
RESEARCH ARTICLE

Novel pollen analogue technique shows bumblebees display
low floral constancy and prefer sites with high floral
diversity
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Abstract

Context There have been dramatic global declines in

pollinating insects. A common land management

intervention to support wild pollinators is to plant

non-crop flowering plants (‘pollinator planting’).

However, there are limited data on which species or

spatial arrangement of planting provide maximum

benefit to wild pollinators.

Objectives Here we investigate which flowering

species and locations are visited by free-foraging

Bombus terrestris (buff-tailed bumblebees) in species-

rich semi-natural grassland and woodland.

Methods Two study nests of buff-tailed bumblebees

were established in Wytham Woods, UK. Pollen

analogue pigments were sprayed on open flowers in

the study area over a period of two months, with

unique colours used to identify separate sections of the

study area. Pollen load analysis was used to identify

forage species and foraging locations.

Results Bumblebees showed low flower constancy,

visiting five flower species per trip on average, and as a

group the sampled bumblebees visited 36 of the 49

plant species identified in study area surveys. Many

individuals foraged in multiple, spatially-discrete

locations during single trips.

Conclusions The positive relationship between flo-

ral diversity and pollen load species diversity, and the

positive relationship between site floral diversity and

frequency of visitation, suggest behavioural strategies

that maximize the diversity of flower species visited,

in line with the energetic costs and benefits hypothesis.

This supports recommendations for pollinator plant-

ings with high species diversity, potentially spread

across many small forage areas across the landscape.
Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s10980-021-01304-9.

A. E. Martı́nez-Bauer � A. J. Westmoreland �
T. A. Lander (&)

Department of Plant Sciences, University of Oxford,

South Parks Road, Oxford OX1 3RB, UK

e-mail: tonya.lander@plants.ox.ac.uk

Present Address:
A. E. Martı́nez-Bauer

Grupo Agroecologı́a, Departamento de Agricultura,

Sociedad Y Ambiente, El Colegio de La Frontera Sur,

Carretera Panamericana Y Periférico Sur S/N Barrio
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Introduction

Dramatic global declines in pollinator species (Potts

et al. 2010; Dı́az et al. 2019; Powney et al. 2019)

threaten ecosystem function (Ollerton et al. 2011) and

human food security (Klein et al. 2003). One of the

most common land management interventions to

support wild pollinators, and attempt to mitigate

pollinator decline, is to increase flowering plant

diversity and abundance through ‘pollinator planting’

in both urban and agricultural environments (Gem-

mill-Herren et al. 2021). Choice of flower species and

spatial distribution of sites is thought to affect foraging

efficiency (see Wolf et al. 1975; Pyke 1980), and

therefore fitness (Hixon 1982). However, guidance on

what type of floral resources should be provided is

limited (Dicks et al. 2015), and knowledge of how

providing small, spatially discrete, floral resource

patches may impact foraging behaviour and success is

inadequate (Chittka et al. 1999; Ebeling et al. 2008).

Although, in general, planting more flower species

over more area is likely to support a greater diversity

and abundance of pollinators (Ebeling et al. 2008;

Nielsen et al. 2012; Blaauw and Isaacs 2014), both

space and funds are limited, so we need to know which

and how many floral resources to provide, and where

to put them, to better support pollinators through

planting. To begin to address those broad questions of

what and where to plant, we ask the more specific

questions:

(Question 1) Which, and how many, flowering

plant species are visited by free-flying bumblebees

in a floristically diverse, semi-natural meadow and

woodland landscape?

(Question 2) Does the number of flowering plant

species present in a patch impact the frequency of

pollinator visits to the patch, or the number of

patches a pollinator visits during a foraging bout?

We use floral constancy theory to develop predic-

tions about, and behavioural explanations for, the

diversity of flower species a pollinator visits (Question

1), the probability of visiting high vs. low floral

diversity sites, and the probability of visiting multiple

foraging sites during a foraging bout (Question 2).

Floral constancy is defined as the pattern of foraging

wherein an individual pollinator visits a restricted

number of flower species, even when other equally

rewarding species are available, and if the insect has

no innate or imprinted predisposition to visit only

flowers of a restricted plant taxon (Raine et al. 2006).

Something like a floral constancy pattern may arise

because the pollinator has an innate physiological

requirement for a particular reward from a specific

plant taxa, termed ‘fixed preference’ (Waser 1986), or

through optimal foraging, where the most rewarding

flowers are sufficiently abundant and superior that the

highest reward-intake rate is achieved by skipping

inferior flowers (Waddington and Holden 1979),

termed ‘labile preference’ (Waser 1986). In this

manuscript we use the term floral constancy as defined

above, distinct from either fixed or labile preference as

defined byWaser (1986) (see broader reviews of floral

constancy in Amaya-Márquez 2009; Grüter and

Ratnieks 2011).

Hypotheses to explain floral constancy behaviour

largely relate to the energetic costs of flower handling

and travel, opportunity costs of missed rewards, and

the costs of information acquisition; essentially the

costs related to foraging efficiency (see Wolf et al.

1975; Pyke 1980; Hixon 1982). Because the bumble-

bees in this study were not naı̈ve foragers, we do not

make behavioural predictions related to learning

processes or the costs of information acquisition

[e.g. the interference hypothesis (Chittka et al. 1999;

Gegear and Laverty 2005; Amaya-Márquez 2009; ),

the learning investment hypothesis (Amaya-Márquez

2009; Grüter and Ratnieks 2011), or the majoring-

minoring hypothesis (Heinrich 1976a; Chittka et al.

1997)]. Rather, in this study we focus on hypotheses

related to the energetic costs of flower handling, travel,

and missed rewards; specifically, the energetic costs

and benefits hypothesis, the costly information hypoth-

esis, and the passive constancy/inconstancy concept.

During an individual foraging bout, the energetic

costs and benefits hypothesis (Grüter and Ratnieks

2011), which is linked to optimal foraging theory (e.g.

Waddington and Holden 1979), suggests that floral

constancy should be lower in locations with high

flower diversity and high reward value per flower, or
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when flowers are spaced farther apart, because of the

greater cost to bypass an encountered flower (Gegear

and Thomson 2004; Goulson 1999). The same forag-

ing pattern, inconstancy in areas of high floristic

diversity, could also be explained by passive beha-

viour, where travel is costly and experienced foragers

simply forage on whatever flower species are locally

present (Heinrich 1976b), we term this ‘passive

inconstancy’ (see ‘passive constancy’, Heinrich

1976b; Thompson 1983). Under the energetic costs

and benefits hypothesis, as well as in the passive

inconstancy foraging scenario, the costly-information

hypothesis suggests that if rewards are small, pollina-

tors will actively search for alternative floral resources

(Grüter and Ratnieks 2011), which may result in

leaving the patch (Chittka et al. 1997). This response

has been shown empirically in honeybees, bumblebees

and hoverflies (Goulson 1999). These three hypothe-

ses together suggest that pollinators should use a wide

range of flowers in areas of high plant diversity, and

not actively search for alternative floral resource

locations as long as the available species offer

sufficiently valuable rewards (Raine et al. 2006).

Based on these hypotheses, we predict the following

for our study:

Question 1, Prediction: Foragers in the sites with

high floral diversity will display lower floral con-

stancy (visit more flower species) than foragers in

low floral diversity sites.

Question 2, Prediction 1: Pollinators will prefer-

entially visit the sites with the highest floral

diversity.

Question 2, Prediction 2: Foraging trips that

include the highest floral diversity sites will include

fewer foraging stops (fewer spatially discrete

foraging locations) than foraging trips that do not

include the highest floral diversity sites.

To address these questions and predictions we

developed a simple and inexpensive pollen analogue

technique which, in combination with pollen load

species analysis, allowed us to identify both the sites

and species an individual pollinator visited during a

given foraging bout.

Materials and methods

Study site

Wytham Woods is a 390 ha ancient semi-natural

woodland to the west of Oxford, UK

(51.77 N, - 1.34 W). In July 2015, two commer-

cially-produced nests of British buff-tailed bumble-

bees (Bombus terrestris audax; http://www.

biobestgroup.com) were located in two semi-natural

calcareous meadows, Quarry Meadow (Q) and South

Meadow (S), hereafter called the ‘homemeadows’ and

Quarry Meadow Nest (QN) and South Meadow Nest

(SN) (Fig. 1). Quarry Meadow is surrounded by

ancient semi-natural woodland and South Meadow is

bordered on three sides by ancient semi-natural

woodland and on the fourth side by the Grazed Sheep

Pasture (G). The nests were 121 m apart, and

approximately equally distant from two species-rich

wildflower meadows, Singing Way Road (R), 272 m

to QN and 192 m to SN, and Upper Seeds Meadow

(U), 242 m to QN and 250 m to SN, and from the

Grazed Sheep Pasture (G), 179 m to QN and 114 m to

SN (Fig. 1, Table 1). All spatial analyses were

undertaken in ArcMap 10.4.1 (ESRI, Redlands, USA).

Pollen load analysis

To address Question 1: Which, and how many,

flowering plant species are visited by free-flying

bumblebees under natural conditions?, the entrance

holes of both bumblebee nests, QN and SN, were

modified to create a trap mechanism that allowed a

single forager bee returning to the nest to be collected

(Figure S1). Bees were collected between 9:00 and

16:00 h on 14, 15, 16, 25, 29, and 30 July, 5, 12, 17, 19,

20, 26, and 27 August and 2, 3 September 2015. These

were days with temperatures[ 13 �C and at least

60% clear sky, or[ 17 �C in any sky conditions, with

no collections if raining (following Pollard and Yates

1993). Collected bees were cooled at 4 �C for 2–3 min

and then placed in a marking cage (www.thorne.co.

uk). Clean tissue paper was placed over the sponge

plunger to avoid cross-contamination between sam-

ples. Pollen from both corbiculae was removed using a

pin and stored at 4 �C. Because B. terrestris shows

size polymorphism, and bumblebee size has been

found to affect foraging behaviour (Spaethe and

Weidenmüller 2002), and the diversity of pollen
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species in pollen loads (Gervais et al. 2020), inter-

tegular distance (ITD) of each bee was measured with

a digital calliper and used as a proxy for individual size

(Cane 1987). One researcher collected all of the ITD

measurements.

The species in each pollen load were analysed by

taking a slice down the centre, along the long axis, of

one pollen load from each bee sampled. This approach

ensured that each layer of pollen added during

foraging was included in the subsample to be identi-

fied. The subsample was homogenized in 70% EtOH,

allowed to dry, and fixed in glycerol jelly. One in three

slides (70 total) were inspected completely at 400X

(10X ocular 9 40X objective) magnification on a

Zeiss compound light microscope, and all pollen

grains present were identified to the lowest taxonomic

level possible. One hundred and thirty slides were

inspected using four evenly spaced transects across the

Fig. 1 The study area in Wytham Woods. Latitude/longitude

data corresponds to the geometric centroid of each polygon,

shown above as a white point in the centre of each polygon. The

abbreviation for each sample area is shown on the map

surrounded by a white rectangle for clarity:QNQuarry Meadow

Nest, SN South Meadow Nest, Q Quarry Meadow (51.771,

- 1.338), S South Meadow (51.770,- 1.339), G Grazed Sheep

Pasture (51.769, - 1.339), W Woodland (51.770, - 1.336),

U flower-rich Upper Seeds Meadow (51.770, - 1.335),

R flower-rich Singing Way Road (51.769, - 1.339)

Table 1 Flowering plant data and number of foraging visits for the six areas surveyed in 2015

Total flowering plant species Area of the polygon (ha) Number of recorded visits (home meadow)

Grazed Sheep Pasture (G) 6 2.17 22

Woodland (W) 8 9.96 0

South Meadow (S) 19 0.13 83 (74)

Quarry Meadow (Q) 23 0.20 89 (85)

Singing Way Road (R) 25 0.18 56

Upper Seeds Meadow (U) 28 5.44 53

The ‘home meadow’ value indicates the number of visits to the meadow that were from the experimental bumblebee nest located

within that meadow
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slide, and all pollen grains present on the transects

were identified to the lowest taxonomic level possible.

Pollen was identified using the pollen library (see

‘Flowering plant diversity’ section below) and Saw-

yer’s (1981) guide. One researcher conducted all of the

pollen identifications, which were then checked by a

second researcher.

Flowering plant diversity

To address Question 2: Does the number of flowering

plant species present in a patch impact the number of

flower species the pollinator visits, or the frequency of

pollinator visits to the patch?, data on plant species

presence and abundance was collected in the six study

patches (Fig. 1). Vegetation surveys were conducted

on 29 July and 12 August 2015 by walking north–

south transects separated by 3 m across the whole of

each of the six study areas. All flowering plants were

identified to species and their abundance in the

combined transects in each sample area were recorded

on a DAFOR scale [Dominant (60–100% cover in the

combined transects), Abundant (30–59%), Frequent

(10–29%), Occasional (5–9%), Rare (\ 5%)] (Pescott

et al. 2019) (Table S1). In the study areas grasses were

always the dominant species in terms of ground cover,

but, as they are not expected to be important pollen

plants for bumblebees, they were excluded from the

plant surveys. Thus, no plant received a ‘Dominant’

score in the vegetation survey data (Table S1). Pollen

samples from all flowering species were collected

during the vegetation surveys and added to a pollen

library for use in identification of pollen loads. All

surveys were undertaken by the same researcher.

UV fluorescent pigment as a pollen analogue

to identify foraging locations

For Question 2 we also needed to know which, and

how many, different foraging locations individual

foragers visited before returning to the nest. To

achieve this, we developed a new technique based

on the use of ultraviolet fluorescent pigment powder as

a pollen analogue (UVPs).

Systematic comparisons of pigment and pollen

movement have shown that pigment does not affect

pollinator behaviour or survival (Klaus et al. 2015),

and that pigment and pollen movement are correlated

(Adler and Irwin 2006; but see Van Rossum et al.

2011). UVPs provide an inexpensive pollen analogue

that is observable with both traditional and fluores-

cence microscopes (Thomson et al. 1986). However,

the extent to which treating flowers with UV fluores-

cent pigment affects pollinator foraging behaviour has

not been extensively investigated. Therefore, flight

cage experiments were conducted to compare bum-

blebee foraging preference between six colours of UV

fluorescent pigment (Radiant Color, Series Radglo

GWT) on dry pollen pellets (Agralan, UK, http://

www.agralan.co.uk), plus unpigmented pollen pellets

(control) (21 separate tests; Table S2). These pigments

are fully visible for humans, as well as being UV flu-

orescent. For all tests, three feeding stations of each

treatment colour or control were placed in an alter-

nating pattern in a flight cage (230 9 360 9 190cm)

(Fig. 2). Feeding stations consisted of a lid from a

1.5 ml Eppendorf tube containing 0.2 ml of 50%

sucrose solution glued onto a 5 cm diameter plastic lid

containing one 1.5 ml Eppendorf tube-full of pollen

pellets. Prior to the experiment, the bumblebees were

kept in a closed nest and fed only sucrose solution and

pollen pellets. For each observation session, three

naı̈ve Bombus terrestris audax (Agralan, UK), were

released into the flight cage. The bumblebees were

allowed to settle for 30 min and then observed for 30 s

every 5 min for 30 min. During observation each

bumblebee was counted as ‘flying’, ‘resting’, ‘drink-

ing nectar’ (if the tongue was extended into the nec-

tar), or ‘on pollen’ (if the antennae were actively

exploring the pollen), and the colour of the pollen

where the bee was drinking or exploring the pollen

was recorded.

The flight cage experiment found blue-pigmented

pollen was visited more frequently than control, and

control and yellow-pigmented pollen were visited

more frequently than pink-pigmented pollen, but there

were otherwise no significant differences between

colours (Table S3). These results are in line with a

previous study that showed no difference in dispersal

patterns among pigment colours (Van Rossum et al.

2011). In our field study we therefore used Orange,

Red, Green and Blue pigments, between which we

found no significant difference in bumblebee prefer-

ence. The pigments were tested for distinctness from

each other by comparing them when mounted in

glycerol jelly and viewed under the microscope. All

pigments were found to retain full colour after a week
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exposed to weather and sunlight on an open flower in

the field.

Foraging location identification

Based on the flight cage tests, four colours (red,

orange, green, and blue) of fluorescent powder

pigment were applied to all open flowers in four

regions of the study area. A separate atomizer was

used to apply each colour. The atomizers are designed

for even application of dry powder onto a surface, and

consist of a 1.5 oz glass jar with a metal lid and nozzle,

and a rubber squeeze bulb which is used to spray

powder out of the nozzle (http://www.naimies.com/

atomizer.html). All open flowers in Q were pigmented

red, S was green, G was blue, and R was orange.

Pigment was not applied if there were high winds or

when it was raining. Pigment was applied at all sites on

5, 12, 17, 19, 20, 26, 27 August and 2, 3 September

2015, and pollen loads were collected from bees, as

described above, on those same days. Note, some

pollen loads were collected in July, prior to the start of

flower pigmenting, but once pigmenting began, pollen

loads were only collected on the days pigments were

applied. Bees collected the pigment along with pollen

and stored it in their corbiculae, and the presence of

coloured pigment particles was noted during pollen

load analysis (Thomson et al. 1986; Kearns and Inouye

1993).

The pollen load analysis revealed that * 24% of

pollen loads collected after August 5, when pigment-

ing began, contained UVPs. It is not unexpected that

not all pollen loads will contain UVPs. Studies of

pollen analogue carry-over between foraging locations

(the traditional use for pollen analogue pigments) find

exponential decay in the presence of pigment on

recipient flowers, with low pigment deposition values

at 4–50 m from the pigment source (Thomson et al.

1986; Van Rossum et al. 2011). Therefore, our finding

that 24% of pollen loads contained pigment may be a

result of pigment deposition during flower visits, loss

of pigments during grooming, uneven distribution of

pigment in the bee’s pollen loads such that our pollen

load sampling method did not always capture col-

lected pigments, or some combination of those

mechanisms. Additionally, the bumblebees may have

foraged beyond the area where the pigmenting exper-

iment was implemented. However Bombus terrestris

are expected to forage a maximum of 750 m from their

nest site (Goulson 2009), and 750 m to the north, and

south of the experimental nests was closed canopy

woodland with little forage available, and to the west

was closed canopy woodland and an agricultural field

producing grain. To the east, beyond Upper Seeds

meadow and more than 750 m distant, was a field used

for sheep grazing which may have provided some

forage; however, we expect that the majority of

Fig. 2 Experimental flight cage for the pigment preference

trials. In this experiment, after the bumblebees had settled for

30 min, they were observed for 30 s every 5 min for 30 min. In

the cartoon on the right, bumblebee 1 would be counted as

‘drinking nectar’ (if the tongue was extended into the nectar), or

‘on pollen’ (if the antennae were actively exploring the pollen),

and the colour of the pollen (pigment 2) would be recorded.

Bumblebees 2 and 3 would be counted as ‘flying’ or ‘resting’
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foraging occurred in the area to the east/south-east of

the nests where pigment was applied.

Because not all pollen loads contained UVPs, we

combined the UVP data with data on the presence of

pollen from flower species only present in single

locations in the study area to identify foraging

locations. Twenty-two of the 49 flower species were

found at only one survey site during either July or

August or both (Table S1). Of these twenty-two, five

are common species [recorded in more than 65% of the

10 km grid squares across the whole of the UK

(Proctor 2013; Botanical Society of Britain and

Ireland et al. Accessed October 2020)]: Circaea

lutetiana, Convolvulus arvensis, Potentilla reptans,

Prunella vulgaris, and Taraxacum officinale; and one,

Euphrasia nemorosa, is present in 53% of the UK

10 km grid squares and more than 80% of UK

broadleaved woodlands (Kirby et al. 2005). Thus,

although these species were found only rarely during

the plant surveys, their presence was not used to

identify foraging locations. The other single-location

species were used to identify foraging locations in the

study area (following Beil et al. 2008).

Statistical analyses

We approached flower constancy from two perspec-

tives: linear modelling and network analysis. The aim

ofModel 1 (see below) was to quantify to what extent

the number and identity of foraging sites, as well as the

days from the start of the season (a proxy for seasonal

change), and thorax width (a proxy for individual

bumblebee size), influenced the number of pollen

species identified in the pollen loads. Model 2 (see

below) tested the relationship between flowering plant

diversity at a foraging site and how frequently a site

was visited. The network analysis was intended to test

individual bee-plant interactions against a null model

of random interactions to detect constancy. All

statistical analyses were done in R 3.2.2 (R Core

Team 2017) and the R codes are available as Appendix

1.

To address Question 1, we fit a model to determine

what predictors led to higher species richness in

individual pollen loads. Based on our stated Predic-

tion, we expect coefficients associated with visitation

to species rich areas (S, Q, R, and U) to be positive,

suggesting higher pollen diversity and thus lower

flower constancy at the individual level. Model 1

(pollen species number), a generalized linear model

with a Poisson distribution (glmulti, Calcagno and de

Mazancourt 2010), was used to assess the ability of

explanatory variables 2–12 (Table 2) plus ‘Nest’

(either SN or QN) as a fixed effect, to predict the

response variable, total number of pollen species in a

given pollen load (FNP). All pairwise interactions

between explanatory variables were included. The

package’s genetic algorithm was used to automate

model selection by identifying the model with the

lowest AIC. We then performed a Likelihood Ratio

Test (LRT), using R’s drop1function to identify terms

to drop and the ANOVA function (with a Chi-square

test), to determine if any terms could be dropped from

the lowest AIC model (for discussion of this approach

see Johnson and Omland 2004; Calcagno and de

Mazancourt 2010). We tested for overdispersion of

our Poisson model with the dispersiontest function

from the AER package (Kleiber and Zeileis 2008).

Marginal effects of significant terms were plotted

Table 2 Model 1 (pollen species number), the linear model to

assess the relationship between flower constancy and foraging

location, started with number of pollen species in a pollen load

(FNP, variable 1), a measure of floral constancy, as a function

of variables 2–12 and their interactions, plus ‘Nest’ (either SN

or QN) as a fixed effect

Model 2 (flowering plant richness), the linear model to assess

the relationship between the number of visits to a site and the

number of flowering plant species at that site, started with

number of visits to a site (VG-VU (variables 4–8), as a function

of variables 9 and 13. All possible pairwise interactions

between the factors in Models 1 and 2, but no higher order

interactions, were considered

Variable Description

1 FNP Number of pollen species

2 DFS Days from start of study

3 TW Thorax width

4 VG Visitation to pasture G

5 VQ Visitation to meadow Q

6 VR Visitation to road R

7 VS Visitation to meadow S

8 VU Visitation to meadow U

9 Num.Stops Number of foraging stops

10 OneStop One stop in the foraging trip

11 HMO Foraging in home meadow only

12 After.Bloom Foraging after thistle bloom in meadow G

13 NFP Number of flowering plants
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using the ggeffects package (Lüdecke 2018), via the

sjPlot package (Lüdecke 2018). We used Student’s

t-tests to assess possible biases introduced by the

presence of pollen analogue colours.

To address Prediction 1 for Question 2: bees will

preferentially forage in areas where species richness is

higher (S, Q, R, and U), and Prediction 2 for Question

2: foraging trips that include the highest floral

diversity sites will include fewer total foraging sites,

we fit Model 2 (flowering plant richness) (R code

section ‘Visitation vs Richness GLM—replacement

for correlation’). Model 2 was a generalized linear

model with a Poisson distribution used to assess the

ability of flowering plant richness at each site (variable

13 in Table 2), to predict the response variable:

number of visits to a site [VG–VU (variables 4–8,

Table 2)]. We expected a positive relationship

between site species richness and number of visits

per site, and a negative relationship between site

species richness and the number of foraging stops.

For network analysis, we constructed bipartite

networks using the R packages vegan (Oksanen et al.

2017), bipartite (Dormann et al. 2008), and igraph

(Csardi and Nepusz 2006) (see R script for details of

data conversion to interaction matrix). We then

calculated d’ (Blüthgen et al. 2006) for each individual

bee. d’, which is based on Shannon entropy, was

originally proposed for species level interactions, to

measure specialization within communities. Here we

apply it to individual level interactions, to detect

specialization at the level of individual foragers. At the

network level, d’ measures the ‘uniqueness’ of nodes

relative to the lower level of the network. If these

nodes represent species, highly unique nodes would

indicate interaction frequencies or strengths that are

very different from the abundances of available

resources. d’ compares observed visitation to a ‘null’

where visits are randomly distributed and thus corre-

spond closely to abundances for resource species.

When applied to the individual level, it contains the

same information, but now describes specialization of

individual foragers. In the generalized linear model

above, Model 1, increased species richness in pollen

loads may indicate decreasing flower constancy, but

the approach does not control for abundance or

evenness of the plant species in the foraging location.

The d’ analysis complements Model 1 by describing

the degree to which individual bees may be showing

‘preference’ for particular plant species by

determining whether pollen species are present in the

same abundances in the pollen load as the plant species

are in the field. Departure of pollen abundances from

floral abundances gives an indication of individual

foraging preference.

For this analysis we used floral abundance data

from the plant surveys as the measure of plant species

abundance, not the default value of marginal totals

from the interaction network. The d’ metric ranges

from 0 to 1, where 0 indicates random visits among the

resource plants and 1 indicates complete specializa-

tion relative to the available plant species. The

assumptions of our analysis are, first, because we are

using individual foraging bouts from individual bees

as data points to assess foraging constancy, we are

assuming that each foraging bout is representative for

that individual bee. Second, because all study areas

needed to be included in the network, but only one

abundance value could be assigned to each flowering

plant species, the abundance values were the average

values for the combined data from the six study areas.

There were two plant species, Rhinanthus minor and

Pinus silvestris, that were present in pollen loads but

not in the plant surveys. We chose to exclude Pinus as

its presence in pollen loads is most likely to be an

artefact of Pinus pollen contamination on other

species’ flowers. We included Rhinanthus as ‘Rare,’

setting its abundance to 0.01 at a single site. The

decision to consider it as ‘Rare’ within our study sites

rather than artefacts of further flung foraging trips is

arbitrary and may impact our understanding of forag-

ing, particularly for lower-frequency species. We used

a one-sample t-test to determine whether the overall

distribution of d’ was significantly different from zero,

which would represent no specialization. We

acknowledge that because we don’t have multiple

foraging bouts per individual, the t-test results are a

signal test rather than a formal hypothesis test.

Results

Pollen load analysis

Of 200 pollen load samples analysed, only 16

contained just one pollen species (see Tables S4,

S5). Themean number of species per pollen load was 5

and the range was 1–17 (SD = 2.70). The total number

of species identified in all pollen loads combined was
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37. This included 35 of the 49 species identified in the

plant surveys, plus two species not seen in the plant

surveys (Tables S1, S4, S5). The species not seen in

the plant surveys were Rhinanthus minor (Oroban-

chaceae) and Pinus silvestris (Pinaceae). Rhinanthus

minor is a rare hemi-parasite of species in the Poaceae

and Fabaceae which, given its rarity, may have been

missed in the transect surveys. Pinus silvestris is

present in small quantities acrossWythamWoods, and

its wind-borne pollen could have contaminated any of

the flowers in our study area. Overall, these data show

both that individuals visited a large number of species

on individual foraging bouts, and that the majority of

available non-grass flowering plant species were

visited.

Flowering plant diversity

The ‘home meadows’, S and Q, and the two

wildflower meadows, R and U, showed higher flow-

ering plant diversity (19–28 species), whereas wood-

land (W) and pasture (G) showed lower flowering

plant diversity (6–8 species) (Tables 1, S1). Pairwise

Sorenson’s Beta Dissimilarity Index (bSOR) was used
to evaluate flower species turnover and nestedness

between the foraging sites using the R package

betapart (Baselga and Orme 2012). For bSOR, values
closer to 1 indicate greater dissimilarity between sites.

bSOR estimates were higher in pairs involving one low

diversity site (W or G) and one high diversity site (Q,

S, R, or U), compared to when they involved two high

diversity sites (Table S6). This is a common pattern for

Beta diversity estimates along species richness gradi-

ents. However, bSOR was also high for the pair

involving two low diversity sites. If we decompose

bSOR into its component parts of dissimilarity derived

from species turnover (bSIM) and dissimilarity derived

from nestedness (bSNE), we find that bSNE values are

highest for pairs involving either W or G, suggesting

that the species found at the lower diversity W and G

sites are largely a subset of the species found at the

other four sites, but they are largely not the same

subset of species (based on the high bSOR value for the
W ? G pair). Moreover, we find that bSNE values are

high for pairs involving the higher diversity Q, R, S,

and U, suggesting that there are important differences

in species identity between these sites (Table S6).

UV fluorescent pigment as a pollen analogue

to identify foraging locations

Model 1 started with number of pollen species in a

pollen load (FNP, Table 2) as a function of 11

variables (Table 2) and their pairwise interactions.

Variables were removed using glmulti’s genetic

algorithm based on AIC. The final model was then

tested using LRTs to determine whether any variables

could be dropped without worsening fit. The final

model with the lowest AIC included days from the

start of the study (DFS), thorax width (TW), and

visitation to S, Q, U, and R, plus interactions between

thorax width (TW) and visitation to S and U, as well as

an interaction between visitation to S and Q. Coeffi-

cient estimates, standard error, and p values are

presented in Table 3. Marginal effect plots for all

terms and interactions are shown in Fig. 3. The

number of stops on a foraging trip was dropped from

the final model, suggesting there was no significant

impact of the number of stops on the number of pollen

species in a pollen load, or any significant interaction

between the number of stops and the identity of

foraging location. A Likelihood Ratio Test (LRT)

demonstrated that the interaction between S and Q

could be dropped without worsening model fit, and so

the final model does not include it. No other param-

eters could be dropped without worsening model fit

based on subsequent LRTs (Table 3, Residual

deviance: 137.5 on 171 degrees of freedom). The

final model was not overdispersed (z = - 3.0975,

p = 0.99), but was underdispersed (p = 0.0009). We

used a Chi-Square test on the residual deviance of the

model to assess goodness of fit. Here the null

hypothesis is that our model is correctly specified,

and so failure to reject indicates a good fit for our

model. We found a strong fit between model and data

(p = 0.97, df = 171). See associated R script (Ap-

pendix 1) for more information on model fitting and

selection.

In support of the Prediction for Question 1, Model 1

coefficients for visitation to Q and R were both

positive, indicating pollen loads from flights including

these sites with high flowering plant diversity were

likely to have higher pollen diversity. DFS had a

negative coefficient, suggesting pollen load diversity

decreased with progression through the flowering

season. Thorax width was only significant as part of

pairwise interactions with visitation to S and U, an
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indication of possible size-dependent foraging beha-

viour (e.g. Gervais et al. 2020). The interaction

between VS and TW is positive, suggesting that

visitation to site S may have a positive effect on pollen

load diversity depending on bee size. Based on the

marginal effect plot, we can see that TW has a positive

Table 3 Final model summary for Models 1 and 2 (Table 2)

Variable Coefficient estimate Std error Z value P value

Model 1

(Intercept) 2.124 0.661 3.212 0.001*

DFS Days from start of study - 0.007 0.003 - 2.485 0.012*

TW Thorax width - 0.175 0.118 - 1.485 0.137

VQ Visitation to meadow Q 0.449 0.098 4.567 0.000*

VR Visitation to singing way road R 0.345 0.074 4.691 0.000*

VS Visitation to meadow S - 1.387 0.757 - 1.832 0.067*

VU Visitation to Upper Seeds meadow U 2.333 0.781 2.985 0.003*

VS:TW 0.374 0.146 2.572 0.010*

VU:TW - 0.355 0.152 - 2.340 0.019*

Model 2

(Intercept) 2.633 0.197 13.525 0.000*

NFP Number of flowering plants 0.063 0.0084 7.524 0.000*

*Indicates a P value of\ 0.05

Fig. 3 Marginal effect plots for all terms and interactions inModel 1, the GLM to assess the relationship between flower constancy and

foraging location (Table 2). This model found support for Prediction 1 for Question 2, but no support for Prediction 2 for Question 2
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effect when individuals have visited site S, and a

negative impact when they have not (Fig. 3). The

opposite is true for the interaction between VU and

TW, in that when individuals have visited site U, TW

has a negative impact. When they have not visited site

U, TW has no impact (Fig. 3). Also in support of the

Prediction for Question 1, in the network analysis the

mean value for d’ was 0.288 (± 0.13 SD,± 0.009 SE)

with a strong right skew (skewness = 1.9, Fig. 4). This

result indicates a high level of flower-inconstant

foraging behaviour among the majority of bumblebees

sampled. Our mean d’ was significantly different from

0 (t = 42.056, df = 199, p\ 0.05), indicating non-

random visits by the bees among the resource plants.

To address Question 2 Prediction 1, Model 2 tested

the number of visits to a site as a function of the

number of flowering plant species at that site and the

number of foraging stops (Tables 1, 2). This model

found that the number of recorded visits increases

strongly with number of flowering plant species at a

site (Fig. 5; R code section ‘Visitation vs Richness

GLM—replacement for correlation’). We assessed

goodness of fit with a Likelihood Ratio Test (LRT)

comparing our model to an intercept model with no

covariates and found the model including floral

richness was the better fit (p\ 2.2 9 10–16). The

number of stops on a foraging trip was dropped from

the final model, suggesting there was no significant

impact of the number of stops on the number of pollen

species in a pollen load, or any significant interaction

between the number of stops and the identity of

foraging location. Thus, the model result did not

provide support for Question 2 Prediction 2. Coeffi-

cient estimates, standard error, and p values are

presented in Table 3.

Fig. 4 In the network analysis the mean value for d’ was 0.56 (± 0.116 SD, ± 0.008 SE) with a slight right skew. Mean d’ was

significantly different from 0
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Foraging location identification

Of the 200 samples, 115 samples included only one

foraging site (57.5%), 63 included two sites (31.5%),

19 included three sites (9.5%), and three included four

sites (1.5%). 88 of 200 (44%) foraging flights were

identified as taking place in the ‘home meadow’. This

included samples that were assigned to the home

meadow because they did not contain pigment traces

or pollen from single-location species, on the basis

that B. terrestris workers mainly forage close to the

home nest when possible (Wolf and Moritz 2008).

Forty-seven of the samples were collected in July

before UVPs were applied in the field; of the 153

samples collected in August and September after

UVPs were applied, 37 contained UVP traces (24%),

and five of these samples contained two different

pigment colours. We tested whether habitat type

making up the travel path between the two experi-

mental nests, QN and SN, and foraging areas R or U

(Fig. 1) might be a factor influencing foraging site

choice, and found no significant difference between

the frequency of crossing the woodland area to visit U

and the frequency of crossing the pasture to visit R (G-

test, G = 0.11, p = 0.7).

Discussion

How many flowering plant species are visited

by free-flying bumblebees in semi-natural

habitats? Is there evidence of floral constancy?

We found that, on average, individual bumblebees

visited five different flower species on each foraging

trip, and as a group the sampled bumblebees visited 36

Fig. 5 Results of Model 2, the generalized linear model to test

the relationship between number of foraging visits and flower

species diversity. In support of Prediction 1 for Question 2, the

GLM found that the number of recorded foraging visits

increases strongly with number of flowering plant species at a

site
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of the 49 flowering plant species present in the study

area (Tables S1, S4, S5). Although laboratory exper-

iments with naı̈ve bee foragers, limited floral diversity,

and small foraging distances, tend to report high

flower constancy (e.g. Heinrich et al. 1977; Gegear

and Thomson 2004; Gegear and Laverty 2005;

Amaya-Márquez 2009), field observations tend to

report low flower constancy and high species diversity

in individual pollen loads, similar to that observed in

our study (e.g. Free 1970; Chittka et al. 1997; Goulson

1999; Amaya-Márquez 2009; Raine and Chittka 2007;

Jha and Kremen 2013). Indeed, reported proportions

of field collected pollen loads containing more than

one plant species range from 31 to 63% in bumblebees

(Bombus spp.) (Grant 1950; Free 1970; Thomson

1981). Importantly, Grant (1950) found that over half

of interspecific flower visits by Bombus spp. resulted

in 95% pure pollen pellets, suggesting that pollen load

analysis may result in over-reporting of flower

constancy. Previous work has also found that bum-

blebees, as a colony, often use most of the suit-

able flowers in bloom at any one time (Heinrich

1976a).

As far as we are aware, there is no specific number

of flower taxa an individual must visit, above which

the individual would be considered ‘inconstant’.

Visiting more than one taxa has been considered

inconstancy (e.g. Raine et al. 2006), and constancy has

also been defined on a spectrum ranging from

complete constancy (visiting only a single species)

to complete inconstancy (not visiting the same species

more than once) (e.g. Bateman’s Index, Chittka and

Thomson 2001). However, under any definition,

estimates of constancy are only meaningful in the

context of the available floral resources (see passive

constancy, Thompson 1983). Our d’ analysis tests the

relationship between the species in the pollen load and

the species available to be collected, and the results

indicate non-random visits by the bees among the

resource plants. This result suggests that the high

pollen load species diversity we observed is not the

result of passive inconstancy, which would be

expected to result in similar proportions of species in

the field and in the pollen load, but rather an active

choice by the bumblebees to forage inconstantly, in

line with the energetic costs and benefits hypothesis. In

addition, in support of our Prediction for Question 1,

our Model 1 results indicate that in more diverse sites

pollinators visited more flower species resulting in

higher pollen load diversity. Previous authors have

also found that higher diversity of floral resources

leads to lower floral constancy (Gervais et al. 2020).

Following on from our d’ result, this low constancy in

high diversity sites appears to be the result of ‘active

inconstancy’ rather than passive inconstancy, as in the

energetic costs and benefits hypothesis.

Does the number of flowering plant species present

in a patch impact the frequency of pollinator visits

to the patch, or the number of patches a pollinator

visits?

In support of Prediction 1 for Question 2, and in line

with the energetic costs and benefits hypothesis, we

found that the number of visits to each of the six areas,

as estimated by pollen load analysis, was positively

correlated with flowering plant diversity. A number of

other studies have found a positive relationship

between plant species richness and frequency of

pollinator foraging visits (references in Hegland and

Boeke 2006; Ebeling et al. 2008). There are, however,

drivers other than flowering plant diversity or abun-

dance which could influence the probability of visi-

tation to the foraging sites. For example, visitation to

the home meadows is also likely to be driven by

proximity to the experimental nests. In addition, other

studies have observed differences in the probability of

pollinators crossing different habitat types (e.g. Lan-

der et al. 2011), or variation in visitation due to

landscape context (Klein et al. 2003). However, this

study, like Steffan-Dewenter and Tscharntke (1999),

found no significant landscape context effect for

foraging site selection. We did not find support for

Question 2, Prediction 2, which, in line with the

costly-information hypothesis, proposed that foraging

trips that include the highest floral diversity sites

would include fewer total foraging sites than foraging

trips that do not include the highest floral diversity

sites. Rather, the result of Model 2 suggests that there

was little difference between the lower and higher

flower diversity sites in terms of how likely foragers

were to leave the patch in search of additional foraging

sites before returning to the nest.

Comparisons between pollen load species compo-

sition and surrounding plant communities are most

frequently used to estimate foraging range or to

evaluate pollen selection at the colony level, but

relationships between floral resource diversity and
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individual pollen load composition have rarely been

investigated in the field (Gervais et al. 2020). In

addition, the behavioural drivers of the differences

between pollen load composition and surrounding

vegetation are rarely explored (Gervais et al. 2020).

The contribution of this study is to analyse pollen load

composition at return to the nest in terms of floral

resource availability at the sites visited in the field. The

finding that the higher the floral diversity, the higher

the pollen diversity in the pollen load, and the positive

correlation between site floral diversity and frequency

of visitation, suggest behavioural strategies that max-

imize the diversity of flower species visited, e.g. the

energetic costs and benefits hypothesis, at least in field

foraging, non-naı̈ve B. terrestris.

The novel pollen analogue technique

The novelty of our technique using UV fluorescent

pigment as a pollen analogue to identify foraging

locations is that across whole meadows all open

flowers were marked with a single colour of pigment

powder, and thus traces of pigment colour could be

used to identify foraging locations. This approach is

likely to limit the impact of the pigment application on

the experimental results because foragers were only

presented with a single pigment colour in any one area,

and all open flowers were pigmented, so there were

few opportunities for bees to choose between pigment

colours or between pigmented and unpigmented

flowers.

Thirty-seven of 153 pollen load samples (24%)

collected after UVP application began (5 August,

2015) contained UVPs. Although the UVP method as

applied in this study could not be the sole means of

identifying bumblebee foraging locations, for 15 of the

37 samples where pigment was visible, it was the only

means of identifying foraging location. This means

that for 10% of our samples (15/153), the pollen

analogue method provided information on foraging

location that would not otherwise have been available,

and was a valuable complement to the pollen identi-

fication method of identifying foraging locations.

Conclusions and management implications

The pollen analogue technique, combined with the

pollen identification data, provided information on the

identity and number of pollen species in the pollen

loads, and the identity and number of foraging

locations visited by many of the sample bumblebees.

The results showed low floral constancy, with indi-

vidual bumblebees visiting an average of five, and up

to 17, flower species on each foraging trip. In addition,

and in accordance with the Prediction for Question 1

and the energetic costs and benefits hypothesis,

foragers in the sites with the highest floral diversity

displayed the lowest floral constancy. As a group, the

foragers made use of 36 of the 49 flowering plant

species found in the study area. We also found that, in

agreement with Prediction 1 for Question 2 and the

energetic costs and benefits hypothesis, flowering

plant diversity was positively correlated with foraging

site visitation. However, although the bumblebees in

this study frequently visited more than one foraging

site per foraging bout, we did not find support for

Prediction 2 forQuestion 2, suggesting there was little

difference between the lower and higher flower

diversity sites in terms of how likely foragers were

to leave the patch in search of additional foraging sites

before returning to the nest.

The observed low floral constancy behaviour, and

the trend for selecting high flower diversity sites,

combined with the known nutritional, immunocope-

tence, and reproductive benefits of polyfloral diets

(Vaudo et al. 2015; Roger et al. 2017; Rotheray et al.

2017; Dolezal et al. 2019), all support a recommen-

dation for pollinator plantings with high flower species

diversity. We note that the forage value of high

diversity planting may be limited by morphological

compatibility between foragers and flowers, and that

the diversity of flowers may be of greatest benefit to

generalist foragers such as the B. terrestris in this

study. However, it is also important to note that

pollinating insects have frequently been found to be

more generalist than initially thought, and have also

been shown to be variable in the extent of their

specialization depending on environmental variables

(Fontaine et al. 2008). This recommendation for high

diversity planting could be applied in programs such

as the United Kingdom Countryside Stewardship

Program, where currently the number of recom-

mended non-grass species per Countryside Steward-

ship Option ranges from only 4 to 11, * 1
10
to * 1

3
of

the 36 species the bumblebees visited in this study.

Based on our finding that bumblebees often visited

more than one foraging site during a foraging bout,

123

3244 Landscape Ecol (2021) 36:3231–3247



land managers interested in pollinator conservation

may consider planting many small forage areas across

the landscape rather than few large areas. Pollinators

with large foraging ranges, such as the B. terrestris in

this study (Greenleaf et al. 2007), are likely to visit

many of the small foraging sites, whereas pollinators

with small foraging ranges, such as small solitary bees

(Gathmann and Tscharntke 2002), are likely to be

within flight range of at least some of the planting

sites. Previous authors have similarly suggested that

forage availability within flight range of the nest site

and across the season may be more important than the

spatial continuity of forage resources or the spatial

extent of individual patches (e.g. Jha and Kremen

2013; Dicks et al. 2015, 2016; Herascu 2017).
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