (OFT) makes predictions about the types of
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decisions individual animals make in order to minimize energy
expenditure and maximize their own nutrient intake, some of
which have been supported by studies in a variety of animal taxa
(Pyke, 1984; Sih and Christensen, 2001). However, OFT has been
heavily criticized for ignoring life history traits, because foraging
may occur in contexts outside of satisfying the immediate
needs of individuals, e.g., parental care and food hoarding
(Pierce and Ollason, 1987).

Foraging decisions take on an even greater level of complexity
in considering social animals, especially highly social species
in which inclusive fitness and group benefits are important
considerations (Galef and Giraldeau, 2001; Kay, 2002). Eusocial
insects, with a reproductive division of labor that includes a non-
reproducing worker caste such as ants and honey bees, represent
an extreme case in which foragers are often highly specialized
on food-collecting behavior (Wilson, 1971). However, this food
collection is often divorced from their own individual nutritional
needs, and collected food is often not directly consumed, but
instead shared to serve the nutritional needs of the colony. An
extreme example is the Myrmecocystus honey ant, in which a
specialized caste of individuals serves as living food receptacles
(Burgett and Young, 1974), storing huge amounts of sweet plant
secretions in their crops, but not consuming or digesting the vast
majority of this food to fuel their own physiological needs.

Eusocial insects evolved from solitary species in which
individuals needed to respond to their own internal physiological
cues in order to feed themselves to fuel personal reproductive
opportunities (Ament et al, 2010). During the evolution of
sociality, there must have also been a transition from foraging
decision making based on individual needs to decisions based on
needs of the social group (Behmer, 2009b; Boomsma and Gawne,
2018). Across the diversity of extant insect species found today,
there are highly eusocial species, in which colonies are very large
and individual workers rarely reproduce, as well as primitively
eusocial species, in which colonies are smaller and individual
workers retain some reproductive capacity (Wilson, 1971). Thus,
it may be possible to uncover differences in how social insects
with different forms of sociality balance individual vs. colony
level foraging decisions. If colony energy balance is perturbed,
is the counteracting response occurring on the group level (a
change in division of labor) or on the individual level (a change
in individual foraging choices)? And do these responses differ
in species with different levels of sociality? We aimed to address
this knowledge gap by studying behavioral responses of two bee
species with different forms of social organization.

Within the well-studied bee subfamily Apinae, Apis mellifera
honey bees are a classic example of a highly eusocial species with
task-specialized workers (Johnson, 2010), while Bombus terrestris
bumble bees have smaller colonies with more behaviorally flexible
workers (Crall et al., 2018). A. mellifera live in perennial, food-
hoarding colonies consisting of tens of thousands of female
workers, most of which will never lay an egg during the course
of a normal colony cycle (Winston, 1991). Honey bee foragers
are known to be highly specialized on collecting pollen, nectar,
or non-food substances such as water or propolis (Page and
Fondrk, 1995). On the contrary, B. terrestris colonies are annual,
with small pollen and nectar stores, and as colonies decline in

autumn, workers engage in dominance contests and several will
lay unfertilized eggs (Goulson, 2010). Although larger workers
tend to forage, while smaller workers tend to care for brood,
individual foragers are not highly specialized as in honey bees
(Goulson et al., 2002; Crall et al., 2018). Furthermore, bumble
bees have only a relatively simple foraging communication
system compared to the honey bees’ sophisticated dance language
(Dornhaus and Chittka, 2001). Colony-level decision making,
such as colony allocation of foragers for pollen or for nectar,
have also been extensively studied in both honey bees and
bumble bees (Cartar, 1992; Seeley, 1995; Hagbery and Nieh, 2012;
Leonhardt and Bliithgen, 2012; Konzmann and Lunau, 2014;
Vaudo et al., 2014; Ruedenauer et al., 2015). Individual decision
making during foraging trips has also been extensively studied
in honey bees and bumble bees, providing important tests of
OFT predictions (Heinrich, 1983; Hodges, 1985; Wells and Wells,
1986; Lihoreau et al., 2012; Katz and Naug, 2015). However, to
our knowledge, few studies have considered both individual and
colony level responses concurrently (Schulz et al., 1998).

As a guiding framework for this study, we utilized the
geometric framework for nutritional balancing of protein (P) and
carbohydrate (C) needs, as developed from studies in solitary
insects (Lee et al., 2002; Behmer, 2009a; Raubenheimer et al.,
2009). The geometric framework predicts that food choices for
key macronutrients such as P and C will scale geometrically along
an optimal ratio that supports individual reproductive fitness.
The geometric framework can also be extended to whole colonies
(Behmer, 2009b; Dussutour and Simpson, 2009; Lihoreau et al.,
2014). This study extends findings of P to C balancing of isolated
caged cohorts of honey bees (Altaye et al., 2010; Pirk et al., 2010;
Paoli et al., 2014a,b) and bumble bees (Stabler et al., 2015) to the
whole colony level.

We altered P and C inputs into colonies of both bee species
and examined how this affected (1) colony allocation of foragers
to P and C biased feeding stations, and (2) individual preferences
(as inferred by choice of and food loading at different feeding
stations) given a range of P and of C concentrations. We
hypothesized that both honey bees and bumble bees would adjust
colony division of labor and allocate more foragers to P and/or
C depending on colony needs. Individual preferences were
predicted to be skewed toward higher P and C concentrations
for foragers from colonies more severely deprived of P or
C, respectively, in order to address short-term colony needs
rather than long-term optimal foraging. We further predicted,
due to differences in level of sociality and food hoarding, that
bumble bees would show stronger individual foraging responses
to nutrient balance, whereas individual honey bee would be more
fixed in response to colony nutrient shifts.

MATERIALS AND METHODS

Honey Bee Colony Preparations

Twenty-four honey bee colonies (A. mellifera ligustica) were
standardized in nucleus hive boxes with ~5,000 workers, a brood
nest in 3 center frames and honey stores in 2 side frames (i.e.,
5 frames total). This colony size represented an active growth
phase of the colony life cycle (i.e., not senescing or reproducing)
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TABLE 1 | Experimental manipulations applied to colonies.

Colony (N) Protein manipulation Carbohydrate manipulation Colony signal
HB (8) Adding a pollen frame (P+) Removing a honey frame (C-) P surplus

HB (8) No manipulation (P) No manipulation (C) Baseline control
HB (8) Sealing off pollen stores and adding an empty frame (P—) Removing a honey frame (C-) P deficit

BB (8) Adding pollen patty (P+) No hive sucrose feeder (C) P surplus

BB (8) No pollen patty (P) No hive sucrose feeder (C) Baseline control
BB (8) No pollen patty (P) Adding hive sucrose feeder (C+) C surplus

Forage opportunities for both honey bees (HB) and bumble bees (BB) included a protein (P) gradient and a carbohydrate (C) gradient.

(Johnson, 2010). After standardization (October 9, 2014), all
colonies were relocated for a period of 3 weeks to a location
4.2 km away, to avoid bees drifting back to former hive locations
and restore balance between workers, brood, and stores.

One day preceding honey bee experiments, each colony was
randomly assigned one of three pollen treatments: pollen deficit
(P-), pollen control (P), or pollen surplus (P+). Eight colonies
were given an empty comb in the middle of the brood nest,
while any pollen cells in those colonies were sealed off using
molten wax (treatment P-). Sealing away pollen is alike a natural
sealing behavior by honey bees, called capping or entombing
(vanEngelsdorp et al., 2009). Eight colonies were controls, which
underwent no manipulation (treatment P). Eight other colonies
were manipulated by introducing a comb fully filled with pollen
in the middle of the brood nest (treatment P+). These pollen
combs had been made by filling pre-weighed empty drawn combs
with mixed pollen pellets. The pellets were compacted into the
cells by worker bees in a large colony for 1 day. Subsequently each
comb was reweighed (mean 581 g added pellets =+ 29.7 SE; n = 8),
and kept refrigerated until use.

In order to introduce either an empty comb (P-) or full comb
(P+) in the brood nest, one of the side combs with honey was
taken out. The honey removal was regarded as a manipulation
of the level of carbohydrate nutrition (treatment C-). Thus,
the design allowed assessing in-hive manipulation of both P
(levels: less, normal, and more) and C (levels: less and normal)
stores (Table 1).

Bumble Bee Colony Preparations
Twenty-four bumble bee colonies of European buft-tailed
bumble bees (B. terrestris) were obtained from a commercial
breeder (Biobee, Sde Eliyahu, Israel). They were prepared on
December 1st, and delivered December 3rd, 2014. This colony
size represented an active growth phase of the colony life cycle,
as no drones or gynes were being reared yet. The colonies
were killed after the experiment to minimize the chance of
pathogens spreading into native bee populations (Aizen et al,
2018). Subsequent metrics were collected on colony workers,
brood and food (pollen and nectar) storage (Supplement 1).
Standard in-hive sucrose feeders (2L; 50% w/v sucrose
solution) and in-hive pollen patties (50 g; 90% pollen with 10%
sucrose solution) were removed from eight bumble bee colony
boxes. These colonies were baseline control colonies that needed
to forage for both protein (P; pollen diet) and carbohydrate

(G; sucrose solution) according to a normal need (P:C ratio).
Eight additional colonies were left with their supplied in-hive
pollen patties (P+), but not sucrose feeders (C). An additional
eight colonies retained the in-hive sucrose feeders (C+) but
not the pollen patties (P). Thus, the design allowed for colony
manipulation of both P diet (levels: normal and more) and C diet
(levels: normal and more) (Table 1).

Honey Bee and Bumble Bee Colony

Manipulation Differences

Because the experiment involved two different bee taxa with
innate differences in pollen and nectar storage characteristics,
exactly parallel colony manipulations were not possible. Honey
bee colonies store a multi-day buffer of pollen within combs to
safeguard nurse bee provisioning. Nurse bees digest pollen to
produce a jelly to feed larvae (Wright et al., 2018). In contrast,
bumble bees collect pollen for prompt brood cell provisioning
as their larvae eat the pollen directly (Stabler et al., 2015). This
disparity is reflected by experimental manipulations to include
treatment levels of less, normal, and more in-hive P as treatments
for honey bees, whereas bumble bees only included treatment
levels normal and more in-hive P, because removing pollen
from bumble bee colonies was not feasible. Secondly, honey
bee colonies store large quantities of honey while bumble bees
maintain a relatively small number of honey pots. As compared
to honey bee combs, bumble bee honey pots are more difficult
to manipulate. Therefore, carbohydrate stores were manipulated
in honey bee colonies by removing a honey comb (C-) but in
bumble bee colonies by adding a sucrose feeder (C+), while a
baseline colony state (C) was present for both species (Table 1).
Colony treatments can be summarized as P4+C-, PC, and P-C-
for honey bees, and P+C, PC, and PC+ for bumble bees.

Experimental Site and Setup

Experiments were conducted at the Joseph Marguleas
Experimental Farm of the Faculty of Agriculture, Food and
Environment at the Hebrew University of Jerusalem in Rehovot
(31°54'16.02"N, 34°47'50.09”E). Twenty-four tunnel cages of
2 x 3 x 2m (length x width x height) with a gauze cover of
1.3mm mesh were used. Every colony had access to a water
bucket with cork floats and a feeding arena consisting of two
platforms covered with 50 x 50 cm white paper sheets, to present
each colony five pollen and five sucrose feeders. Spatial bias on
bee choice (e.g., due to the distance to the hive entrance or the
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direction of the sun) was countered using different permutations
of diet placement. In addition, spatial bias effects were mitigated
by turning feeding arenas 90°, after recording bee visitation every
hour (see section Data on Bee Visits, Collected Diet Weights and
Overall Colony Activity).

Data Collection Days

Honey bee colonies were placed into the tents on November 4,
after sunset. After 4 days the experiment was ended, with a total
exposure to diet feeders per colony of 19:15h, a mean 4:45h per
day (November 5, 6, 7, and 8). The bumble bee colonies were
tested a month later, placed into the tents December 4, at sunset.
The bumble bee experiment was ended after 20 of 24 bumble
bee colonies had showed foraging activity at the feeding arena
(>1 bee). The bumble bee colonies showed negligible activity
over the first 5 days (excluded), which included 2 days with rain
and cold temperatures. Exposure to diet feeders per bumble bee
colony during the following days was 26:00h, a mean 5:15h
per day (December 10, 11, 12, 13, and 14). The diurnal average
temperature was 2.8°C warmer during the honey bee experiment,
as compared to the bumble bee experiment (Supplement 1; ¢
= 2.60, p = 0.04), yet the day-time high temperatures were
favorable for colonies to forage, and were not found to differ
between the honey bee and bumble bee trial (24.2°C on average;
t=2.02,df =7,p=0.08).

Sugar Solution Feeders

Colonies were housed in tunnels and were provided with feeders
(external to colonies) containing sugar solutions in five 1L
square plastic containers, holding 400 g solution per feeder. Each
solution had a square bubble-wrap float on top as a platform
for bees to land and drink. Solutions were kept ad libitum
and refreshed every day or second day (closing feeders with
lids overnight). By dissolving sugar in water, five solutions
in a concentration gradient of 16.5, 18.5, 20.5, 22.5, 24.5%
(w/w) sucrose were made, verified by refractometry. This range
represented nectar concentrations at our apiary during the
month of November, being 20.7 % 4 1.6 SEM (n = 22 sampled
nectar foragers) (Tamar Drezner-Levy, unpublished data, 2003).

Pollen Powder Feeders

Colonies were provided with feeders (external to colonies)
containing 100 g pollen diet batches, offered in five 13 cm ¢ petri
dishes (20 g diet per dish). These amounts were refreshed every
day or second day (closing the dishes overnight), provided ad
libitum to assure there was no limitation on choice options. Each
diet contained 70% pulverized bee-collected pollen pellets mix
with a 30% mix of different tapioca to casein ratios (10:0, 9:1, 8:2,
7:3, or 6:4). Casein use is common for manipulating protein levels
in test diets (Pirk et al., 2010; Corby-Harris et al., 2018). Tapioca
flour was used as a filler to create dilutions of the casein protein
(Hendriksma and Shafir, 2016).

The three diet components (tapioca, casein, and pollen) were
mixed in a table top blender and the resulting diets were
passed through a honey-sieve and kept refrigerated until use.
The tapioca was purchased as alimentary flour (Duchan, Gan
Shmuel, Israel). The casein (C7078, Sigma, Missouri, USA) was

first pulverized in a ball grinder (Pulverisette 6, Fritsch GmbH,
Idar-Oberstein, Germany), applying 7 balls in 2 cycles of 3 min at
300 rpm for batches of 80 g casein. The pollen had been collected
using traps on local honey bee hives during the year and kept
frozen at —20°C. These mixed floral pollen pellets (5.9 kg) had
been homogenized with an industrial blender.

Protein Analyses of All Pollen Diets and
Dietary Components

To study colony macro-nutrient intake in the geometric
framework of nutrition, the absolute foraged amounts of protein
(P) and carbohydrate (C) were quantified. Dietary protein
concentrations were assessed by Kjeldahl nitrogen analysis (Foss
Tecator Kjeltec Auto Sampler System 1035 Analyzer, Hillered,
Denmark). Samples of 200 mg were oxidized by H,SO4 with
catalysts Se and CuSO4 at 400°C. N-amines that had been
converted into (NH4),SO,4 were hereafter titrated with HCI to
indicate the quantity of nitrogen. The % crude protein (w/w)
was calculated as %N multiplied with a conversion factor of 6.25
(Roulston and Cane, 2000), or 6.38 for casein (Sigma product
specification sheet).

Separate diet batches were made for the honey bee and bumble
bee trials, using the same pollen pellets mix, but using different
casein and tapioca batches, which may have accounted for the
slight differences (1.9% on average) in protein content. Final
pollen diets contained 17.3, 18.1, 19.9, 22.3, and 24.6% protein in
the honey bee trial, and 14.5 16.4, 19.0, 22.2, and 21.8% protein
in the bumble bee trial. All samples were measured in duplicate.

Data on Bee Visits, Collected Diet Weights,
and Overall Colony Activity

Bees collecting pollen or sucrose were counted by means of digital
photography at approximate hourly intervals. The amount of
collected diet was measured to the nearest 0.01 g pollen and 1¢g
sucrose solution. All feeders were weighed before and after colony
exposure. Data from non-foraging colonies (0-2 total recorded
visits) indicated a daily mean 1.5% desiccation of pollen diet and
2.8% evaporation of sucrose solutions, for which forage weight
data at active colonies were corrected.

Absence of foraging was considered a proxy for colony
inactivity. Colonies were considered inactive if over the full
course of the experiment <7 foragers were counted on the
feeding arena. Colonies that were inactive for sucrose collection
(N =12) had amean 0.02 £ 0.01 SE sucrose foragers counted per
observation, and collected a mean 0.00 gh~! 4 0.16 SE sucrose
solution, i.e., not significantly different from zero (one-sample ¢-
test; t = 0.0, p = 1.0). Colonies inactive in pollen collection (N
= 28) had a mean 0.09 & 0.02 SE pollen foragers, and collected
mean 0.01 gh™! + 0.02 SE pollen diet, also not significantly
different from zero (one-sample ¢-test; £ = 0.69, p = 0.49).

For all active colonies, relative collection of diet weight
was calculated by dividing the sum of collected weights per
concentration level, on the total weight collected. In addition,
an index of foraging load was calculated per concentration level,
by dividing the weight of diet collected per hour by the average
count of bees on the diet (unit: gh~!-bee™!). Assuming that
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the length of time a bee spent on a feeder is proportional to
the amount of food she collected and the probability of her
being captured in the photograph census, the loading indexes
are proxies to diet concentration-specific nectar crop loads and
corbicular pollen loads, respectively. Individual bee identities
were not recorded, however our data can still provide insights
into individual foraging decisions. Foragers could choose to
differentially spend their foraging time across different feeders,
thus their choice, the relative amounts of food removed, and
also the food loads may serve as proxies for individual bee
motivation regarding the different nutrient concentrations in the
offered diets.

P:C Ratio of Diet Uptake by Active Colonies
P:C ratios of colonies were calculated by dividing grams of
P uptake by C uptake. Inactive colonies were excluded (<7
foragers or <0 g diet collected). P intake was the sum of collected
pollen diet weights times the %P. The C intake of colonies was
the sum of collected pollen diet weights times the %C in the
pollen diet, plus the collected sucrose solution weights times
%C in the solution. We assumed pollen pellets to contain 50%
w/w C (Nicolson, 2011), which includes pollen starch (0-22%;
Roulston and Buchmann, 2000), pollen sugars (9.6%; Speranza
et al., 1997), and the nectar sugars added by foragers while
pelleting the pollen (Bertoncelj et al., 2018). Casein (product
specification sheet, Sigma) and tapioca flour (food label, Duchan)
were considered to contain 0 and 99.8%C, respectively. The five
pollen diets were thus calculated to contain 64.2, 61.3, 58.4, 55.5,
and 52.6%C, respectively.

Statistics
Analyses were performed with JMP 13.1 Pro statistical software.

Colony Activity

The number of active vs. inactive honey bee and bumble bee
colonies was compared by Fisher Exact Tests regarding pollen
foraging, sucrose foraging, and overall foraging activity (Table 1).

Bee Counts

Generalized Linear Models (GLM) were fitted by maximum
likelihood with an exponential distribution and reciprocal link
function, to analyze treatment effects on forager counts. Pollen
forager counts were analyzed on protein treatment effects (3
levels P-/P/P+ for honey bees; 2 levels P/P+ for bumble bees),
and nectar forager counts on carbohydrate treatment effects (2
levels C-/C for honey bees; 2 levels C/C+ for bumble bees).
Model fit was assessed by a Pearson x? test for overdispersion.
Final p-value approximations were based on Wald tests.

Allocation of Foragers Among Diets, Treatments, and
Bee Types

The percentage pollen foragers on the total number of
foragers was taken as measure of relative forager allocation.
Allocation (arcsine square root transformed % data) as response
variable was analyzed by 1-way ANOVA, with treatment as
independent variable (3 levels), for honey bees and bumble
bees separately. Post-hoc comparisons were performed by
Tukey honest significant difference (HSD) tests. Relative forager

allocations of honey bee and bumble bee colonies were compared
under the PC treatment (i.e., in the baseline colonies) with bee
type as independent variable (2 levels).

P:C Ratio

The intake of protein and carbohydrate by colonies was
described, per treatment, as a P to C ratio. For the baseline
colonies (PC treatment), P:C ratios per colony were compared
among bee types (2 levels) with a 1-way ANOVA on ranks
(Kruskal-Wallis test). The non-baseline colony treatments
(2 levels) were compared for honey bees and bumble
bees separately.

Dose Response Effects on Diet Collection, and
Carrying Loads

Relative collected diet weights and forage load indices were
compared by ANCOVA, for honey bee and bumble bee
separately, with independent variables diet concentration
(continuous variable) and treatment (3 levels). Significant
interactions would indicate that concentration dependent
choices of bees differed due to colony manipulations. For the
baseline colonies (PC treatment), relative weights and load
indices were compared with the independent variables diet
concentration (continuous variable), and bee type (2 levels).
Here an interaction would show different choice responses
for honey bees and bumble bees, regarding dietary P or C
concentrations. Non-significant interactions (p > 0.05) were
removed from models. As proportionalized data are on average
identical between groups (p = 1.0), the covariable (i.e., treatment
or bee type) was also removed from the model in cases in which
the interaction was not significant.

RESULTS

Honey Bee Colony Level Balancing the
Uptake of Pand C

A total 5,149 honey bee visits to diets were recorded. Altogether,
honey bee colonies (N = 24) collected 493 ¢ pollen diet
and 15.7Kg sucrose solution (ratio 1:32). The colonies were
significantly more active with respect to sucrose collection as
compared to pollen collection (Fisher Exact p < 0.001). Counts
of pollen foragers indicated a difference by protein manipulation
(Figure 1A; N = 12, x2 = 13.1, df = 2, p = 0.001). Pollen
foragers were significantly more active under the P- treatment, as
compared to the treatments P (x? = 5.27, df = 1, p = 0.02) and
P+ (x? =10.6, df = 1, p = 0.001). Counts of pollen foragers did
not differ between the P and P+ treated colonies (x% = 2.53, df =
1, p=0.11). Nectar forager counts did not differ between colonies
depending on C treatment (comparing C vs. C-, Figure 1A; x* =
2.55,df =1,p = 0.11).

Under conditions of pollen excess and carbohydrate reduction
(P4C-), honey bees shifted toward a C biased foraging division
of labor, with higher numbers of foragers for sucrose (Table 2).
Also, the relative forager allocation comparison indicated
treatment effects [Figure 1B; N = 24, F(;51) = 4.33, p = 0.027],
with the lowest pollen forage counts in the P+ treatment. These
colonies showed a relatively high sucrose foraging allocation
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FIGURE 1 | Colony level effects of in-hive nutrient manipulations. Nectar forager (NF) counts and pollen forager (PF) counts are shown in (A) for honey bees (HB) and
in (D) for bumble bees (BB), under conditions of increased or decreased protein (P) or carbohydrate (C) food stores. Mean active colony values of forager counts + SE
error bars are shown, with dotted diagonals indicating the mean forager number counted at baseline colonies. Statistical significance is indicated with an asterisk ().
Foraging allocation to nectar (N) and pollen (P) is shown in (B,E) (mean % values + SE error bars) with significant treatment effects indicated by different lettering (post
hoc Tukey HSD). Colony level P:C ratios are indicated in (C,F) with dotted lines illustrating the mean Protein to Carbohydrate intake + SE error bars per treatment.
Post hoc statistical significances are indicated with an asterisk (x).

TABLE 2 | Active vs. inactive colony numbers.

Bee Treatment N N inactive/active N inactive/active N inactive/active
Overall Pollen diet Sucrose diet
(n; gh~") (n; gh™")
HB P+C- 8 0/8 6/2 (1.5;0.05)  0/8 (22.0; 55.6)
HB PC 8 0/8 4/4 (4.4, 1.63) 0/8 (9.4; 22.4)
HB pP-C- 8 0/8 2/6 (12.0; 3.27)  0/8 (10.5; 26.3)
HB 24 0/24 12/12 0/24
BB P+C 8 3/5 5/3(0.5; 0.33) 3/5(2.1;9.1)
BB PC 2/6 5/3 (1.7; 0.90) 2/6(1.9; 5.0)
BB PC+ 6/2 6/2 (1.1, 0.75) 7/1(0.3; 1.4)
BB 24 11/13 16/8 12/12

For active honey bee (HB) and bumble bee (BB) colonies, mean numbers of foragers per
observation (n) and the collected diet weight in gram per h (gh~") are given per treatment.
Treatment acronyms as defined in Table 1. Sums per species are shown in bold.

(Figure 1B; 97% nectar vs. 3% pollen foraging bouts, illustrated
by their remarkable 1/2080 P:C intake ratio (Figure 1C). For
the reverse treatment of pollen deprivation and carbohydrate
reduction (P-C-), honey bees shifted their task allocation to
collecting pollen (Table 2). Almost half the colony foraged for
pollen (Figure 1B; 46% pollen vs. 56% sucrose) with an overall
P to C intake shifted to 1:14 (Figure 1C). The P:C ratios of

the non-baseline treated honey bee colonies differed significantly
[P+C- vs. P-C+; F(1 14 = 8.09, p = 0.013].

Bumble Bee Colony Level Balancing the
Uptake of P and C

A total 714 bumble bee visits to diets were recorded. Altogether,
bumble bee colonies (N = 24) collected a total of 155g pollen
diet and 2.0 Kg sucrose solution (ratio 1:13). For bumble bee
colonies, the activities for collecting sucrose and pollen did not
significantly differ (Table 2; N = 12 vs. N = 8, Fisher Exact p
= 0.38) (Table 2). Pollen forager counts indicated no difference
between the P and P+ manipulation (Figure 1D; N = 8, x2
= 356, df = 1, p = 0.06), yet nectar forager counts were
significantly lower in the C+4 treatment compared to the C
treatment (Figure 1D; N = 12, x% = 8.32,df = 1, p = 0.004).

Bumble bee colonies (N = 13) showed significant treatment
effects on foraging allocation [Figure 1E; F; 9y = 14.2, p =
0.001]. Notably, the PC+ treated colonies showed significantly
lower allocation of workers to the collection of sucrose, compared
to the other 2 treatments (Figure 1E; 9% foraging for sucrose
vs. 91% for pollen). The P+C colonies had the lowest P:C ratio,
i.e, 1:51, which contrasted the reverse treatment P+C, where
colonies had an intake of 1:5 PC+ ratio (Figure 1F). The P:C
ratios of the non-baseline colonies differed significantly from one
another [P4C vs. PC+; F(; 5) = 675.8, p < 0.001].
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FIGURE 2 | Honey bee and bumble bee preference during sucrose collection. With the sucrose diet carbohydrate concentration in percent on the x-axis, relative

sucrose collection by individual bees is shown as weight proportions on the y-axis (A=F), and sucrose loading on the y-axis (G-L). Trendlines indicate dose-response
significance per treatment, involving protein (P) and carbohydrate (C) manipulations, within honey bee colonies (left side) and bumble bee colonies (right side).

Colony Level Differences Between Bee
Species

Large differences between and within bee species were observed
regarding colony activity (Table 2). Honey bee colonies were
more likely to be active than bumble bee colonies (overall
foraging 24 > 13 colonies, respectively, Fisher Exact p < 0.001;
sucrose foraging 24 > 12 colonies, respectively, Fisher Exact p
< 0.001; pollen foraging 12 & 8 colonies, respectively, Fisher
Exact p = 0.38). At the colony level, honey bees but not bumble
bees balanced their pollen foraging in response to colony needs
and in contrast, bumble bees but not honey bees balanced
their sucrose foraging (Figures 1A,D). PC treatment (baseline
colonies) revealed that the allocation of 21.1% pollen foragers for
honey bee colonies (N = 8) did not differ from the 21.9% pollen
forager allocation for bumble bee colonies (N = 6) [central bars
Figures 1B,E; F(;,12) = 0.05, p = 0.83]. Both bee species baseline
colonies did not differ in their protein to carbohydrate intake
ratio, with P:C ratios of 1:28 vs. 1:17, respectively [Figures 1C,F;
F(l,ll) = 009,p =0.77].

Individual Honey Bee Responses to P and
C Nutrient Needs

Overall, honey bees collected 23 times more sucrose of the highest
concentration as compared to the lowest concentration (42.0 vs.
1.8%, respectively), demonstrating a highly significant preference
for higher C concentrations [Figures 2A-C, concentration;
F,109) = 205.5, p < 0.001]. Bees in the pollen supplemented
hives (P+C-) showed a less pronounced preference compared
to the other two treatments, namely 7 times more sucrose
solution collection of the highest concentration as compared
to the lowest concentration, with this difference illustrated by
a shallower slope [Figure 2A vs. Figure 2B,C; slope interaction
F,100) = 3.69, p = 0.028]. The sucrose forage loads were also

significantly higher when bees were visiting higher C feeders
[concentration; F(; ;1) = 46.1, p < 0.001] (Figures 2G-I).
Foragers did not show a concentration dependent effect on
loading in response to colony P and C manipulations, i.e.,
similar slopes in the three treatment groups [Figures 2G-I; slope
interaction F(; 199y = 2.94, p = 0.057]. The loading of sucrose
solution was not affected by colony manipulations [treatment;
F(2,111) = 161,p = 020]

P concentration preference by honey bee foragers differed by
colony treatment [slope interaction; F(3 49) = 6.31, p = 0.004]. In
the PC and P-C- treated colonies, foragers preferred collecting
pollen diets with lower P (casein) content [Figures 3B,C; Fj ;3)
= 64.2, p < 0.001 and F(; 53y = 77.47, p < 0.001, respectively].
This negative P preference was significantly stronger in the PC
treatment as compared to the P-C- treatment [slope interaction;
F1,41) = 18.1, p < 0.001]. There was no indication of a negative
P preference in the P+C- colonies [Figure 3A; F( gy = 0.17,
p = 0.69]. In contrast, there was no effect of treatment on
pollen loading under different concentrations [Figures 3G-I;
slope interaction F47) = 0.50, p = 0.61]. In general, pollen
loading by honey bees was not affected by protein concentration
[F1,49) = 0.14, p = 0.71]. Pollen load did differ per P4-C-
» PC, and P-C- treatment [F(;49) = 7.56, p = 0.001], with
baseline colony foragers (PC Figure 3H) showing a higher
loading as compared to pollen supplemented colony foragers
(P+C- Figure 3G).

Individual Bumble Bee Responses to P and

C Nutrient Needs

Bumble bee foragers in the PC+ treatment did not favor high C
concentrations [Figure 2F; F(; 3y = 3.55, p = 0.16]. This was in
significant contrast [slope interaction; F(3 49) = 19.5, p < 0.001]
with foragers of P+C and PC treated colonies, which did
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FIGURE 3 | Honey bee and bumble bee preference during pollen collection. With the pollen diet protein concentration in percent on the x-axis, relative pollen
collection by individual bees is shown as weight proportions on the y-axis (A=F), and pollen loading on the y-axis (G-L). Trendlines indicate dose-response
significance per treatment, involving protein (P) and carbohydrate (C) manipulations, within honey bee colonies (left side) and bumble bee colonies (right side). The
striped trend lines indicate a significant dose-response for bumble bees in general, albeit this effect was insignificant for the treatment groups individually.

show a significant preference for higher sucrose concentrations
[Figure 2D,E; F(1,3) = 68.6, p < 0.001 and F(,3 = 483,
p < 0.001, respectively] and collected proportionally 8 times
more sucrose of the highest concentration as compared to the
lowest concentration. Bumble bee foraging loads differed in C
dose-responses [slope interaction F(y45 = 15.6, p < 0.001].
Under the PC treatment, foragers increased their crop loading
with higher C concentration [Figure 2K; F(;,1) = 7.56, p =
0.012], yet no such pattern was present at the P+C and PC+
treated colonies [Figures 2J,L; F(; 2,) = 3.18, p = 0.09 and F(; )
= 2.87, p = 0.23, respectively]. Individuals collected lighter
loads under treatment PC, as compared to treatments P4C
and PC+ [Figures 2J-L; F(; 45y = 7.40, p = 0.002, post-hoc A B
A]. These data suggest the addition of pollen patties motivated
the bees to collect greater sucrose loads (Figure 2]), which
may relate to increased brood production activity, motivating a
higher fuel intake (Supplement 1). Notably, when giving sucrose
solution to bumble bees within their hive, foragers loaded
mostly at the least concentrated solution (i.e., 18.4 gh~!-visit™1),
suggesting the foragers may have shifted to water collection
behavior (Figure 2L).

Bumble bees, over all treatments considered, showed a
significant preference for collecting diets with lower protein
concentrations [Figures 3D-F; F( 3y = 7.93, p = 0.008].
This preference, however, was not affected by colony P or
C manipulations [slope interaction; F(;34 = 0.62, p = 0.54
and treatment F34 = 0.00, p = 1.00]. There was also no
effect of treatment on forager pollen loads [Figures 3]J-L, slope
interaction; F(; 31) = 0.59, p = 0.56]. Bumble bee pollen loading
was not affected by protein concentration [F(;33 = 0.60,
p = 0.44], and forage loads did not differ in response to colony
P and C treatment [Figures 3J-L; F(5 33y = 0.25, p = 0.78].

Individual Response Differences Between

Bee Species

A direct comparison was made for honey bee and bumble bee
colonies only for the single treatment in which they experienced
the same condition, that of baseline treatment PC (Table 2). Both
species preferred to collect more sucrose solution of higher C
concentrations [Figures 2B,E; F(; 55y = 104.6, p < 0.001], and
this effect was similar between the species [slope interaction;
F(1,56) = 1.07, p = 0.31, and bee type F(2)34) = 0.00,p = 1.00].
Honey bee and bumble bee individuals increased loading with
higher sucrose concentrations [F(; 55 = 21.2, p < 0.001], with no
difference between species in their concentration response [slope
interaction; F(j 54y = 0.00, p = 0.96]. Bumble bee foragers showed
3x higher sucrose loading as compared to honey bee foragers [bee
type; F(1,55) = 272,P < 0001]

Honey bee and bumble bee foragers both preferred collecting
pollen diets with lower protein concentration [Figures 3B,E;
Fasiy = 41.9, p < 0.001], yet this preference was stronger
for honey bees as compared to bumble bees [Figures 3B,E,
slope interaction; F(;31) = 24.0, p < 0.001]. There was also
3x higher pollen loading by bumble bee foragers as compared
to honey bee foragers [bee type; F(; 33y = 8.24, p = 0.007]. A
difference in protein dose-response on loading was not found
between the species [slope interaction; F(; 31y = 0.96, p=0.33],
and loading was not found affected by protein concentrations
[F(1’32) — 028,p e 060]

DISCUSSION

In this study, two very different eusocial bee species were
investigated (A. mellifera honey bees and B. terrestris bumble
bees) in responses to shifts in their colony carbohydrate and
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TABLE 3 | Summary of effects by treatment, diet concentration, bee species, and interactions.

Level Response Honey bees (HB) Bumble bees (BB) HB vs. BB
Colony Activity Sucrose > Pollen n.s.’ Overall!, Sucrose’
Bee counts P manipulation2 ¢} manipulationS N.A.
Allocation P+C-vs. P-C-4 P+C and PC vs. PC+° n.s.®
P.C ratio P+C-vs. P-C-7 P+C vs. PC+8 n.s.?
Individual C choice C concentration'©, Treatment interaction’ C concentration'2, Treatment interaction'3 C concentration4
C load C concentration!® C concentration'®, Treatment'”, Interaction'8 C concentration'®, Species??
P choice P concentration?!, Treatment interaction?? P concentration?3 P concentration?4, Species
interaction®
P load Treatment26 n.s.27 Species?8

"Table 2, °Figure 1A, °Figure 1D, “Figure 1B, °Figure 1E, °Figures 1B,E, " Figure 1C, Figure 1F, °Figures 1C,F, OFigures 2A,B,C, ' Figures 2A<B,C, '°Figures 2D,E,
'SFigures 2D,E>F, '*Figure 2B,E, '°Figures 2G,H,I, 'SFigure 2K, '’Figures 2J,L>K, 'SFigures 2K>J,L, '°Figures 2H,K, 2°Figures 2H<K, 2'Figures 3B,C,
22Figures 3A<B,C, *°Figures 3D,E,F, **Figures 3B,E, “°Figures 3B>E, “SFigures 3G<H, °’Figures 3J,K,L, “Figures 3H<K. Significant effects are listed with numbers in
superscript referring to specific illustrations. Non-significant effects are indicated with “n.s.,” and “N.A.” indicates when comparisons were not possible. Treatment acronyms as defined

in Table 1.

protein stores. In the baseline P to C treatment, the ratio
of P to C foragers and P:C forage collected were strikingly
similar between the two species, with close to 80% C foraging
allocation (Figures 1B,E) and roughly comparable P:C ratios
collected (Figures 1C,F). Overall, the results support the original
hypothesis that both bee species would shift the division of labor
to counteract shifts in colony nutrient balance.

For example, both honey bee and bumble bee colonies with
perturbed P:C balance made adaptive shifts in the P:C ratio of the
collected forage (Figures 1C,F). Thus, the division of labor shifts
for both species had an impact on the actual mass nutrients taken
in by foragers. Overall, these data reveal that both species have
the ability to shift colony level foraging efforts to balance protein
and carbohydrate nutrient intake.

There were also some key differences between species in their
specific responses to colony energy balance (summarized in
Table 3). Both honey bee and bumble bee colonies shifted
the number of foragers and percent of foraging visits
(Figures 1A,B,D,E) in response to nutrient manipulations.
However, the shifts were significant only for P shifted treatments
in honey bees, and significant only for C shifted treatments in
bumble bees. These data suggest honey bees are more responsive
to P needs, whereas bumble bees are more responsive to C
needs. This is in agreement with the known high sensitivity of
honey bee colonies to colony pollen needs (Camazine, 1993),
and also in agreement with previously published carbohydrate
responses in three other bumble bee species (Cartar, 1992).
The different dynamics between bee species are consistent
with their different life histories. Perennial honey bee colonies,
which are keenly tuned toward hoarding large amounts of
honey needed for overwintering survival, are expected to
always allocate foragers to collect nectar, while more finely
modulating pollen collection in response to colony stores
and current brood needs (Keller et al., 2005). Annual bumble
bee colonies, which do not store large amounts of honey for
overwintering, should reduce allocation of nectar foragers once
sufficient carbohydrate stores have been reached, but always
allocate foragers to collect pollen to support maximum brood
production (Cartar, 1992).

In general, individual bee preferences were predicted to
be skewed toward higher nutrient concentrations during
foraging. In line with this prediction, foragers of both species
generally preferred the higher sucrose concentration feeders
(Figure 2, top row). An underlying key question was if foragers
changed in concentration preference under conditions of colony
deprivation as compared to satiation. Both bee species were
found to shift individual responses when colony nutrient levels
were manipulated. For honey bees, sucrose preference was
dampened in colonies supplemented with pollen. This shift
toward acceptance of lower concentrations may have been
caused by a sensory modulation depending on the nutritional
state of the individual bee (Figure 2A). However, a shift in pollen
vs. nectar forager allocation could also be the cause. It is likely
that among the observed 97% nectar collectors there were some
bees with a predisposition to collect pollen (Figure 1B). Pollen
foragers have lower sucrose sensitivity thresholds (Pankiw and
Page, 2000; Scheiner et al., 2001; Pankiw, 2003; Drezner-Levy
et al., 2009). Hence, the nutritional state of colonies could have
shifted forager allocation, and with that the average sensory
modality for sucrose preference.

Bumble bee foragers were also found to prefer higher sucrose
concentrations, with the exception of the sucrose supplemented
treatment (Figure 2F). Here, foragers showed a remarkable shift
in preference toward low sucrose concentrations. With an in-
hive feeder containing 50% w/v sucrose, foragers may have
shifted toward collecting forage with high water content, even in
the presence of supplemental water feeders at the experimental
arena (Figure S2).

Foragers of both species generally loaded with more sucrose
from higher concentration feeders (Figure2, bottom row).
Load increase with sucrose concentration is consistent with the
findings of Nufez (1966) and the descriptive model of Varji
and Nunez (1991), in which sucrose concentration is a main
determinant of crop loads. However, for honey bees, patterns of
loading in response to sucrose concentration did not differ across
colony nutrient balance treatments (Figures 2G-I). This suggests
that, despite changing colony needs, individual bees maintain
behaviors that optimize C energy intake (Schmid-Hempel et al,,
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1985; Kacelnik et al., 1986; Schmid-Hempel, 1987; Varju and
Nuilez, 1991; Afik and Shafir, 2007). In contrast to the honey
bee finding, bumble bees showed significant colony nutrient
treatment effects on mean sucrose loads (Figures 2J-L). Unlike
honey bee foragers which are all the same size, bumble bees
vary greatly in size within a colony (Figure S2), with foragers
being on average larger than nest bees (Goulson et al., 2002).
One explanation for why mean bumble bee crop loads were
significantly lower in the PC treatment (Figure 2K), as compared
to the other treatments, is that the total number of foragers was
greatest in the PC treatment. Because of a high forage demand
for both pollen and nectar (Figure 1D), this may have induced
additional recruitment of foragers, including the physically
smaller bumble bees. Another explanation is that nutritional
depletion caused mortality of forager bees (Supplement 1),
which may have (again) induced the recruitment of smaller
individuals with lower crop loads (Hagbery and Nieh, 2012). In
fact, whereas bumble bee foragers are biased toward the larger
individuals, when foragers are depleted by induced mortality, the
probability of nest bees to switch to foraging is independent of
their size (Crall et al., 2018).

Individual level responses to protein forage differed drastically
from those of carbohydrate forage. Although individual forager
preferences were predicted to be skewed toward higher P
nutrient concentrations, instead foragers showed an aversion
to high protein concentrations (Figure 3; top row). Why did
bees avoid higher protein concentration? The pollen content
(70%) was constant for all diets, thus the effect can be
attributed to the casein or tapioca in the diet. Either bees
found casein aversive, or bees were attracted to tapioca.
When tapioca is imbibed it may evoke preference because
the starch is hydrolyzed into sugar by a-amylase, an enzyme
produced in honey bee salivary glands (Wright et al., 2018).
The sweetness may subsequently act as a reward and evoke
preference. Fat content may be another explanation why bees
may have an aversion for casein. Technical grade casein
from bovine milk has some fat content (C7078, Sigma)
and Hendriksma and Shafir (2016; supplement within) found
higher dietary fat contents to negatively affect diet preference
of bees.

Despite the aversive nature of high protein concentrations,
honey bee foragers showed modulation of individual
responsiveness to protein based on colony nutrient balance.
In baseline colonies foragers showed the most pronounced
negative concentration preference, while foragers of pollen
supplemented colonies were relatively indiscriminate. This
suggests that satiated honey bees lost nutrient discrimination
and/or preference (Figure 3A).

Pollen loads (Figure3 bottom row) were heavier for
the overall larger bumble bees relative to honey bees, as
also found under natural conditions (Minahan and Brunet,
2018). In honey bees, there was a significant treatment
effect, with pollen supplemented colonies showing reduced
loading compared to baseline. Thus, honey bees do appear
to modulate their P foraging responses in response to colony
energy balance shifts. Bumble bees showed less pronounced
aversion for pollen diet protein content, and there were no

significant treatment effects (Figures 3D-F), and the same
was true for pollen loading (Figures 3J,K,L). This suggests
that bumble bees are less responsive to dietary protein
concentration, and/or that they forage with a hardwired
preference baseline which is not affected by differential
colony needs.

It is important to note that observed shifts in individual-
level responses (Table 3) may not truly represent individuals
altering behavior; rather they may represent alterations in the
allocation of foragers that differ in size and/or in threshold
sensitivity to nutrient stimuli. Future experiments following
individual bees before and after colony nutrient shifts are
necessary to disentangle whether the observed differences
represent direct individual shifts vs. shifts in colony allocation
of individuals with differing nutrient preferences. In addition,
future study into individual and colony responses for colonies
in different phases of the colony life cycle would complement
current results, as forager responses may alter when colonies
prepare for reproduction or reach the end of the season
(Pankiw and Page, 1999; Johnson, 2010).

Returning to the original hypotheses, this study presents
evidence to support the hypothesis that both highly eusocial
and primitively eusocial bees balance colony nutrient needs
by shifting division of labor for foraging. Although bumble
bees are not as highly social as honey bees, the fact that they
have passed the “superorganism threshold” by some definitions
(because they have permanent morphological castes; Boomsma
and Gawne, 2018), indicates that colony-level decision making
is well developed even in “simpler” social insect societies. Based
on differences in the level of sociality between honey bees
and bumble bees, we also predicted stronger individual level
responses in bumble bees compared to honey bees. Contrary to
this prediction, we found evidence for shifts in individual level
nutrient responsiveness (especially with respect to carbohydrate
preference and loading) for both species. Instead of being related
to differences in sociality, differences between species in their
specific responses (summarized in Table 3) instead may be
related to differences in colony life history traits (such as level of
food hoarding, form of brood provisioning, etc.). Thus, we urge a
stronger consideration of life history traits such as parental care,
hoarding, and seasonality, in considerations of foraging decisions
and in the context of OFT.
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