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Foraging theory assumes that animals assess value based on objective payoffs; however, animals often evaluate rewards compara-
tively, forming expectations based on recent experience. This form of evaluation may be particularly relevant for nectar foragers such
as bumblebees, where individuals can visit thousands of flowers daily that vary in nectar quality. While many animals, including bees,
demonstrate reference-based evaluation in experimental contexts, it is unclear whether this occurs in the wild. Here, we asked how
daily experience with wildflower nectar influenced wild bumblebees’ reward evaluation. We measured the daily nectar concentration
of bee-visited wildflowers (Penstemon spp.), before presenting foragers with conspecific flowers filled with a range of artificial nectar
concentrations. We recorded bees’ acceptance of artificial nectar, the probability of subsequent visits to flowers on the same plant,
and residence time. While bees had a minimum threshold of nectar acceptability that was unaffected by experience, when there was
higher-concentration environmental nectar, they were less likely to accept lower-quality rewards on manipulated plants. Bees also
visited more flowers and stayed longer on plants with higher-concentration nectar. This study shows evidence for both absolute and
reference-based evaluation in wild bees and points towards differences between bees’ behavior in lab- and wild-foraging contexts.
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INTRODUCTION to evaluate options relative to each other and continually update
reward acceptability based on recent experience may be neces-
sary to maximize energy intake (Krebs and Inman 1994; Fawcett
et al. 2014; Dunlap and Stephens 2016). This type of reference-
based evaluation appears to be taxonomically widespread and may
play a large role in determining how foragers choose between op-
tions that differ in their payoffs (Bitterman 1976; Flaherty 1982;
Couvillon and Bitterman 1984; Mustaca et al. 2000; Daniel et al.
2008; Oberhauser and Czaczkes 2018; Wendt and Czaczkes 2020).
One consequence of this form of evaluation is that a given reward
will either be accepted or rejected depending on an individual’s re-

Understanding how individuals evaluate food rewards is cen-
tral to explaining how foraging decisions are made (Stephen and
Krebs 1986; Real 1987). In nature, prey or food items can vary
in their quality or quantity (“reward value”), and foragers assess
these metrics to make foraging decisions. Most foraging models of
decision-making consider a highly simplified environment in which
the availability of different options is known to the forager and
does not change over time (Evans et al. 2013; Fawcett et al. 2014).
Assuming other factors (i.e., predation risk, time investment, etc.)
are equal, foragers are expected to maximize some measure of en-

ergetic intake (Emlen 1966; MacArthur and Pianka 1966; Schoener cent foraging experience. For instance, if a forager encounters a
series of highly rewarding options, they may perceive a medium-

1971). This suggests that individuals assess resource values according ; ; i ” :
quality option as low quality, but if that same option was encoun-

to their absolute payoffs and should exhibit a threshold of accepta- : ] . : .
bility (Charnov 1976; McNamara 1982). Once reward values fall tered after a series of low-quality options, it would be perceived as
below this threshold, foragers should move to another patch or ex- high quality (Fawcett et al. 2014).

plore novel food types (e.g, Latty and Beekman 2010; Thiel 2011; Reference-based evaluation should be adaptive in environments
Townsend-Mehler et al. 2011; Townsend-Mehler and Dyer 2012). where conditions change rapidly and unpredictably in a number of
ways, making past experience important in informing expectations

about the future (McNamara et al. 2013). This may be particularly
relevant for generalist foragers, such as bumblebees (Bombus spp.)
and honeybees (4pis mellifera). Each day, an individual bee can visit
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In most natural environments, however, both the availability and
quality of options fluctuate in time and space. As such, the ability
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thousands of flowers of multiple species that vary in their floral
signals, handling times, and reward payoffs (Heinrich 1976, 1979;
Chittka et al. 1997). Even within a single plant species, bees must
choose between plants (Wilson and Price 1977; Waser and Price
1981; Ishii 2006) and individual flowers on a plant (Pyke 1979;
Waddington and Heinrich 1979; Thomson et al. 1982; Harder
1988). Honeybees and bumblebees also show floral constancy,
where individuals restrict visits primarily to one plant species within
or across foraging bouts (Heinrich 1979; Thomson 1981; Chittka
et al. 1999). In doing so, foraging bees sample many flowers of
the same species and develop flower- or stimulus-specific expec-
tations about reward properties across visits (Boisvert et al. 2007;
Hemingway and Muth 2022).

Evidence from laboratory studies on reward perception suggests
that bees judge rewards subjectively, that is, in a reference-based
manner. Bees show negative incentive contrast effects, or exagger-
ated responses of aversion or rejection, when there is a discrep-
ancy between reward expectation and perceived value (Bitterman
1976; Couvillon and Bitterman 1984; Cibula and Zimmerman
1987; Wiegmann et al. 2003; Waldron et al. 2005; Gil et al. 2007;
Biernaskie et al. 2009; Wiegmann and Smith 2009; Townsend-
Mehler et al. 2011; Hemingway and Muth 2022; Solvi et al. 2022).
Individuals may be particularly sensitive to inter-specific differences
in reward quality: foraging bees that experienced a down-shift in
reward quality rejected this “nectar” for longer when it was on a
color previously paired with the higher-quality reward, than on a
novel flower color (Hemingway and Muth 2022). While lab studies
indicate that incentive contrast effects are reasonably robust, bees
are typically tested under much simpler conditions than would be
encountered in a field setting. As such, it is unclear whether wild-
foraging bees form similar types of reward expectations when
foraging in natural floral communities. By tracking daily changes in
nectar quality in their environment and adjusting the acceptability
of rewards accordingly, wild-foraging bees may be able to maxi-
mize their nutritional intake. Reference-based evaluation may also
have consequences for plant fitness, since it may affect the number
of flowers bees visit per plant and the time they spend on plants;
variables that affect pollen transfer (Thomson 1986; Ostevik et al.
2010).

Here, we asked how recent experience with wildflower nectar
influenced wild bumblebees’ (Bombus spp.) acceptance of nectar
rewards. To do this, we measured the daily nectar concentra-
tion of bee-visited wildflowers (Penstemon spp.) as a proxy for
the quality of nectar foraging bees encountered on a given test
day. We then presented individual foragers with manipulated
wildflowers filled with known concentrations of artificial nectar.
We recorded whether bees accepted (consumed) the reward
on the plant. If bees have an absolute threshold for acceptable
nectar concentrations, foraging responses should be independent
of environmental nectar quality. In contrast, if pollinators eval-
uate resources in relation to their experience as has been shown
in lab-based work, we expected that bees would increase their
acceptability threshold when nectar in the environment was of
higher quality. In addition, we also measured other foraging be-
haviors relevant to plant fitness: the number of flowers bees vis-
ited on a given plant and the time spent on the plant (Thomson
1986; Ostevik et al. 2010). Based on previous work, we ex-
pected that bees would spend more time on higher-quality plants
(Thomson 1986). However, if this effect was reference-based,
then the effect would be stronger when there was lower-quality
nectar available in the environment.

Behavioral Ecology

METHODS
Study site and species

We collected data in June 2021 at two sites in montane meadow
and mixed conifer forests. The first site was in the Humboldt-
Toiyabe National Forest (Dog Valley Meadow, California), which
was at a lower elevation and bloomed earlier. The second site was
in Tahoe National Forest (Van Norden, California). These sites are
referred to hereafter as Dog Valley and Van Norden. Both sites are
considered high-altitude desert, characterized by infrequent rain,
including in the 2-week period leading up to this study. The average
daily temperatures during data collection (i.e., active bee foraging)
ranged from 21.1 to 27 °C at Dog Valley and 10.1 to 21 °C at Van
Norden (NOAA). Data were collected for 6 days in Dog Valley and
4 days in Van Norden (Supplementary I'igure S1).

Experiments were conducted using the four most abundant spe-
cies of bumblebee (n = 180): Bombus vosnesenskit (n = 88), B. vandyke:
(n = 16), B. centralis (n = 52), and B. vancouverensis nearcticus (n = 3).
Of these 180 bees, 19 were not measured or identified to species
due to experimenter error, although these bees belonged to either
B. vosnesenkui or B. vandyker. For each behavioral response, we pooled
data across all bee species, although there was variation in repre-
sentation between our two field sites (Supplementary Table S1). We
focused on two flower species within the genus Penstemon: P rydbergit
at Dog Valley and P heterodoxus at Van Norden. We chose these spe-
cies because they were the most abundant flowering species at each
site and visited most frequently by nectar-foraging bumblebees.
Bees collected nectar from these flowers at both field sites but were
never observed collecting pollen from these flowers (Hemingway,
personal observation). These two species are visually very similar to
each other and did not differ in their average daily nectar volume
or concentration (see Supplementary Figure S2 and Supplementary
Table S2). Experimental plants of both species had an average of
52 flowers per plant with a range of 10-102 flowers.

Study meadow

Both sampling sites were generally similar in their environmental
conditions; however, the two sites varied slightly in size, determined
by the natural boundaries of Penstemon wildflowers blooming within
the meadows at the time of testing (Dog Valley = 12 m X 35 m;
Van Norden = 35 m X 20 m). To estimate how the two sites varied
in their overall availability/quality of foraging resources, we meas-
ured flowering plant abundance and diversity at each site. To do
this, we sampled 5% of the area by randomly throwing a 0.5 m X
0.5 m quadrat and measuring the number of species, the number
of plants, and the number of Penstemon species within the quadrat.
This required 84 measurements for Dog Valley and 140 measure-
ments for Van Norden. At Dog Valley, the average (£SD) number
of species per quadrat was 1.6 £ 0.92; the average number of
plants was 7.36 = 7.48 and of Penstemon plants was 2.49 + 3.66. At
Van Norden, the average (+SD) number of species per quadrat was
1.09 £ 0.56; the average number of plants was 12.56 = 13.76; and
Penstemon plants was 12.07 £ 13.71.

Experimental design

Each testing day, we calculated the average concentration of nectar
in Penstemon in the study meadow, before offering foraging bumble-
bees Penstemon plants containing artificial nectar that varied across
a range of concentrations. This allowed us to determine whether
bees’ acceptance of nectar rewards varied based on their short-
term foraging experience (Figure 1).
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To calculate wildflower nectar concentration, we collected
nectar each day from 15 to 30 plants using 1 pL. microcapillary
tubes (Drummond Scientific). These plants were bagged 24 h
earlier (when unopened) using white mesh organza drawstring bags
(10 X 15 cm) to prevent visits from other insects prior to nectar ex-
traction (Cibula and Zimmerman 1987), as in Sun et al. (2017).
We selected plants via haphazard sampling to bag across the en-
tire study meadow. Because mesh does not significantly change hu-
midity or temperature, this approach allowed us to obtain nectar
production estimates that reflected natural conditions (Wyatt et
al. 1992). We extracted nectar from approximately 5-10 flowers
per hour over a 4-h period (0800-1200 h); bees started foraging
as early as 0700 at both sites. This allowed us to infer the nectar
concentration bees experienced across time, which we expected
would change with increasing temperatures throughout the day.
Nectar samples were pooled across plants for each hour of collec-
tion (Le., 2-4 h/15-30 samples total) to reach a volume necessary
to measure the sugar concentration of nectar samples using a re-
fractometer (Aichose Brix Refractometer 0-80%). Pooling samples
across multiple plants is a common technique for measuring sugar
composition when volumes are insufficient for analysis (Nicolson
2022). Once nectar was extracted from all flowers on a plant, we
cut plants at the base of the stem for use in behavioral experiments,
using a different plant for each bee.

Following nectar extraction, we filled all previously emptied
flowers on each plant with 1 pL of a known sucrose solution of
one of six concentrations (w/w): 0%, 1%, 5%, 10%, 25%, and
50% (hereafter “artificial nectar”). This volume was within the
range of that observed in the flowers bagged overnight (see
Supplementary Table S3). Although we could not use real nectar

Nectar extracted from
flowers using

microcapillary tubes

measured using a refractometer

@ Daily environmental nectar concentration

Figure 1
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for our experimental treatments due to the small amount produced
by these flowers, sucrose solution is a common proxy in behav-
ioral experiments in the field (Taneyhill 2010; Burdon et al. 2020).
The plant was then placed in an empty 15 mL conical falcon tube
through a hole in the lid and attached to a 1 m wooden pole using
tape (Figure 1). This setup was a modified version of the “interview
stick” used in (Thomson 1981; Heiling et al. 2021). After following
a focal individual bumblebee that foraged for nectar on Penstemon
for at least five successive visits, we presented it with the manipu-
lated plant by holding the flower in the direct path of the bee and
waiting for it to land on it. Focal bees were haphazardly selected
within the study meadow. Approximately 90% of bees landed on
and sampled a manipulated plant offered on the interview stick.
We only tested foragers (i.e., no foraging queens or males), with
approximately 30 bees per artificial nectar treatment (sample sizes:
0% = 29; 1% = 30; 5% = 31; 10% = 30; 25% = 30; 50% = 30).
Treatments were randomized across both sampling times and days.
All bees tested exclusively visited Penstemon plants prior to testing.
Focal bees were only tested once.

Once the bee landed on the manipulated plant, we verbally re-
corded several behavioral responses using iPhones. Namely, we
stated the time that a bee landed on the plant, how many flowers
she visited (typically via walking between flowers, but in one case,
the bee flew off the plant and then returned to another flower),
whether she accepted or rejected the sucrose solution in each
flower, and the time that she departed from the plant, upon which
we stopped timing. In almost every case, bees flew directly to a
neighboring plant, where we caught them for measurements and
identification. We recorded the species of this plant; all but one bee
visited Penstemon. While one experimenter (S.P.) measured standing

Emptied flowers refilled with one
of six artificial nectar solutions
varying by sucrose concentration

-

0%

5%

10%
25%
50%

Manipulated plants presented
@ to bees and behavioral

responses recorded

Experimental methods. Step 1: Nectar was extracted daily from all flowers on each plant using 1 pL microcapillary tubes as an estimate of environmental
nectar concentration. Step 2: The sugar concentration of extracted environmental nectar was then measured using a brix refractometer. Step 3: Emptied

flowers were refilled with 1 uL of artificial nectar that was one of six known sucrose concentrations (colors correspond to nectar treatments in Figures 2 and
3). Step 4: Plants containing artificial nectar were presented to bees and behavioral responses were verbally recorded.

20z Aenuer /| uo Jasn Z0g'Z 10d HUn suonisinboy sjeuss Ad 8981 1.G//Z | | PEIB/1/GE/EI0IE/000aq/WOod"dNo"oIaped.//: SRy WOl papeojumod


http://academic.oup.com/beheco/article-lookup/doi/10.1093/beheco/arad112#supplementary-data

Page 4 of 9

nectar in bagged plants, the other (C.T.H.) pipetted sucrose solu-
tions into flowers on the manipulated plant and immediately pre-
sented them to bees. Because of this, the observer was not blind
to the experimental treatment. However, a single observer (C.'T.H.)
conducted all plant presentations to reduce variation in observer
behavior.

Following testing, bees were captured using an insect net and
transferred to falcon tubes, which were chilled for ~10 min on ice
to allow for bee identification and marking. We recorded the species
identification using “Bumblebees of the Western United States”
(Koch et al. 2011). We also photographed the head, thorax, and
abdomen, and measured body size of each individual using inter-
tegular distance as a proxy (Hagen and Dupont 2013). Finally, we
paint-marked bees’ thoraces using non-toxic, water-based paint
markers (POSCA USA) to avoid re-testing the same individual and
released them at the initial capture location (Briggs et al. 2022).
Bees are not covered under the US Institutional Care and Use
Committee; however, care was taken while testing and handling
animals.

Behavioral responses

Nectar acceptance was characterized by bees drinking the sucrose
solution in the flower (taking >1 s), while rejection was character-
ized by a bee probing the solution with their proboscis and moving
on to the next flower or plant without drinking (<1 s). We also ad-
dressed how nectar concentration affected foraging behavior by
measuring the number of flowers visited and probed by the bee.
This measure encompassed all flowers sampled, whether the nectar
was accepted or rejected, and was standardized by plant size by
accounting for the total number of flowers per plant. Finally, we
measured the residence time on the plant, which can correlate with
pollination success, and since bees have been shown to spend more
time on plants that have higher nectar concentrations (Thomson
1986; Wolff et al. 2006; Thomson et al. 2012).

Statistical analyses

All data were analyzed in R 4.2.3 (R Core Team 2020). Data and
analyses are publicly available (Hemingway et al. 2023). In general,
we ran models including all experimental variables, and interaction
terms of interest, to ask specific questions. For covariates that were
not an aspect of the experiment but may have affected results (e.g,
time of day), we included these variables and relevant interaction
terms but removed them in a step-wise fashion if nonsignificant;
more details are given below for each analysis.

To determine the effects of daily standing nectar and nectar
manipulations on acceptance behavior, we used a GLMM with
a binomial distribution and logit link using the lme4 package
(Bates et al. 2015). In our model, acceptance was entered as
a binary response (accept = 1, reject = 0) for each flower vis-
ited. Experimental nectar treatment (continuous variable: 0%,
1%, 5% 10%, 25%, or 50% (w/w) sucrose), daily environ-
mental nectar concentration (continuous variable), and location
(Dog Valley or Van Norden) were included as predictor variables
and bee ID was included as a random factor. Because we were
also interested in whether the relationship between bees’ ac-
ceptance behavior and daily nectar quality differed between
the experimental treatments, we tested for an interaction between
nectar treatment and daily environmental nectar concentration.
Because the effects of nectar treatment or daily nectar concentra-
tion may have varied by location, we tested for interactions between
treatment and location and between daily nectar and location. We
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also tested for the main effects of two covariates that were not part
of the experimental question being asked, but that may have influ-
enced results: the time of day that bee foraging occurred and bee
species. These terms could not be included in the maximal model
iitially because of singularity issues. To help summarize model fit,
we also calculated pseudo-R? values using the MuMIn package for
our best-fitting model for acceptance behavior. While pseudo-R?
values to help summarize the models fit, they are not generally re-
commended for model selection (Nakagawa and Schielzeth 2013).

To determine whether daily nectar and/or experimental nectar
treatment affected the proportion of flowers bees visited, we ran a
GLMM with a binomial distribution and logit link with the visita-
tion of nectar-filled flowers on each plant as a binary response (vis-
ited = 1, not visited = 0). We again included experimental nectar
treatment, daily environmental nectar concentration, and location
as predictor variables and bee as a random factor. We tested for
potential interactions between the three predictor variables. We
also tested for the main effects of time of day and bee species in
our final model. We again calculated pseudo-R? values for our best-
fitting model.

Finally, we addressed how daily nectar and nectar treatment af-
fected bees’ residence times on plants. Residence times were con-
tinuous and had a positive right skew, therefore we log-transformed
these data. For this analysis, we only had one observation per bee
(i.e., no repeated measures), and the response variable fitted a
Gaussian distribution; we therefore carried out linear models using
the Im() function. We again included daily nectar, experimental
treatment, location, and interactions as predictor variables. Time
of day and bee species were included as potential covariates in the
final model.

RESULTS
1.Acceptance of experimental nectar

Bees were more likely to accept artificial nectar in flowers when
standing nectar in the environment was less concentrated (Figure 2;
daily nectar: z = —2.505, P = 0.012), indicating that nectar ac-
ceptability was at least partially evaluated according to recent ex-
perience. This effect was driven by lower experimental nectar
concentrations: bees were less likely to accept water (0%), 1%, or
5% sucrose when environmental nectar was of higher quality, while
nectar of 10% and higher was nearly always accepted, regardless
of daily nectar concentration (Figure 2; treatment X daily nectar:
z = —2.047, P = 0.041). Surprisingly, acceptance overall was very
high, with bees accepting 5% sucrose most of the time, and 1% su-
crose around half the time (Figure 2, Supplementary Figure S3). As
expected, bees were more likely to consume higher concentrations
of artificial nectar from flowers overall (Figure 2, Supplementary
Figure S3; treatment: z = 4.187, P < 0.001). There was no effect
of location (Supplementary Figure S4; location: z = —0.144, P =
0.886), time of day (¥ = 0.525, df = 1, P = 0.469), or bee spe-
cies ID (y? = 0.528, df = 3, P = 0.913) on acceptance behavior.
Parameter estimates and 95% bootstrapped confidence intervals
for final model terms are included in Supplementary Table S4.
Overall, our model had strong explanatory power (conditional
pseudo-R? = 0.990, delta < 0.001).

2.Flower visitation on plant

Visitation behavior was also influenced by daily nectar concentra-
tion, with bees visiting more flowers per plant when the nectar con-
centration in the environment was higher (Figure 3; daily nectar: z
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Figure 2

The proportion of flowers that bees accepted (consumed nectar from) out of the total number of flowers sampled on a given plant. Acceptance is shown

according to treatment (0%, 1%, 5%, 10%, 25%, and 50% artificial nectar solution offered) and across a range of concentrations found naturally that day in

Penstemon wildflowers.

=2.077, P = 0.038). As expected, we found that bees visited more
flowers per plant when they contained higher artificial nectar con-
centrations (Figure 3, Supplementary Figure S5; treatment: z =
2.091, P = 0.036), although this effect was weaker than for accept-
ance behavior (Supplementary Table S4). There was not a signif-
icant interaction between these two variables (treatment X daily
nectar: z = 0.716, P = 0.474), indicating that bees’ responses to
daily nectar did not vary across the different experimental treat-
ments, so this term was removed from the final model. We found
an effect of location, with bees visiting more flowers per plant at
Dog Valley relative to Van Norden (Supplementary Figure S6; lo-
cation: z = —3.158, P = 0.002). This may be explained, in part, by
the higher density of flowering plants, including the focal species
at Van Norden (see “Study meadow” section in Methods). Neither
time of day (x? = 0.153, P = 0.696), nor bee species ID (x> = 2.712,
P = 0.438) affected the proportion of flowers that bees visited.
Parameter estimates and 95% bootstrapped confidence intervals
for final model terms are included in Supplementary Table S4. For
our visitation model, the fit was still quite high (pseudo-R? = 0.432,
delta = 0.384).

3.Residence time on plants

Bees stayed longer on plants when encountering higher artifi-
cial nectar concentrations (treatment: { = 2.969, P = 0.003) and
when there was more concentrated nectar in their environment,
although this effect was not significant (Supplementary Figure S7;
daily nectar: ¢ = 1.732, P = 0.085). Bees spent more time on
plants at Dog Valley (the lower floral density location) relative
to Van Norden (Supplementary Figure S8; location: ¢ = —4.105,
P < 0.001). B. vancouverensis nearcticus spent less time on plants rela-
tive to other bee species (Supplementary Iigure S9; bee species ID:

F=3.171, P =0.026). Residence time was not affected by time of
day (/= 1.216, P = 0.272).

DISCUSSION

Although most models of decision making assume that foragers
evaluate food in absolute terms, many animals evaluate rewards ac-
cording to recent experience (Crespi 1942; Flaherty 1982; Papini
et al. 1988). While comparative evaluation appears taxonomically
widespread (Daniel 2020), it has rarely been investigated in wild
animals. Here, we asked if bees’ acceptance of nectar was influ-
enced by recent experience. We found that bees used a combina-
tion of both absolute and reference-based evaluation. Specifically,
bees almost always accepted nectar above a certain threshold (10%
sucrose concentration). However, bees appear to rely on reference-
based evaluation when deciding whether to accept lower-quality
(0-5%) sucrose.

Our findings indicate a key difference between bees’ reference-
based evaluation in the field and what has typically been observed in
the lab. In our study, bees encountered 30-50% nectar in Penstemon
wildflowers, yet still readily accepted 10% sucrose. Previous lab-
based studies have found that bees foraging on 40-50% sucrose will
reject 20-30% (Bitterman 1976; Waldron et al. 2005; Hemingway
and Muth 2022). Thus, while wild-foraging bees still show evidence
of reference-based evaluation, these effects are smaller than those
detected in lab studies. Even without immediate prior experience
with higher-quality nectar, the ranges of accepted sucrose here
are typically rejected in a laboratory setting (Page Jr et al. 1998;
Mujagic and Erber 2009; Mommaerts et al. 2013). This differ-
ence may be explained by wild-foraging bees encountering lower-
volume and/or less-predictable nectar and having higher energetic
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Figure 3

Proportion of flowers visited (consumed or rejected after sampling) by foraging bees out of the total number of flowers available per plant. Visitation is

shown according to artificial nectar treatment (0%, 1%, 5%, 10%, 25%, and 50%) and across a range of concentrations found naturally that day in Penstemon

wildflowers.

needs than captive bees. Wild-foraging individuals may also have
a greater need for water (Ferry and Corbet 1996; Nicolson 2022).

The concentrations of artificial nectar evaluated in a reference-
dependent manner (0-5% sucrose) were lower than any nectar
concentrations measured in Penstemon at either site. As such, it is un-
clear whether reference-based evaluation drives nectar acceptance
of this plant species. That the Penstemon nectar was always found
to be in the 30-60% range might reflect that lower concentrations
would be less likely to be accepted by bumblebees. However, in a
co-blooming species, Wyethia mollis, we recorded lower average
concentrations of nectar (i.e., 5-20%), and bumblebees were fre-
quently observed foraging for nectar on this species (Hemingway;,
personal communication). This raises the question of whether bees
might have different acceptance thresholds for different species,
as has been previously suggested (Townsend-Mehler et al. 2011;
Hemingway and Muth 2022).

Reference-based evaluation may be underpinned by “contrast
effects,” where responses depend on whether recently encountered
options were better or worse (Fawcett et al. 2014). In uncertain en-
vironments, animals should invest more time and energy exploring
alternative options when currently available options deteriorate
(McNamara et al. 2013). These effects should be strongest in an-
imals adapted to rapidly changing environments, such as gener-
alist bees. Many lab-based studies have found evidence for contrast
effects in bees (Bitterman 1976; Couvillon and Bitterman 1984;
Wiegmann et al. 2003, 2003; Waldron et al. 2005; Townsend-
Mehler et al. 2011; Hemingway and Muth 2022), showing that
they evaluate rewards relative to expectations based on prior ex-
perience with both nectar (Bitterman 1976; Wiegmann and Smith
2009) and associated floral stimuli (Couvillon and Bitterman 1984;
Hemingway and Muth 2022). Our finding that wild-foraging
bumblebees did not reject all concentrations lower than what they

had likely encountered differs from these lab-based studies. In ad-
dition to the variables mentioned above that may explain this dis-
crepancy (i.e., nectar reliability and variability), another important
difference is that while lab-based studies always use sucrose solu-
tion as a proxy for nectar, here the bees’ prior experience was with
real nectar. Nectar is not only composed of several other types of
sugars, including glucose and fructose, but also contains amino
acids, fatty acids, salts, and secondary metabolites (Nicolson 2022),
which may influence how bees perceive and evaluate nectar quality.

While our acceptance behavior results can be explained at an
individual cognitive level in terms of incentive contrast effects, they
may also be explained by changes in the nutritional state of col-
onies between days (Hendriksma et al. 2019). For example, when
environmental nectar is higher in concentration, colony energetic
reserves might also be higher, meaning that bees should be more
selective in the quality of nectar that they collect. This explanation
is not mutually exclusive with the sensory/cognitive explanation
of incentive contrast effects; however, given the timeframes over
which we tested bees, it seems unlikely that colony state would have
changed substantially, and thus, the sensory explanation is more
likely. Resource demands also change dynamically across the life-
time of the colony. Although this study was conducted fairly early
in the season, we had no way of assessing colony states, and there
may have been variation between colonies. Experiments conducted
later in the season could help determine how reference-based eval-
uation changes depending on a colony’s energetic reserves.

We also found that bees tended to stay longer and visit more
flowers per plant when encountering higher-quality artificial nectar,
and, to a lesser extent, with increasing daily nectar concentration.
This agrees with previous work showing that bees remained longer
and sampled more flowers per plant when the patch was more re-
warding than their previous experience (Biernaskie and Gegear
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2007). Similarly, many field-based studies using nectar volume as
the measure of reward quality have shown that bees track daily
changes in nectar quality in their environment and adjust expec-
tations accordingly (Thomson et al. 1982; Hodges 1985; Pleasants
1989; Kadmon and Shmida 1992; Biernaskie et al. 2002). For ex-
ample, bumblebees that encountered a series of enriched plants
(Howers bagged for 40-50 h nectar production) initially increased
the average number of flowers visited per plant (Cibula and
Zimmerman 1987).

That bees visited more flowers per plant and trended towards
staying longer on plants with increasing daily nectar concentration
is somewhat surprising, since we expected that bees’ higher rejec-
tion of low-quality rewards would translate to shorter residence
times. These results may indicate that bees that find nectar on a
plant, even if it is lower quality than expected, may stay longer
searching on this plant when high-quality nectar is present in their
environment. This could be because the presence of nectar, even
if lower quality, might indicate nectar rewards “missed” by com-
peting pollinators. However, bees regularly abandoned a given
plant before sampling every flower, visiting only around 35-65% of
available flowers. This was true even at the highest concentration
of artificial nectar. This may reflect a general departure rule, and
for pollinators visiting mass-flowering plants, it is common for indi-
viduals to sample only a portion of flowers available (e.g, Harder
et al. 2004), which may reduce the probability of revisiting previ-
ously emptied flowers (Pleasants 1989; Kadmon and Shmida 1992;
Ohashi and Yahara 2002). It is worth noting that unlike normal
plants, all flowers in manipulated plants for our study were filled
with sucrose solution, which may also have influenced departure
behavior.

One variable we did not account for in the current study was
the variability between flowers in nectar concentration within a day,
since we pooled samples from different plants during concentration
measurements due to the small amount of nectar present in each
flower. Variability can be caused by daily patterns of reward deple-
tion and renewal (e.g., Pleasants and Zimmerman 1979; Thomson
1988), genetic differences between plants (Parachnowitsch et al.
2019), and differences in environmental variables like sun exposure
(Pleasants 1983), temperature (Jakobsen and Kritjansson 1994), and
availability of water (Carroll et al. 2001; Phillips et al. 2018). Bees
can assess variability between plants (e.g., Shafir 2000; Biernaskie
et al. 2002, 2009; Biernaskie and Cartar 2004), and generally avoid
variable rewards in favor of constant ones (Real 1981; Waddington
et al. 1981; Dunlap et al. 2017). As such, nectar variability may
influence bees’ tendency to use reference-based vs. absolute com-
parisons; exploring this may be a worthwhile avenue for future
research.

We found some site-specific behaviors: bees visited more flowers
per plant and resided on plants for longer in Dog Valley relative to
Van Norden, while our findings related to nectar acceptance did
not differ. One variable that differed between the two sites was plant
species: P rydbergii was only found at Dog Valley and P heterodoxus
was only found at Van Norden. However, species differences are
unlikely to explain our results, as there were no differences in their
nectar concentration and, at least from a human perspective, the
flowers were indistinguishable. Instead, a more likely explanation
for the site-specific differences is that Dog Valley had a much lower
floral density than Van Norden. As such, foraging theory would
predict that bees should stay longer on a given plant (Charnov
1976). It is also possible that the higher temperatures at Dog Valley
relative to Van Norden drove these effects, since flight endurance
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and the likelihood of flight decreases above 25 °C (Kenna et al.
2021). We also observed a slight difference in residence time be-
tween B. vancouverensis nearcticus and the other three species. This
may be due to species differences in behavior, although it seems
more likely that this is driven by random variation, due to the small
sample size for this species.

Our results may have implications for floral reward strategies
since pollinator behavior on the flower can affect plant fitness. We
found that bees probed more flowers, but drank less nectar, as the
concentration of environmental nectar increased. These results
indicate that it is possible that plants offering lower-quality nectar
when standing nectar levels are on average higher may benefit from
more visits, and potentially pollen transfer, while suffering lower
costs of nectar depletion by foraging bees, at least in the short term.
In the longer term, we would expect bees to spend less time on
these flowers or reject them altogether. Here, we considered visit-
ation and residence time as a proxy for fitness, but future studies
should measure seed set to more directly link behavior to plant
fitness.

In the present study, we examined foraging behavior during a
brief period where bees foraged for nectar primarily on a single,
highly rewarding species. In the wild, bumblebees forage for nectar
rewards from multiple floral species (Heinrich 1979). Additionally,
nectar rewards vary in several other aspects of reward quality, such
as volume and variance, and bees likely have to integrate informa-
tion about these different reward dimensions when making foraging
decisions (Latty and Trueblood, 2020). Future work could incor-
porate some of the additional natural complexity, including nectar
volume and variability, as well as traits of other competing plants.
By examining the mechanisms of reward perception of pollinators,
especially in natural floral communities, we can develop more pre-
dictive models of pollinator visitation and foraging behavior.
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