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Abstract
Floral constancy of foraging bees influences plant reproduction. Constancy as observed in nature arises from at least four
distinct mechanisms frequently confounded in the literature: context-independent preferences for particular plant species,
preferential visitation to the same species as the previous plant visited (simple constancy), the spatial arrangement of plants,
and the relative abundances of co-flowering species. To disentangle these mechanisms, we followed individual bee flight paths
within patches where all flowering plants were mapped, and we used step selection models to estimate how each mechanism
influences the probability of selecting any particular plant given the available plants in a multi-species community. We found
that simple constancy was positive: bees preferred to visit the same species sequentially. In addition, bees preferred to travel
short distances and maintain their direction of travel between plants. After accounting for distance, we found no significant
effect of site-level plant relative abundances on bee foraging choices. To explore the importance of the spatial arrangement
of plants for bee foraging choices, we compared our full model containing all parameters to one with spatial arrangement
removed. Due to bees’ tendency to select nearby plants, combined with strong intraspecific plant clumping, spatial arrangement was responsible for about 50% of the total observed constancy. Our results suggest that floral constancy may be overestimated in studies that do not account for the spatial arrangement of plants, especially in systems with intraspecific plant
clumping. Plant spatial patterns at within-site scales are important for pollinator foraging behavior and pollination success.
Keywords Step selection · Bee foraging · Movement analysis · Pollination

Introduction
Many foraging bees exhibit constancy, the tendency to
sequentially visit conspecific flowers (Waser 1986). Constancy has major repercussions for plant fitness because most
plants rely on animal pollinators (Ollerton et al. 2011), and
most pollen transfer occurs within a small number of floral
visits after pollen is collected (Karron et al. 2009; Richards
et al. 2009). Foraging constancy arises from the interaction
of a bee’s behavioral program and its foraging environment.
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Thus, prior work on constancy has addressed foraging decisions both on a neurobiological level (e.g., Wells & Wells
1983; Chittka et al. 1999; Grüter and Ratnieks 2011) and
in terms of type and arrangement of flowers (Morris 1993;
Cresswell et al. 1995; Chittka et al. 1997; Cresswell 1997;
Hill et al. 2001; Gegear and Thomson 2004; Lihoreau et al.
2011, 2012; Ishii & Masuda 2014; Chudzinska et al. 2020).
Most of this work has been conducted in artificial floral
arrays of one or two floral types (but see Chittka et al. 1997).
Constancy as it is observed in the field (hereafter
“observed constancy”) can arise via multiple mechanisms,
including pre-existing preferences for particular flower species, a tendency of bees to preferentially visit the same species that they visited most recently (simple constancy), the
spatial arrangement of plants (e.g., spatial clumping of conspecifics), and the relative abundances of co-flowering plant
species. However, in real-world systems, these mechanisms
are confounded and potentially interact with one another,
limiting our understanding of how constancy arises in
nature and limiting the transferability of results obtained in
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simplified experimental systems. The first two behavioral
mechanisms are well-known features of bees and are relatively well studied. The third and fourth mechanisms, which
together describe the foraging environment of bees, have
received relatively little attention and have not been adequately disentangled from the two behavioral mechanisms.
The spatial arrangement of plants (our third mechanism
driving observed constancy) has been primarily studied
in experimental floral arrays in which spatial effects are
highly controlled (but see Chittka et al. 1997). In artificial single-species floral arrays, bees preferentially travel
short distances between flowers (Morris 1993; Cresswell
et al. 1995; Lihoreau et al. 2011, 2012; Chudzinska et al.
2020) and exhibit directional persistence, tending to move
in straight lines (Plowright and Galen 1985; Morris 1993;
Cresswell et al. 1995). When plants are clumped, bees sometimes bypass the closest plant (Cresswell 1997), presumably because travel distances between all of the plants are
so small that there are no meaningful differences in travel
cost. Lab studies of bees foraging on two flower types show
that simple constancy can be overridden by distance because
bees will visit a less preferred flower if it is closer (Hill et al.
2001; Ishii and Masuda 2014). Indoor experiments focus on
bee foraging choices at small spatial scales, typically with
interfloral distances under 25 cm within a Cartesian grid
of artificial flowers in enclosed flight cages (Gegear and
Thomson 2004; Ishii 2005; Ishii and Masuda 2014). Very
few researchers have attempted to expand these studies to
natural systems. Chittka et al. (1997) investigated bumble
bee foraging in a montane meadow. However, Chittka et al.
(1997) did not collect information on the locations of plants
that were present in the meadow but unvisited in a foraging
bout. Because this previous work does not include the actual
spatial patterns of plants in the field, we do not yet have
strong inference about either foraging decisions as a choice
between alternative options, or the importance of realized
spatial patterns in the field.
The fourth mechanism driving constancy as it is observed
in the field, the relative abundances of flowering plant species, has primarily been investigated in studies that do not
account for inter-plant distances in multi-species plant communities. Field studies have shown that, in general, dietary
generalists increase their visits to a plant species as the
abundance of that species at a site increases (Ghazoul 2006;
Dauber et al. 2010; Crone 2013; Bruninga-Socolar et al.
2016). This observation is consistent with theory that suggests that optimally foraging bees should exhibit a positive
frequency-dependent response to flowering plant abundance
to reduce travel times between conspecifics, and/or handling
times by repeated use of similar flowers (MacArthur and
Pianka 1966). However, while we generally assume that
as a species increases in abundance, the distance between
conspecific individuals decreases, this relationship may be
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messy when plant species are spatially clustered, which
occurs often in nature (Terborgh et al. 2002). When plants
show spatial clustering within a site, a site-level increase in
a plant species’ abundance may not accurately reflect the
within-foraging path plant choices most attractive to bees
because bee preferences for short travel distances may outweigh a positive response to site-level abundance. Thus,
bee responses to flowering plant abundance are confounded
with their response to inter-plant distances in real-world
systems where plant spatial arrangements are likely to be
highly uneven. To our knowledge, no study has quantified
both inter-plant distances of visited and unvisited plants, and
plant relative abundances in a natural system.
To understand the relative contributions of these four
mechanisms to observed constancy, we collected detailed
measurements of bee foraging paths in a natural community
of four co-flowering plant species. We mapped the locations
of every flowering plant individual during our study period.
We analyzed bee foraging paths using a spatially explicit
model that directly accounts for the identities and positions
of both visited and unvisited plants to disentangle the effects
of pre-existing preference for particular plant species, simple constancy (the tendency to visit the same plant species
sequentially), plant spatial arrangement, and relative abundances of multiple flowering species, on bee foraging choice.
Our analysis builds on resource selection approaches used
widely in studies of habitat selection by foraging vertebrates
that model animal use of resources as a function of resource
availability (Manly et al. 2002). We applied step selection
models (Thurfjell et al. 2014) for a case where the locations
of all resources are known on the landscape to predict the
outcome of each sequential movement decision within a bee
foraging bout. Specifically, we asked: how do plant species
identities, simple bee constancy, the spatial arrangement of
plants, and relative plant abundances affect which plants
are visited by bees? Finally, to evaluate the effect of spatial
information on our estimate of simple bee constancy, we
then compared the model with all parameters to a nearly
identical model with the spatial parameters removed. Differences in these two models show that the decision to include
or exclude spatial information in studies of bee constancy
leads to different estimates of simple constancy.

Materials and methods
Study area
We conducted fieldwork in the Lemhi and Beaverhead
River Valleys of Idaho and Montana; we chose this system
because the early spring flowering plant community consists
of only a few co-flowering forb species occurring in distinct
patches among the dominant sagebrush, which flowers in
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late summer (Artemisia spp. Linnaeus) (Lesica and Cooper
1997). Within patches, the yellow-flowered Astragalus
scaphoides (Jones; Bitterroot Milkvetch) grows in association with three relatively common bee-attractive plant species (or species-groups) whose flowering periods overlap
with A. scaphoides: Castilleja spp. Mutis (Orobanchaceae),
Lupinus spp. Linnaeus (Fabaceae), and Penstemon albertinus Greene (Plantaginaceae). Collectively, we refer to all
these plants, including A. scaphoides, as our focal plants.
Within each patch, A. scaphoides and at least one additional
plant group are locally abundant, but patches are small (generally < 1 hectare) and sparsely distributed on the landscape.
A. scaphoides blooms synchronously within patches in May/
June approximately every other year (Table A1). Individuals
that bloom in the absence of nearby blooming conspecifics experience severe pollen limitation (Crone and Lesica
2006; Crone et al. 2009; Tenhumberg et al. 2018). Thus,
plant reproduction in this system depends on the interplay
between the spatial arrangement of the plants and the foraging behavior of their pollinators.
The low plant densities and species richness, set in an
arid sagebrush matrix, create a simple study system which
allows for detailed observation of bee behavior in a natural,
multi-species plant community. Moreover, the low overall
bee density permits a researcher to follow individual bees
as they forage.

Data collection
We mapped detailed foraging paths for bees in the genus
Bombus (bumble bees), but we were unable to determine the
species identity of all individuals we followed; all individuals were considered together for analysis. Voucher specimens previously collected at our study sites include five species of Bombus: B. appositus Cresson, B. californicus Smith,
B. fervidus (Fabricius), B. huntii Greene, and B. nevadensis
Cresson. All these species are dietary generalists (Michener
2000; Koch et al. 2011; Ascher and Pickering 2015).
We selected three patches with large populations of A.
scaphoides based on previous work in the system (Crone and
Lesica 2006; Bruninga-Socolar et al. 2016). We defined the
patch boundaries to include roughly the contiguous area with
at least one individual of one focal plant species per square
meter. Satellite patches within approximately 10 m of the
main patch were also included (Fig. 1). We collected data in
all patches in May–June 2015 (Bruninga-Socolar et al. 2016)
and May–June 2016 on 2–6 days per patch per year, for a
total of 26 days of data collection on foraging bees.
At each patch, we mapped the location and species identity of each blooming focal plant individual, defined as plant
individuals with at least one open flower, and updated the
map within 3 days of each bee observation. We were unable
to record more detailed data, such as counting the number

of open flowers per plant. We recorded bee foraging paths
during weather conducive to bee activity: sunny, partly
cloudy, or bright overcast with wind < 7 m/s between the
hours of 10:00 and 18:00 (adapted from Winfree et al. 2007).
To do so, we used pin flags to delineate a grid of 1 × 1 m
squares encompassing each patch. On each sampling day,
we began at a haphazardly chosen location within the patch
and walked along the established grid lines to systematize
the search for bees. Upon detecting a bee, we followed the
bee’s movements through the patch and marked each plant
visited. Each bee was followed until it either left the patch
or switched to a non-foraging behavior. Less than 5% of
bees were lost prior to one of these endpoints. Immediately
after each observation, we revisited the marked plants in
order and referenced them against the site map (Fig. 1; Figs.
A1–A2). We did not mark foraging bees so it is possible that
the same individual bees were observed more than once. All
bee observations were conducted by a single experienced
observer, the first author.

Analyses: plant spatial aggregation
To contextualize our understanding of the effect of spatial
information on bee foraging behavior, we quantified the spatial aggregation of plants within and among species at each
site in each year using Ripley’s K, a standard spatial statistic
for aggregation of a distribution in space (see Baddeley and
Turner 2005 for a textbook-level explanation). We estimated
Ripley’s K function for aggregation patterns within and
among species at each site in each year using the Kcross()
function in R (the ‘cross type’ K function; Baddeley and
Turner 2005; Baddeley et al. 2016). In brief, Ripley’s K calculates the observed vs. expected number of plants at a range
of increasing distances from focal plants. In this analysis, the
expected “null” distribution is a Poisson distribution with
the mean density estimated from the data. If the observed
number of plants is more than expected, that indicates spatial
aggregation (see, e.g., Fig. 3A). If the observed number of
plants is less than expected, that indicates spatial dis-aggregation (see, e.g., Fig. 3B). If the observed and expected lines
cross, the K function indicates the spatial scale of aggregation. All analyses were calculated in meters and implemented using default values for the Kcross() function, i.e.,
the maximum value of r is one-quarter of the short side of
the window of the point pattern (Baddeley and Turner 2005).
Spatial pattern analyses were conducted in R version
3.5.0 (R Core Team 2018).

Analyses: bee foraging paths
We model the sequential plant choices of foraging bees
using a spatially explicit extension of the resource selection
function framework. We conceptualize each plant-to-plant
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transition as a “step” in a foraging path, and we model the
probability of selecting any given step given the population of available steps to choose from, each with associated
covariate values (Arthur et al. 1996; Manly et al. 2002; Fortin et al. 2005; Avgar et al. 2016). We model the logarithm of
the relative probability that a step i to plant j will be selected
(w (xij)) as a linear combination of step-specific covariates
(xij1, xij2, … xijp) (using the notation of Manly et al. 2002;
reviewed by Thurfjell et al. 2014):
( )
)
(
w xij = exp 𝛽1 xij1 + 𝛽2 xij2 + … + 𝛽p xijp
(1)
The step-specific covariates we use correspond to the four
mechanisms of observed constancy described in “Introduction”: plant species preference, simple constancy, the spatial
arrangement of plants, and the relative abundances of coflowering plant species. To parameterize plant species preference, we characterized each possible step with the plant
species identity of the individual plant ending the step. To
parameterize simple constancy, we also characterized each
possible step according to whether each available plant is
conspecific with the previously selected plant. We defined
constancy to be 1 if the start and end plants of a step are
conspecific, and − 1 otherwise for each step in each foraging path following the Bateman index (Waser 1986). Thus,
positive coefficient estimates for the constancy parameter
indicate that bees are displaying floral constancy above and
beyond the expectation based on the remaining covariates.
To parameterize the spatial arrangement of plants available
to a bee in each step, we characterized each possible step
(the observed step and all available steps matched to each
observed step) with two movement variables: step-length
(hereafter referred to as distance in meters) and cosine of the
turning angle following the quantitative movement analysis
methods of Turchin (2015; Fig. 2; Fig. A4). The cosine of
the turning angle is the angular difference between the heading of the previous step and the heading of the next step,
transformed to the interval [− 1,1] via the cosine function.
Since no turning angle can be calculated for the first step in a
foraging path, and standard conditional logit models cannot
accommodate missing data, we substituted the average turning angle across all paths for the first turning angle in each
path. (Similar results, not shown here, were obtained if we
analyzed the subset of data excluding the first step in each
path.) Finally, to parameterize the relative abundances of
co-flowering plant species, we assigned the site-level relative
abundance of all flowering plant species for each possible
step, expressed as the number of flowering individuals of
each species divided by the total number of flowering plants
at each site (Table A1). The step-specific covariates included
in our models are thus: plant species identity, constancy,
distance, cosine of the turning angle, and species’ relative
abundance. We found little to moderate correlation between
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the independent variables (Pearson’s < 0.5; Table A3) except
for a correlation coefficient of 0.65 between steps that ended
at A. scaphoides plants and constancy.
When the population of available steps is exhaustively
sampled (as in our case where all flowering plants available
at each site were mapped), we can normalize the resource
selection function by its sum over all steps (ni) to yield the
probability pij that the jth plant is selected at the ith step
(using the notation of Manly et al. 2002):
n

i
( ) ∑
( )
pij = w xij ∕
w xij

(2)

k=1

In standard applications of discrete choice models for
habitat selection analyses, the available set of habitat units
is generated randomly from the observed data (Avgar et al.
2016). In our analysis, the set of habitat units available to
each bee at each step is directly measurable from our field
data because habitat units are discrete plant individuals
within a spatially limited plant community that is exhaustively sampled.
We analyzed plant choice of foraging bumble bees as a
function of all five covariates using the clogit() function in
the R package ‘survival’ (Therneau 2015). We evaluated
statistical significance of each covariate using Type II ‘marginal’ hypothesis tests (Wald’s Chi-square tests), implemented with the Anova() function in the ‘car’ package (Fox
and Weisberg 2019).
To evaluate the importance of the spatial arrangement of
plants relative to the nonspatial parameters, we compared
the coefficients of the full model of bee foraging behavior to
coefficients from a reduced model including only nonspatial
covariates (plant species, abundance, and constancy), i.e.,
with the spatial information (distance and turning angle in
relation to focal plants) removed. We calculated the estimated marginal means of the coefficients of both models
using the function emmeans() in the R package ‘emmeans’
(Lenth 2020) and back-transformed them to calculate relative selection probabilities. We compared the overall fit of
the two models using the Akaike Information Criterion
(AIC; Akaike 1974).
Foraging path analyses were conducted using R version
4.0.2 (R Core Team 2020).

Results
Plant spatial aggregation
The density of flowering plants was not randomly distributed
in space (Fig. 3, Table 1, Figs. A5–A10). Spatial patterns
were similar between years within sites (Figs. A5–A10).
Within species, densities were always positively aggregated
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Table 1  Summary table of plant species spatial associations (presented in full in Fig. 3 and A5–A10) in our three sites across study
years
A. scaphoides
A. scaphoides
Castilleja
spp
Lupinus spp
P. albertinus

Castilleja
sp

Lupinus spp P. albertinus

+,+,+
0, NA, NA

+ , NA, NA

+ , 0, NA
NA, − , +

+ , NA, NA + , + , NA
NA, NA,
NA, − , NA
NA

NA, + , +

In each cell, the associations are listed for the three sites in alphabetical order: Agency, Haynes, Reservoir. “ + ” indicates positive spatial
association, “0” indicates no spatial association, “ − ” indicates negative spatial association, and “NA” indicates that two species did not
co-occur at that site

Fig. 1  Map of plant locations by species at the Agency Creek site in
A 2015 and B 2016, and photos of focal plant groups: C Astragalus
scaphoides, D Castilleja sp., and E Lupinus sp. The maps show all

(Table 1). At Haynes Creek, species were negatively correlated with each other, showing strong interspecific disaggregation, e.g., A. scaphoides and Penstemon (Fig. 3D).
At the other two sites, species associations tended to be
random [e.g., A. scaphoides and Penstemon at Reservoir
Creek in 2015 (Fig. A9), and A. scaphoides and Castilleja
spp. at Agency Creek (Figs. A7 and A8)]; or positive [e.g.,
A. scaphoides and Penstemon at Reservoir Creek in 2016
(Figs. A10), A. scaphoides and Lupinus spp. at Agency
Creek (Figs. A7 and A8), and Castilleja spp. and Lupinus
spp. at Agency Creek (Figs. A7 and A8)]. In all cases, the
magnitude of intraspecific aggregation was the strongest
positive association.

Bee foraging paths
Overall, we observed 37 bumble bee foraging paths totaling
145 steps. Across these sites and years, our foraging paths
included 103 visits to Astragalus, 18 to Penstemon, 10 to

plants that flowered in each season. The arrows in each map show a
sample bee path from the data set. See Figs. A1, A2 for maps of the
two remaining sites, Haynes Creek and Reservoir Creek
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Fig. 2  Cartoon representation of two steps in a bee foraging path in
a simple landscape with two flowering plant species. The bee arrived
at its current position from the blue plant to the left (thick red arrow).
From the current plant, the bee could possibly decide to visit any
other plant in the patch (gray dashed lines). Of the possible steps, the
bee selected one step (thick red arrow) and moves to the blue plant in
the upper right. This step is characterized by its length, the distance d
between the two plant individuals, and ΔƟ, the turning angle or difference in direction between the previous step and the current step.
This “used” choice is compared to all other possible choices, each of
which is characterized by its distance from the current plant, and its
direction relative to the first step in the path (color figure online)

Fig. 3  Examples of spatial correlation among flowering plant groups,
using data from Haynes Creek in 2016. The plots show the summary
K function, Kij (r), of the observed point pattern of each single group
(black line) with the Monte Carlo envelope from the null hypothesis
of complete spatial randomness (dotted line and bounded gray area).
Kij (r) is an estimate of the expected number of points of type j within
distance r (meters) of a point of type i, using the notation of Bad-
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Lupinus, 5 to Castilleja, and 9 to other plant species (species
not abundant enough to analyze in detail).
The model with spatial covariates included was a better fit to the data then the model with spatial information
removed (AIC = 1042.1 versus 1387.8). Within foraging
paths, the plant species chosen depended significantly on
four of our five covariates in this model. Selection probability increased with the constancy parameter (coefficient ± SE: 0.71 ± 0.15; Table 2A), i.e., bees were 4.1
times more likely to visit plants of the same identity as
the previously visited plant, all else being equal (Wald
χ 2 = 23.1, df = 1, P < 0.001; Table 2A). Selection probability depended on plant species (Wald χ2 = 20.0, df = 4,
P < 0.001; Table 2A), and was higher for Astragalus than
Lupinus (− 1.99 ± 0.50, P < 0.001; i.e., a Lupinus plant was
0.13 times as likely to be chosen compared to if it were
Astragalus) and Penstemon (− 1.18 ± 0.61, P = 0.05; i.e., a
Penstemon plant was 0.31 times as likely to be chosen compared to if it were Astragalus). Castilleja (− 1.80 ± 0.64,
P > 0.2; Table 2A) did not differ significantly from other
species. Selection probability also declined with distance
(χ2 = 131.4, df = 1, P < 0.001; Table 2A; Fig. 4A). In other
words, foraging bumble bees preferred closer plants (slope
with respect to distance: − 3.45 ± 0.30): a bee was 0.03
times as likely to choose a plant 11.6 m away from its
starting point (the standard deviation of unstandardized

deley and Turner (2005). The plots on the diagonal show intraspecific patterns and strong positive clustering within species (observed
correlation higher than null). The interspecific plots show B random
association between Lupinus spp. and A. scaphoides, D spatial disassociation between P. albertinus and A. scaphoides (observed correlation lower than null), and E weak dis-association of Lupinus spp.
and P. albertinus
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Table 2  Model results of the model with spatial information included
A and with spatial information removed B
Covariate
A
Constancy
Cos(turning
angle)
Distance
Relative
abundance
Castilleja
Lupinus
Penstemon
B
Constancy
Relative
abundance
Castilleja
Lupinus
Penstemon

Coefficient Standard error Wald χ2 df P value
0.71
0.92

0.15
0.15

23.1
35.3

1
1

< 0.001
< 0.001

− 3.45
− 1.34

0.30
0.99

131.4
1.83

1
1

< 0.001
0.177

− 0.80
− 1.99
− 1.18

0.64
0.50
0.61

20.0

4

0.22
< 0.001
0.05

1.16
− 1.64

0.28
0.93

71.24
3.09

1
1

< 0.0001
0.079

− 0.18
− 1.47
− 0.89

0.65
0.49
0.43

15.38

4

0.78
0.003
0.04

Bold type indicates significance at P < 0.05. Note that to calculate
Eqs. 1 and 2 using these outputs, the coefficient of the constancy variable must be doubled because the difference between constancy and
inconstancy is the difference between − 1 and 1

distances in the data set), or 0.74 times as likely to select
a plant 1 m away from its starting point compared to an
adjacent plant, all else being equal. Selection probability
increased with the cosine of the turning angle (χ2 = 35.3,
df = 1, P < 0.001; Table 2A; Fig. 4B), meaning that bees
preferred moving in straighter lines (slope with respect
to cosine of the turning angle: 0.92 ± 0.15, indicating an

Fig. 4  The relationship between relative selection probability of
plants and the two parameters relating movement to spatial arrangement of plants, distance (A) and turning angle (B). Bees exhibit a
negative relationship between the relative probability of selection by
plant type and distance (A), and bees tend to move in straight lines

increase in selection probability with increasing values
of cosine of the turning angle, where the maximum value
of cos (0°) = 1 represents traveling in a perfectly straight
line). Selection probability did not depend on plant relative
abundances at the site level (χ2 = 1.83, df = 1, P = 0.177;
coefficient ± SE: − 1.34 ± 0.99).
The spatial arrangement of plants had little to no effect
on bumble bee preferences for different plant species,
based on our comparison of the models with and without
the spatial covariates (Table 2; Fig. 5A; but note a difference in the nonsignificant Castilleja coefficient between
the two models). However, spatial arrangement did affect
the tendency for bees to visit the same species as they had
previously visited. The estimated mean constancy per foraging path was almost 50% lower when spatial information
was included in the statistical model, a relative probability of selecting the same species of 2.0 compared to 3.25
for the model that contained only nonspatial covariates
(Table 2B; Fig. 5B; nonspatial covariates are plant identity, proportional abundances, and constancy). Removing
spatial information also increased support for proportional
abundance as a causal factor for plant choice, although
this effect was not statistically significant at the 0.05 level
(χ2 = 3.09, df = 1, P = 0.079; Table 2B). The sign of this
nonsignificant coefficient was negative (− 1.64 ± 0.19;
Table 2B), indicating a “preference” for less abundant species. The increase in support for this effect in the absence
of spatial information is consistent with stronger spatial
clustering within than among species. Intraspecific clustering, which reduces the distances between plant individuals
within a species, causes bees to visit multiple individuals
of a less abundant plant species, an effect that is masked
without spatial information.

(B). We calculated the resource selection function for each plant type
(Eq. 1) using the coefficients of the model (Table 2A) and plotted the
resource selection function for each plant type to visualize how plant
identity modifies bees’ response to distance and turning angle
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Fig. 5  Comparison of the full model with all parameters to the model
without the spatial parameters (distance and turning angle). The
relative probability of selection by plant type did not differ between
the two models (A). Our parameter estimate of constancy (whether

a selected plant is the same species as the previously selected plant)
was 50% lower in the spatial model compared to the nonspatial model
(B). The graphs show the estimated marginal means ± 1.96 standard
errors from each model

Discussion

understanding the mechanisms driving constancy in bee
foraging are necessary to understand pollination. Our work
implies that, because of its influence on observed constancy,
intraspecific spatial aggregation is an important determinant
of pollination success in natural plant communities.
Our results also suggest that the relative abundance
of different flowering plant species may have little direct
effect on bee foraging behavior once inter-plant distances
are accounted for. This result is consistent with previous
work in our system, in which we reported increases in total
visitation to A. scaphoides at the species level (expressed as
proportion of visits to A. scaphoides within-foraging paths)
as a function of increasing A. scaphoides density (Crone
2013; Bruninga-Socolar et al. 2016). Here, we show that
smaller distances between conspecifics may be one mechanism for density dependent preference. The presence of
density dependent preference contrasts with recent work
in California grasslands, where bumble bee foraging at the
plant species level was not predicted by floral abundance
(Harmon-Threatt et al. 2017). Other studies generally show
positive effects of plant abundance on visitation to plant species (pollinator abundance (Ghazoul 2006); floral visits per
unit time (Dauber et al. 2010)), consistent with our earlier
results. However, without modeling bee foraging paths in a
spatial context, it is unclear whether these results are direct
effects of abundance or of bee responses to plant spatial
arrangement.
Two features of our study may limit our inference about
the effect of relative plant abundance on bee foraging
behavior. First, we only had a small number of values of
the abundance variable since this variable was recorded at
the level of the whole site during each flowering season.
Second, we assessed flowering at the scale of the individual
plant (i.e., a plant was flowering at the time of data collection or it was not), but did not count open flowers per plant.
Floral abundance, as opposed to our measure of flowering

Our results show that the spatial arrangement of plants is
an important component of observed bee constancy during
foraging. Including the location of all plants in our model
of bee foraging reduced our estimate of simple constancy
by almost 50%. Therefore, at least in our system, observed
constancy arises in large part from intraspecific plant clumping and a strong tendency of bees to select nearby plants.
Flower constancy, regardless of the mechanism behind
it, predicts pollination success (Kunin 1993; Knight et al.
2018). For example, experimental manipulations of competition in bees have induced changes in observed constancy
that in turn correlate with plant reproduction (e.g., Brosi and
Briggs 2013; Fründ et al. 2013). However, very few studies
of constancy explicitly address spatial effects, especially in
natural environments. The only previous study of constancy
in a natural system that included spatial effects on bee foraging choice used travel time between plants as a proxy for
distance (i.e., shorter travel times meant closer plants) and
did not record unvisited plants (Chittka et al. 1997). Thus,
they were unable to draw inference on bee foraging choice in
response to the available plant community, as we are able to
do here. A recent laboratory experiment compared bumble
bee visits to rewarding and unrewarding floral types in an
array where the two types were mixed versus one in which
they occurred in conspecific clumps (Katz and Essenberg
2018; see also Keasar 2000 and Internicola et al. 2007).
When floral types were mixed, bumble bees visited the unrewarding flowers more often and displayed lower constancy
(Katz and Essenberg 2018), suggesting that the effect of distance can outweigh constancy. Consistent with our results,
Katz and Essenberg (2018) demonstrate the importance
of space: bumble bees will visit even unrewarding flowers
when the distances are small, but were unlikely to visit them
sequentially. Since constancy predicts pollination success,
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plant abundance, may explain some residual variation in
bee foraging decisions. Future research using more detailed
measures of plant abundance and floral abundance would
be valuable.
Plant spatial patterns vary in natural environments and
even within our study system. We observed interspecific
plant spatial patterns ranging from dis-aggregation (i.e., spatial overdispersion) to aggregation depending on the site and
plant species pair in our system. In nature, intra- and interspecific plant spatial patterns reflect many ecological and
abiotic processes (Terborgh et al. 2002), such as plant–soil
feedbacks (Schroeder et al. 2020), seed dispersal (Bagchi
et al. 2018), or microhabitat characteristics such as topography, soil moisture, and light (García and Houle 2005), or soil
compaction and type (Maestre 2006). It would be interesting
to repeat studies like ours at a scale where we can compare
behaviors among sites with different spatial patterns, or a
range of spatial patterns.
Interestingly, previous work has shown that A. scaphoides
flowering is temporally clustered according to an approximately 2 year cycle that is enforced by pollen limitation during low-flowering years (Crone and Lesica 2006). It is also
well known that the distribution of A. scaphoides is strongly
clumped in space. We propose that just as pollen limitation
imposes temporal clustering on the bloom of A. scaphoides,
so might it reinforce spatial clustering. If seed dispersal is
primarily local (A. scaphoides is not known to be wind- or
animal-dispersed), then isolated individuals growing away
from conspecifics might fail to reproduce, such that only
plants growing in clumps tend to leave progeny in subsequent generations.
A strength of our study is that we applied a novel
approach in which we followed individual foraging bees in
a natural environment where all flowering plant individuals
were mapped. We were thus able to analyze each step in each
foraging path as a deliberate choice in which a bee chose a
single flowering plant out of a finite number of other possible choices (the other co-flowering plant individuals in the
patch) which were also known. Our data collection and modeling approach is powerful because we were able to evaluate foraging choices in the context of the possible plants
a bee could visit. This type of data, while labor-intensive
to collect, allows a thorough examination of bee foraging
behavior missing in the literature to date. Our work builds
upon classic experimental studies of bee foraging choice in
grids of artificial flowers (e.g., Hill et al. 2001; Gegear and
Thomson 2004; Ishii 2005) by exploring the relationship
between foraging choice and plant spatial arrangement in a
natural system and at scales relevant to real-world foraging
by bees. We conclude that to fully describe the mechanisms
of bee foraging choice, more spatially explicit research is
necessary across a wider range of landscapes and for bee
species varying in typical foraging ranges and life histories.
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