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Charles Darwin [1] was fascinated by bees, particularly
bumble bees, and even recruited his children to trace their
meandering paths through his garden [2]. Darwin’s curiosity
is part of a long history of interest in bee foraging biology.
This attention is well deserved because bees are key polli-
nators in diverse ecosystems, exhibit complex adaptations
such as recruitment communication, use foraging strategies
that adapt to conditions inside and outside the nest, and
have evolved elegant solutions to the challenges of gathering
scattered floral resources. Much research has focused on
honey bees, a remarkable model organism. However, the
goal of this special issue is to explore new research on
somewhat “neglected” bee pollinators. Many of these bees
are not traditional model systems but have recently received
attention because they are native pollinators whose diversity
and numbers are in decline [3]. In addition, concern about
the decline of honey bees (Apis mellifera), a frequently used
agricultural pollinator, has led to increasing public awareness
that non-Apis species can also pollinate crops. This has
increased interest in alternative pollinators, many of which
are native bee species.

This special issue therefore examines a wide range of
bee species and is divided into three sections: (1) bee floral
preferences in mixed landscapes, (2) the agricultural role of
bees, and (3) influences on bee foraging activity. The first
section, floral preferences, provides data on the abundance
of different species and what they feed on. We then examine
the role of diverse bee species in pollinating agricultural
crops. Finally, we explore different factors that influence bee
foraging activity inside and outside the nest.

Floral Preferences (C. Rasmussen). Single bee species never
visit all of the different flowers in an area. Constraints on
floral morphology or flowering phenology may prevent them
from doing so, but even more interesting, most bees have a
preference for pollen of certain plant species. This section
traces the preferred floral resources for three different groups
of bees: Ceratina, Halictus, and Bombus. Kobayashi-Kidokoro
and Higashi examined pollen loads brought back to the nest
by the small carpenter bee (Ceratina flavipes) and found that,
within a bee population, such loads consist of 14 different
pollen sources, although a single bee rarely exploits more
than three different plants for pollen. While such preferences
could be guided by local floral abundance, the authors
found that preference for certain pollen sources persisted,
even when the plant was uncommon. This phenomenon is
termed flower constancy, where individual pollinators prefer
flowers of the same species that they are already foraging
at, thus bypassing other available flower species, even if
the other flowers may be more rewarding. Polidori and
collaborators likewise report a limited range of pollen sources
for Lasioglossum malachurum, which can use from five to
seven different pollen types but only visit one to two different
plant species during each foraging flight. This species,
however, exhibits large annual variation in the preferred
pollen type. Lastly, Irene Konovalova compiled all known
information about the bumblebees (Bombus) of Ukraine.
Most of these bumblebees are polylectic with regional and
seasonal preferences to the same flowering plant species,
with the exception of B. gerstaeckeri, which almost exclusively
forages from Aconitum.
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Bees and Agriculture (J. Nieh). This section begins with
papers examining the role of two solitary bee species in
crop pollination. Güler and Sorkun report that Andrena
flavipes (Andrenidae) is not an important pollinator of
sweet cherry but does collect pollen from a wide variety of
plants, particularly the Brassicaceae. Matsumoto and Mae-
jima examine apple pollination by the megachilid bee, Osmia
cornifrons. Interestingly, males and females of this solitary
species collect nectar and, in net enclosure experiments,
males contribute to apple pollination. Next, Keasar reviews
the agricultural role of carpenter bees, which exhibit a wide
range of solitary to quasisocial or communal organization.
He describes the benefits and difficulties of using these bees
as agricultural pollinators. Rao and Stephen then examine
a thriving population of native bumble bees in western
Oregon (USA) and suggest that cultivation of different crops
blooming in succession may account for the diversity and
strength of this population. Finally, Brunet and Steward
study a guild of bee pollinators and report that some native
bee species are more effective than honey bees at alfalfa
pollination. Together, these studies highlight the agricultural
importance of native bee species and suggest directions
for future research, such as the role of solitary bee male
pollinators and the need to determine the relative pollinating
efficiencies of diverse bee species.

Influences on Foraging Activity (J. C. Biesmeijer). The
“neglected pollinators” we are reporting on in this issue are
primarily flower-visitors in search of food. Pollination is a
side-effect of their foraging activities. The individual insects
have to make decisions on when to forage, where to forage,
and what to collect. The contributions in this section shed
some more light on each of these three areas. Most bees
have the difficult task of optimizing foraging and guarding
their offspring in the nest. Lienhardt and collaborators show
that, in the primitively eusocial bee Halictus scabiosae, the
start of foraging in the morning depends on air temperature.
Unexpectedly, however, they found that foraging ceases in
the afternoon under excellent weather conditions, and bees
even close the nest entrances. This is probably a response
to the risk of nest parasitism by cleptoparasitic bees, whose
activity patterns are largely asynchronous to that of the
hosts. Eusocial bees do not have this optimization problem,
because there are always some workers that remain in the
colony and can defend the nest. In that case one would
expect a more direct link between temperature and foraging
activity. Couvillon et al. show that this is not the case for
small and large bumblebee workers of the same colony.
One might have expected larger bees to start foraging at
lower temperatures than small worker and to cease foraging
earlier at high temperatures, but this is clearly not the
case for the North-American bumblebee, Bombus impatiens.
Once foraging has started and flowers have been found,
decisions have to be made on where to forage and how long
to stay at flowers. Taneyhill presents a new more general
model aiming to explain the decision of departure from a
flower and tests the new model and a previous threshold
model empirically. In addition to external factors, there are

internal factors influencing foraging activity, particularly in
social bees. Nunes-Silva and colleagues report on a Brazilian
stingless bee, Plebeia remota, where worker production stops
during the colder winter months. Temperature and relative
humidity affected foraging activity as expected. However, in
addition they found that when brood production stopped,
bees mainly collected nectar and rarely pollen. This has been
reported before in honeybees but was not known from these
tropical stingless bees.

C. Rasmussen
J. Nieh

J. C. Biesmeijer
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The food habits of the solitary bee Ceratina flavipes were studied by observation on foraging behavior and identifying the pollen
grains that they collected. It appeared that C. flavipes tend to collect pollen from particular species; however, they visit multiple
flowering species. We analyzed pollen sources from pollen loads of dried specimens from single foraging trips (SFT) and in pollen
balls created from a single foraging day (SD). The pollen from all pollen balls in a nest represented the harvest from an entire
breeding season (BP). This analysis showed that each bee on average collected pollen from 3.24 (SFTs), 2.02 (SD), and 3.12 (BP)
flowering species. Bees collected pollen from a total of 14 flowering plant species. Furthermore, we calculated when pollen balls
were created and found no significant interaction between seasonal pollen availability and bee preferences. Moreover, bees had
consistent flower preferences, even if the preferred flower was not dominant at all times. These results indicate that C. flavipes
exhibits flower constancy, and therefore, the generalist pollinator C. flavipes could function like a specialist pollinator.

1. Introduction

Flower constancy means that a bee restricts its foraging
activity to one or a few flowering species, even when many
other flowers are available. Since the last century, flower
constancy has been studied in honey bees [1–6], bumble
bees [7–10], and a few other bee species [11–13]. Flower
constancy is an important behavior because it can enhance
pollination efficiency for the plant and foraging efficiency for
the pollinator. In eusocial bees, enhanced foraging efficiency
by individual workers improves the colony survival rate.
Thus, flower constancy has been studied extensively in
eusocial bees [2, 10, 11].

The mechanisms of flower constancy in bees have been
studied empirically [14, 15] and theoretically [16, 17], but
are still unknown. Cognitive ability, vision [10], olfaction
[6, 8], and memory [3, 5, 18] are thought to influence flower
constancy. In solitary bees, foraging efficiency is also likely
important; their olfactory sense is highly developed. For
example, the solitary bee Lasioglossum figueresi uses odor

to recognize the nest [19]. Thus, solitary bees may also
have flower constancy. Pollen balls provided for offspring
by solitary bees have been examined in Lasioglossum [19],
Megachile [12], Heriades [12], and Osmia [13]; most pollen
balls of these species contain pollen from only two to three
plant species, suggesting flower constancy in the preparation
of the pollen ball. In these solitary bee species only the plant
species used for pollen balls can be noted because no data on
the available flowers were provided.

Previous studies of flower constancy in eusocial bee
species did not examine temporal variation in flower
constancy throughout the breeding period because many
were laboratory-based studies. It is difficult to follow bees
individually or to identify offspring age in the field, making
laboratory studies advantageous. However, flower resources
in the field might influence foraging behavior.

Therefore, we explored the relationship between the
availability of flower resources and flower constancy in the
solitary, generalist pollinator bee Ceratina flavipes. The life
history of C. flavipes has been well studied in Japan [20–22].
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We analyzed flower constancy based on pollen samples at
three levels: a single foraging trip, a single day of foraging,
and the entire breeding period. We defined flower constancy
as when individual C. flavipes forages on fewer flowering
species than the total number of plants used by all examined
individuals of C. flavipes during the study.

2. Methods

2.1. Species and Study Site. Ceratina flavipes is the dominant
species at the study site on the Ishikari Coast, Japan [23]. On
the Ishikari Coast, a windbreak chaparral runs parallel to the
shoreline, which is covered by a 200–300 m wide grassland
vegetated by various wild flowering plants. Each female of
C. flavipes digs a nest burrow in the stem of a dead grass
shoot and oviposits several eggs during the breeding season.
During the breeding season, females forage for pollen and
nectar several times each day when weather conditions are
suitable. Females make a pollen ball and lay an egg on it; the
larva eats the pollen ball and grows within the cell. Generally,
the female stores a pollen ball and an egg at each cell. The
pollen balls and eggs are placed individually and in temporal
order along the nest burrow. This behavior is advantageous
because we can determine the order in which the eggs were
laid. The breeding season of C. flavipes is from early June to
late July in this study site.

The study site had about 22 flowering species, eight
of which were observed in this study: Calystegia sol-
danella (Convolvulaceae), Lathyrus japonicus (Legumi-
nosae), Melilotus suaveolens (Leguminosae), Oenothera bien-
nis (Onagraceae), Picris hieracioides v. glabrescens (Composi-
tae), Rosa parvifolius (Rosaceae), Rosa rugosa (Rosaceae), and
Vicia cracca (Leguminosae). To study pollen resources used
by C. flavipes, we placed 69 bee nests in the middle of a
quadrate in the end of May 2000, before the bees started to
oviposit. Set nests were collected from an area surrounding
the study site.

2.2. Observation of Flower Visitation. A total of 13 nest-
building female C. flavipes were followed and their foraging
behavior observed from 8:00 to 14:00 on 18 and 20 June
and 6, 7, and 11 July 2000. We observed marked bees as
long as we could track them by eyes during observation
periods (8:00–14:00). We then recorded (1) the flower species
visited, (2) whether the individual moved between flowers
within a plant, and (3) the behavior on the flower, which
was classified into landing on the flower petals, staying on
the central of flower without foraging pollen, and pollen
foraging. For tracking observation, bees were caught and
marked with paint marker at their abdomen. Each bee was
marked with small dots of two colors and was identified by
color combinations.

2.3. Pollen Analysis. We regarded the pollen load at the
scopae of hind legs as the mean amount of pollen collected in
a single trip. We regarded one pollen ball and all pollen balls
in a nest as the mean amount of pollen collected in a single
day and throughout a breeding season, respectively.

For the analysis of pollen collected in a single foraging
trip, we used pollen attached to the scopae of 84 mounted
specimens of bees sampled from several sites near the Ishikari
Coast site in the past 10 years. These mounted specimens
were caught at sites with more than two flowering plant
species. Thus, we assumed that they had the opportunity to
visit multiple plant species. To determine flower constancy
within a single foraging trip, we used pollen loads from the
pollen baskets of bee specimens that had been sampled at
and near the study site within the last 10 years. We used dead
specimens because collecting pollen loads from bees on each
foraging trip would cause too much disturbance of the bee
behavior.

For pollen collected in a single day or throughout the
breeding period, we sampled 69 nests at the study site on
1 July 2000. We analyzed 253 pollen balls from these nests.
When a pollen ball was already consumed by a larva, we
collected the pollen ball particles and larval or pupal waste
remaining in the cell.

We processed the pollen using the standard acetolysis
method [24]. Pollen grains (n = 200) were randomly
chosen from each sample and identified to species under
a microscope, referring to technical pollen books [25, 26]
and pollinic preparations. The pollinic preparations were
samples of untreated pollen collected from flowers at the
study site.

2.4. Estimation of Oviposition Date. Ceratina flavipes sequen-
tially oviposits from the bottom upward in the nest. This
behavior was used to estimate oviposition dates and the dates
on which pollen balls were made. We divided the immature
individuals into stages, and the developmental periods were
allocated among the stages. Three larval stages were defined:
“small larvae” whose legs were hard to identify (4 or 5 days
after oviposition), “medium larvae” whose legs were easy
to identify (11 to 13 days), and “large larvae” without a
pollen ball (18 or 19 days). Eggs hatched within 1 or 2
days. Small larvae became medium larvae after 2 or 3 days.
We used these developmental stages to back-calculate the
oviposition dates of immature bees sampled from the set
nests. We confirmed that the order of immatures in the nest
and the pollen with each immature did not conflict with
the phenological calendar. We recorded offspring stage (e.g.,
adult, pupa, larva, or egg) in order from the bottom of each
nest. To determine the developmental period of each stage,
we sampled 10 wild nests with immatures at the study site.
After dissecting the 10 nests, each individual was placed in a
vial with a pollen ball, kept at room temperature without air
conditioning, and reared in the laboratory. For the hatching
period, we selected the oldest and youngest eggs in the nest
because we did not know when the eggs had been oviposited.

2.5. Available Pollen Resources and Flower Constancy. The
availability of pollen resources in the field was compared with
the pollen in the nests of individual bees from the pollen
analysis. The availability was estimated by regularly counting
the number of flowers and determining the average dry
weight of pollen per flower in each focal species. We counted
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Individual code

1 -B-B-B-B-B-B-B-A=A-

2 -A=A-A=A=A-A-

3 -B-B=B=B=B=B-

4 -B-B-A-B=B-B-

5 -B-A-B-A-B-

6 -A-D=D-A-

7 -A-D=D-A-

8 -A-A-A-A-

9 -C-C=C-

10 -C-E-C-

11 -B-B-B-

12 -A-A-A-

13 -A-A-A-

Figure 1: Consecutive visits to flowers by marked Ceratina
flavipes in late June 2000 at the study quadrat. Ishikari study
site. Each alphabet indicate flowering species, A: Rosa rugosa; B:
Rosa parvifolius; C: Picris hieracioides v. glabrescens; D: Lathyrus
japonicus; E: Calystegia soldanella. And each marks indicated the
behaviors, =: Moving within same stem; -: Moving to another stem.
Bord face letter indicates collection of pollen, underline indicates
staying at central of flower witout collecting pollen, and standard
face letter indicates landing on the flower petals.

the number of open flowers of the eight focal species, treating
the spicate of C. soldanella as one flower, within a 50 ×
100 m quadrate once per week during the observation period
(12 June to 1 July 2000). We also recorded the date of first
flowering in each species. To calculate the average amount of
pollen provided by a single flower per day, we selected several
intact flower buds from each focal species at the edge of the
study site (10 to 35 buds per species) and covered each bud
with a small bag (3 × 4 cm) of fine mesh cloth. We collected
five covered flowers every day from the start of flowering
until petals dropped. Sampled flower heads were dried at
room temperature, and the pollen was separated from other
parts (i.e., anthers and petals) using a 1 mm wire mesh filter.
The pollen was then completely dried in an incubator at 40◦C
for more than 1 week and weighed on an electronic balance.

3. Results

3.1. Flower Visitation. We successfully followed 13 marked
bees and observed their flower visits (Figure 1). Although six
bees visited two species, all C. flavipes individuals foraged
exclusively for pollen on a particular species, except bee
number 5 that collected pollen from two plant species.

3.2. Pollen Analysis. The 14 plant species found in the
pollen analysis included the eight focal species. The mean
(maximum in parenthesis) number of plant species was 3.24
(7), 2.02 (5), and 3.12 (6) for pollen collected in a single
foraging trip (SFT), a single day (SD), and the breeding
period (BP), respectively (Table 1). We found that the mean
number of plant species visited was relatively low, with 55
(SFT), 227 (SD), and 50 (BP) of pollen load composed
by more than 80% of same species, furthermore, some of

them, 6 (SFT), 94 (SD), and 9 (BP), composed by 100%
of same species within analyzed 200 pollen grants (Table 1).
These results indicate that C. flavipes shows flower constancy,
although it is a generalist pollinator. Flower constancy means
that an individual visits some flowering species regularly,
although, overall, different individuals of C. flavipes visit
various flowering species to obtain resources.

3.3. Oviposition Date. Of the immature bees that we reared
from 10 nests sampled in the field, 39 were female and 31
were male. Eggs and small, medium, and large larvae were
oviposited on 30 June or 1 July; 26 or 27 June; 18, 19, or
20 June; and 12 or 13 June, respectively (Figure 2(b)). These
results coincide with the pollen analysis and the phenology
of the eightfocal plant species at the study site (Table 2,
Figure 2(a)).

3.4. Available Pollen Resources and Flower Constancy. The
pollen availability of each species was estimated as the
product of the dry weight of pollen per flower head and
the number of flowers (Table 3). The mean dry weight
of pollen per flower decreased in the following order: V.
cracca, R. rugosa, R. parvifolius, M. suaveolens, P. hieracioides
v. glabrescens, L. japonicus, O. biennis, and C. soldanella.
There was interspecific variation in the flowering period;
the longest was that of M. suaveolens and the shortest
was that of C. soldanella (Table 3). Pollen availability was
not significantly related to bee flower preference at any
developmental stage (Table 4; G-tests, egg: X2 = 9979.381,
P <.01; small larvae: X2 = 11782.85, P < .01; medium larvae:
X2 = 22632.59, P < .01; large larvae: X2 = 24017.79, P < .01).

In nine nests, all pollen balls in the nest were composed
of a single plant species, that is, R. rugosa or R. parvifolius.
Although R. parvifolius was not a dominant species at
the beginning of the breeding season, three female bees
constantly foraged on R. parvifolius.

4. Discussion

Flower gardens in temperate areas can be beautiful, because
various species flower in a short period of time. In this
study site, which was located in a cool-temperate area, 22
plant species flowered concurrently. There was interspecific
variation in flower density with R. parvifolius being one of
the rarest. Although a rare species might require a specialized
pollinator, we did not observe specialist pollinators on 1
July. However, generalist pollinators can also function as
specialized pollinators if they exhibit flower constancy. C.
flavipes showed flower constancy in its pollen foraging
(Table 1), and the intensity of its flower constancy seemed
to vary intraspecifically.

We studied flower constancy of polylectic solitary bee, C.
flavipes with observation of foraging behavior for SFT, pollen
analysis from pollen attached specimens for SD, and that
from pollen ball in the nest for BP. It is difficult to conclude
with each result from SFT, SD, and BP, because there are
some limitations due to the small number of foraging
observations (SFT), uncertainty of foraging information of
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Table 1: Composition of pollen grains (n = 200) randomly chosen from each of 84 pollen loads and 253 pollen balls.

Level of pollen
load

The number of flowering Percentage of pollen grains of the most dominated plant species within
species/pollen load random 200 pollen grains

N Range Mean ± S.D. 100% 100 >∼≥ 80% 80 >∼≥ 50% 50 >∼> 0%

Pollen loaf 84 1–7 3.24 ± 1.27 6 49 26 3

Pollen ball 253 1–5 2.02 ± 0.91 94 133 25 1

Nest 69 1–6 3.12 ± 1.47 9 50 9 1

Table 2: Species of pollen grains contained in cells for each developmental stage collected on 1 July. +: present; −: absent; LL: large larva;
ML: medium larva; SL: small larva; E: egg. Sum of set 69 nests and sampled 10 nests for determination of developmental period, was shown
in this table.

Stage (no. of
pollen ball)

Flowering sp.

Total no. of
flowering sp.

Rr Lj Hr Lm Rp Vc Ob Ph Tp Tr Cs Ms Ea Sa

E (17) 10 + + + + + + + + − − − − + +

SL (12) 8 + + + + + − − − − + + + − −
ML (52) 8 + + + + + + − + + − − − − −
LL (93) 6 + + + + + + − − − − − − − −

Rr: Rosa rugosa; Lj: Lathyrus japonicas; Hr: Hypochoeris radicata; Lm: Lonicera morrowii; Rp: Rosa parvifolius; Vc: Vicia cracca; Ob: Oenothera biennis; Ph:
Picris hieracioides; Tp: Trifolimu pretense; Tr: Trifolium repens; Cs: Calystegia soldanella; Ms: Melilotus suaveolens; Sa: Silene armeria; Ea: Erigeron annuus.

specimens (SD), and lack of uniformity in estimation of
flower availability (BP). However, these limitation needs to
be dealt with in a separate studies, considering all the results
together in this study, it is possible to regard C. flavipes to
have flower constancy.

Ceratina flavipes tended to prefer certain plant species
(Figure 1), these data are insufficient because observations
were made were not tested experimentally. Our results,
however, indicate a preference of C. flavipes for R. rugosa
and R. parvifolius pollen at this study site (Table 4). Other
flowering species were uncommon in pollen balls, although
the availability of some species was high (Table 4). The
uncommon species in pollen balls may result from bee
behavior, such as casual landing or nectar feeding. Although
the individual bees exhibited flower constancy, many flow-
ering species were used (Figure 1). Thus, the percentage of
pollen grains represented by the most dominant plant species
was low (Table 1), indicating that bees may choose to collect
pollen from a particular flowering species.

The mechanisms and causes of flower constancy in
pollinators still remain elusive. Many conceptual and empir-
ical studies suggest that the cognitive and memorization
abilities of pollinators are important determinants of flower
constancy. In theoretical studies, based on a classical patch
model [27], optimal strategies with an important parameter,
that is, individual memory, have been constructed [16, 17].
Bees have the cognitive ability to recognize floral colors
[10, 28]; furthermore, the cognitive ability to recognize
odors has been explored, especially in bumble bees [7,
8] and honeybees [3–6]. The memory of an individual
forager is the primary contributor to flower constancy [18].
Previous studies have suggested that generalist pollinators
are effective pollinators for angiosperms [29–31]. Flower
constancy increases the effectiveness of pollination by gen-

eralist pollinators [32]. The various determinants of flower
constancy are connected via neural substrates [33]. These
factors are regulated by the highly developed sensory systems
in the bees [4, 34, 35].

Flower traits (i.e., odor, color, and shape) might motivate
bees to select certain flowers when foraging. In particular,
olfactory sensations might be important, particularly for
bees, because olfaction is used to find particular plant species
[5, 6, 8] and to recognize the nest [19]. However, bees’ ability
to remember flower traits is limited; it is unclear how many
flower traits bees can memorize and/or discriminate among
when foraging. To determine the mechanisms of flower
constancy in bees, the relationship between memorization
and learning of particular plant species and the foraging
behavior of the bees must be determined.

Although the lifecycles of some bee species are known,
the timing of memorization and learning remain unclear. In
C. flavipes, prior studies describing the life cycle indicate that
individuals have opportunities to memorize pollen species at
different developmental stages: when growing on a pollen
ball provided by the mother, when they eclose with frass
in the cell, when they are provided with nectar and pollen
by their mother or elder sisters after the breeding season,
when they first forage by themselves during dispersal in
the prehibernation season, or when they start foraging by
themselves at the beginning of the nesting and/or breeding
season after hibernation[23, 36–39]. Holometabolous insects
have different nervous systems as adults than they do as
juveniles [40]; thus, memories acquired as a juvenile may
be lost during metamorphosis. Combined with the results
of prior studies, our results suggest that the memorization
required for flower constancy is more likely to occur in the
prehibernation season, that is, the period from emergence to
hibernation, than in other stages.
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Figure 2: (a) Flowering phenology on the Isikakri Coast and (b) oviposition dates (i.e., dates when pollen balls were made) inferred from
the rearing of immature individuals in the laboratory. Nests with pollen balls, eggs, larvae, pupae, and adults were sampled on 1 July. The
thick line in (a) represents the starting dates of the flowering period of each flowering species at the field. The date axis in (a) is common
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Table 3: Weight (mg) of desiccated pollen per flower head on each day after the initiation of flowering (see Figure 2(a) for each species).
Mean ± standard deviation of five flower heads. Average pollen production (P) was used to calculate pollen availability within a 50 × 100 m
quadrat (cf. Table 4). Names of flowering species are arranged in descending order average pollen production.

Flowering sp.
Days from the initiation of flowering Average pollen

productin (P)

1 2 3 4 5 6 7

Vicia cracca 33.26± 41.9 34.30± 18.61 22.83± 9.11 33.50± 47.46 19.34± 30.77 13.55±3.64 — 26.13± 8.80

Rosa rugosa 26.96± 22.14 13.48± 14.98 9.38± 4.03 4.22± 3.54 2.53± 0.92 — — 11.31± 9.76

Rosa parvifolius 12.60± 8.59 15.48± 13.56 9.25± 32.51 7.72± 3.29 — — 11.26± 3.47

Melilotus
suaveolens

1.99± 1.42 3.05± 1.24 10.00± 1.65 13.04± 4.13 18.22± 8.33 9.05± 1.92 3.42±16.58 6.76± 4.54

Picris
hieracioides

8.15± 1.87 4.58± 2.13 2.95± 1.49 2.64± 1.81 — — — 4.44± 2.20

Lathyrus
japonicus

0 11.84± 30.67 0 0 2.96± 0.00

Oenothera
biennis

0.58± 0.24 1.97± 1.68 0.93± 0.54 — — — — 1.15± 1.16

Calystegia
soldanella

4.41± 0.95 0.45± 0.30 — — — — — 0.93± 0.84

Our quadrate was near the maximum size in this study
area, but there are some small vegetation patches around
the study area, such as parking areas. The V. cracca, R.
parvifolius, and P. hieracioides pollen were found from pollen
balls; however, we did not observe these plant species at the
study area during the putative period (6/12-13) (Table 4).

The results suggested that the bee might forage beyond
our study quadrate to seek for the particular flowering
species. Furthermore, a species might be memorized before
hibernation, the first foraging period of C. flavipes, as
the olfactory information acquired in the early days after
emergence modifies bees’ later behavior in honeybee [18].
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Table 4: Comparison of pollen availability and pollen usage by Ceratina flavipes and Phenology of the total dry weight of pollen for each
flowering species during the breeding season of C. flavipes. The number of flowers is shown in parentheses. Total pollen mass was calculated
as m× n, where m is the average dry pollen weight per flower (from Table 3) and n is the number of flowers. Availability and usage differed
significantly among species.

Number of pollen grants (Number of flower head)

Flowering sp.
Availability Using [83 balls] Availability Using [47 balls] Availability Using [8 balls] Availability Using [10 balls]

6/12-13 LL 6/18–20 ML 6/26-27 SL 6/30–7/1 E

Vicia cracca 0.00 106
2351.70

(90)
5

9145.50
(350)

0
12542.40

(480)
1

Rosa rugosa
7227.09

(639)
9372

51256.92
(4532)

5602
44991.18

(3978)
981

6853.86
(606)

979

Rosa parvifolius 0.00 4666 371.58 (33) 2546 675.60 (60) 518
35941.92

(3192)
794

Melilotus
suaveolens

0.00 0 0.00 0
1453.40

(215)
0

17778.80
(2630)

0

Picris
hieracioides

0.00 73
972.36
(219)

55
1602.84

(361)
0

5772.00
(1300)

6

Lathyrus
japonicus

4091.49
(1521)

90
13619.47

(5063)
41

4040.40
(1365)

0 515.04 (60) 0

Oenothera
biennis

0.00 0 0.00 0 1.15 (1) 0 623.3 (542) 0

Calystegia
soldanella

0.00 0 16.86 (2) 0 0.00 0 1.41 (8) 0

others 0.00 2293
2205.64

(759)
1151 0.00 101 111.18 (631) 220

G-test
X2 = 24017.79 X2= 22632.59 X2 = 11782.58 X2 = 9979.381

P < .01 P < .01 P < .01 P < .01

These facts together suggest that the foraging behavior
of adults is determined by adult experiences in the pre-
hibernation season. However, this may not always be the
case. C. flavipes is also found in temperate areas, where
it is unlikely that bees use information memorized before
hibernation because the flowering species are completely
different at the beginning and ending of the breeding period.
In addition, many solitary generalist bees eclose only after
hibernation [12, 19, 41–43]. To determine the mechanisms
of flower constancy in solitary, social, and generalist bees, the
relationships between learning, memorization, and forging
behavior should be examined using behavioral observations
and neurobiological methods.

Acknowledgments

The authors thank M. Fukuda (Hokkaido University) for
help with the study of C. flavipes, N. Hagihara for technical
support with the pollen analysis, S. Sakai and Y. Kobayashi
(CER Kyoto University) for helpful advice on the manuscript,
and colleagues in the Higashi laboratory at the Hokkaido
University, for useful discussion.

References

[1] B. Heinrich, “Energetics of pollination,” Annual Review of
Ecology and Systematics, vol. 6, pp. 139–170, 1975.

[2] H. Wells and P. H. Wells, “Honey bee foraging ecology:
optimal diet, minimal uncertainty or individual constancy?”
Journal of Animal Ecology, vol. 52, no. 3, pp. 829–836, 1983.

[3] R. S. Thorn and B. H. Smith, “The olfactory memory of
the honeybee Apis Mellifera. III. Bilateral sensory input is
necessary for induction and expression of olfactory blocking,”
Journal of Experimental Biology, vol. 200, no. 14, pp. 2045–
2055, 1997.

[4] B. Gerber and B. H. Smith, “Visual modulation of olfactory
learning in honey bees,” Journal of Experimental Biology, vol.
201, pp. 2213–2217, 1998.

[5] D. Laloi, B. Roger, M. M. Blight, L. J. Wadhams, and M.-H.
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In order to adopt correct conservation strike plans to maintain bee pollination activity it is necessary to know the species’ resource
utilisation and requirements. We investigated the floral resources and the nesting requirements of the eusocial bee Lasioglossum
malachurum Kirby at various sites in a Mediterranean landscape. Analysis of bees’ pollen loads showed that Compositae was the
more exploited family, although interpopulations differences appeared in the pollen types used. From 5 to 7 pollen types were used
by bees, but only as few as 1–1.9 per load. Variations of the pollen spectrum through the annual nesting cycle were conspicuous.
At all sites, bees nested in horizontal ground areas with high soil hardness, low acidity, and rare superficial stones. On the other
side, the exploited soil was variable in soil granulometry (although always high in % of silt or sand) and it was moderately variable
in content of organic matter and highly variable in vegetation cover. Creation of ground patches with these characteristics in
proximity of both cultivated and natural flowering fields may successfully promote colonization of new areas by this bee.

1. Introduction

Bees (Apoidea) provide pollination of many wild and
cultivated plant species [1, 2] and important services
to agriculture [3, 4]; however, their biodiversity in crop
areas is threatened by increasing agricultural intensification,
which includes the loss of natural and seminatural habitats
and extensive monoculture plantings [5–7]. Despite the
importance of wild bees in crop pollination, farmers, in
particular in the Mediterranean area, still underestimate
the importance of managing wild bee populations. Wild
bees may be very successful in the pollination of crops, in
particular some plants rarely exploited by honey bees or in
areas affected by strong decline of honey bee populations
[8–10]. It is thus necessary to adopt correct conservation
management plans in order to maintain bee pollination

activity. A first step to build conservation plans for bees,
and eventually to evaluate if a given wild bee species may
be useful for crop pollination, is to quantify its resource
utilisation and requirements [11]. Excluding the honey bee,
important data on these aspects are available in particular
for bumblebees (Bombus spp.) (e.g., [12–14]), while very
little is yet known on other wild bees, both solitary and
social (e.g., [15, 16]). Likewise, we still have little information
on which species pollinate crops [17]. Because, at least in
part, natural history traits such as sociality and nesting
requirements can determine how bees respond to land use
[8, 18], a good knowledge of resource use (both food and
nesting habitat) of wild bee species is necessary to eventually
manage successfully populations in agricultural areas.

The aim of this study was to evaluate the pollen resources
and the nesting requirements of a common European
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wild bee, the ground-nesting and eusocial Lasioglossum
malachurum Kirby (Hymenoptera: Halictidae), in a Mediter-
ranean area in Central Italy. This area is included in a
protected reserve (Maremma Regional Park) and contains
both extensive crop fields and natural and seminatural areas.
Mediterranean ecosystems are still poorly investigated with
regard to bee ecology [19–22], and floral preferences are
much better known in the bee species of Central Europe
and North America (e.g., [23, 24]). On the other hand, data
on physical-chemical features of nesting sites, such as soil
granulometry, acidity, and organic matter, are even more
poorly known in ground-nesting bees of Mediterranean,
despite it is known that nest founding occurs only if substrate
posses determined characteristics, which may change among
bee genera or species [25–27].

Lasioglossum malachurum is a typical primitively eusocial
sweat bee [28]. Queens establish their colonies in subter-
ranean nests in spring and then produce one (in Northern
Europe) to three (in Southern Europe) worker phases and
a last phase composed of males and gynes; these phases are
separated by several days during which no foraging activity
takes place [29–31]. Mated gynes (queens) overwinter and
found new colonies in the following spring. Workers from
different European areas were often observed to visit many
different flowers, mainly yellow composites [30]. Despite its
abundance in most part of Europe, almost nothing is known
on the relative importance of each foraged plant in the diet
and on nesting requirements of this species, except anecdotal
observations [30, 32].

To evaluate floral resources and nesting requirements of
L. malachurum, we studied different populations located in
diverse environments, from agricultural areas to urban areas
to seminatural woody areas of the Park.

2. Materials and Methods

2.1. Study Area and Studied Species. The study area, of
about 8 km2, was located near Alberese, a small town inside
the Maremma Regional Park (Tuscany, Italy: 42◦ 40′ 5′′ N,
11◦ 6′ 23′′ E). This area is typically Mediterranean, with
the average annual temperature around 14-15◦C (7.1◦C in
January, 23.1◦C in August); the average yearly rainfall is
about 690 mm, with a maximum in November-December
and a minimum in July-August. The main part of the park
is characterised by the Uccellina mountains, a chain of hills
parallel to the coast and covered by the thick Mediterranean
maquis. In this area, L. malachurum is commonly found
nesting in small (<50) to very large (>2000) nest aggregations
in a variety of locations, such as along tracks in the woods,
along cultivated fields, or even in small bare soil patches
inside the town. Two bee nesting sites were chosen for the
study of pollen resources: site A was located in a Quercus
wood, while site B was located along an alfalfa field about
100 m from the Ombrone river. The two sites were separated
by about 3 km, and in both L. malachurum nested copiously
(>1000 nests at both sites). Other bee or wasp species nested
in the same areas, although with a minor abundance [33].
For the study of nesting substrate, we used both sites A and

B and, additionally, 3 other nest aggregations: site C within
Alberese town where nests were found in a small area of bare
soil (about 20 nests), site D along a tomato field (about 40
nests), and site E on a pathway bounding a farm (about 100
nests). No less than 1 km separated these sites.

2.2. Flowering Plants Richness, Bee Pollen Collection, and Iden-
tification. Pollen loads were collected from bees returning to
their nest after a foraging trip, from 15 to 20 April (only
at site B), from 15 to 30 May (at sites A and B), from
15 to 30 June (at sites A and B), and from 23 July to 8
August (only at site B) in 2005 (pollen were not sampled
daily). Except in April, when queens were still foraging
alone, we collected pollen from workers. Considering that
this bee species is characterized by 7–25 days-periods of
foraging separated by similar length periods of null foraging
(activity breaks) during the annual nesting cycle (e.g., [32]),
we believe that sampling through 15 days during each
foraging phase can give a realistic picture of pollen use. The
collections took place between 9.00 and 15.00 in April and
May, between 9.00 and 18.00 in June, and between 9.00
and 12.00 in July/August, according to the different daily
periods of foraging by the bees in the three periods. Then
we associated each pollen sample with one of the three daily
periods (9.00–11.59, 12.00–14.59 and 15.00–17.59). Site A
was not sampled in April and July/August because only very
few females were active in those periods (<5). On the first
and the last day of each period we also sampled all the species
of flowering pollen-producing plants in a 1 km radius from
the nest aggregation in order to obtain plant taxa richness.
This radius was chosen because females of Apoidea generally
forage at relatively short distances from the nesting site,
rarely more than 1 km [34, 35]. Greenleaf et al. [34] recorded
a maximum foraging distance for L. malachurum of 600 m.

Once a pollen-carrying bee was collected, it was placed
in a 1.5 mL eppendorf tube and placed in a box for 10–15
minutes, where, in the dark, they readily downloaded the
pollen grains as normally occurs in the brood cells. The bee
was then released and the pollen load preserved until the
laboratory analysis. From 8 to 20 (average = 14, standard
deviation = 5.4) bee pollen loads were collected per period
at each site.

Pollen loads were then prepared in the laboratory for
identification. After acetolysis [36], from 1400 to 1800 pollen
grains of the pollen load of each forager were observed
with a light microscope and classified by morphology
into taxonomically distinct pollen types. Identification was
based on pollen keys available in the literature on the
European flora [37–47], on the pollen collection preserved
at the laboratory of palynology CNR-IDPA (Milan), and by
comparison with the pollen obtained by the plants sampled
by us in the area. Identification reached at least the family
level, sometimes the genus-level or type-level (which may
includes species of a single genus or of different related
genera of a single family).

On the whole, roughly 95000 pollen grains were classi-
fied, and relative abundances of pollen types estimated as %.
Those types accounting for less than 1% were excluded for
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further analysis because they may be contaminations [48].
By preserving individual pollen loads in separate tubes in
the field, however, we excluded contamination as much as
possible.

2.3. Soil Sampling and Nesting Substrate Characterization.
From the five nesting aggregations chosen for the study of
nesting requirements we recorded directly environmental
variables of the nesting site and collected and analysed in
laboratory soil samples. This part of the study was done in
July 2008. The substrate variables of the field were recorded
in 3 plots of 1 m × 1 m at each nesting site. They were the
following: (i) % of vegetation cover (estimation by eye),
(ii) number of stones with diameter >5 cm, (iii) % of stone
cover (estimation by eye), (iv) slope of soil surface (with an
Abney level, to the nearest 0.1 degree), and (v) soil hardness
(measured with a penetrometer to the nearest 0.1 Kg/cm2;
3 measures were taken per plot).

Soil samples comprised 500 g of soil in the upper 10–
15 cm; one sample per nesting site was obtained. The samples
were then transported to the laboratory in closed plastic bags,
weighed to the nearest 0.0001 g, and then opened to obtain
the dry sample used for the further analysis.

Once dry, we reweighed the sample and passed it through
a 2000 μm-sieve, suspended in H2O2 to remove the organic
matter, and passed again in sieves of 1400, 1000, 710, 500,
355, 250, 180, 125, 90, and 63 μm [49]; a further passage
through aerometry was performed on the soil sample which
passed the 63 μm-sieve (clay) [49]. Weighting all the samples
from each of the sieves we obtained the data to build granulo-
metric curves, which are based on the cumulative percentage
of particles falling in the granulometric classes (expressed as
ϕ-intervals, where ϕ = −log2 (particle diameter in mm)).
We thus evaluated the relative proportions of gravel, sand,
silt, and clay in the soil samples [49].

Organic carbon was quantified following the method
described in a technical guide of the Italian Ministry of
agriculture, food and forest resources [50] and then con-
verted to organic matter with the equation: organic matter =
1.724∗organic carbon.

To quantify pH of the soil we used only the subsample
with granulometry <2000 μm. Ten g were added 25 mL of bi-
distilled water, and the following day the pH was recorded
with a pH sensor to the nearest 0.1 unit.

Thus, from the analysis of soil, we obtained 6 variables:
(i) quantity of organic matter (mg), (ii) pH, (iii) % of gravel,
(iv) % of sand, (v) % of silt, and (vi) % of clay.

2.4. Statistical Analysis. Nonparametric statistics were used
to analyse the data. The χ2-test and the G-test was used to
compare richness and relative abundance (resp.) of pollen
families/types in samples across periods; the Yates’ continuity
correction was applied to these tests in case of df = 1.
The Spearman correlation test was used to look for linear
correlations between sets of data. The Mann-Whitney test
and the Kruskall-Wallis test were used to compare medians
between two or more samples, respectively. A series of
Kolmogorov-Smirnov tests was used to test for differences

in distributions of cumulative % of the ϕ-classes in the
granulometric curves between sites.

In the text, average numbers are given ± standard devia-
tion.

3. Results

3.1. Pollen Resources. A total of 27 blooming plant families
were collected around the nest aggregation at site A and
28 at site B (Table 1). The floral community was slightly
different between the two sites, with some families collected
exclusively at the wood site (site A) (e.g., Apocynaceae,
Boraginaceae) and some other only at the crop site (site
B) (e.g., Chenopodiaceae, Verbaniaceae) (Table 1). On the
whole, 23 families were collected at both sites, although
sometimes represented by different genera (e.g., about half
of the genera of Compositae were collected at both sites)
and much more often by different species (on the whole, 67
species were sampled at the wood site and 56 at the crop site,
but only 17 species were present at both sites).

L. malachurum workers foraged for pollen on plants
belonging to 4 families at site A and 6 at site B; however,
the resource exploitation, in terms of the number of families
used out of the number of available families, was not less
at the wood site (14.3%) than at the wood site (20.7%)
(G-test, G = 0.082, df = 1, P > .05). The number of
families used relative to their number in the environment
changed slightly through the period of collection at both sites
(Figures 1(a) and 1(b)). At the wood site, richness in plant
families did not change significantly from May to June (χ2-
test, χ2 = 2.31, df = 1, P > .05) (Figure 1(a)). Richness in
plant families in the environment at the crop site also did
not change significantly from April to July/August (χ2-test,
df = 3, χ2 = 3.10, P > .05). The number of plant families
used by bees seems to follow the same slight trends across
the season: at the wood site, it decreased from May to June
(Figure 1(a)), while at the crop site it reached the maximum
in June and the minimum in April, decreasing in July/August
(Figure 1(b)). As a result, there was a marginally significant
correlation between plant richness in the environment and
that used by bees (using all the periods/sites) (Spearman
correlation test, r = 0.74, n = 6, P = .046).

With the exception of Rosaceae (which were exploited
at site B only in June despite they were still flowering in
July/August) and Cruciferae (which were used at site B
in May but not in April despite already flowering in that
month), bees at both sites did not seem to change plant fam-
ilies until their pollen source is no longer available. However,
the relative use of these plant families conspicuously changed
across periods.

In fact, Compositae (34.4%) and Euphorbiaceae (38.3%)
were, on the whole, the most abundant families represented
in pollen loads at the wood site (followed by Cistaceae
(21.4%) and Papaveraceae (5.5%)), but not in all the periods:
Compositae was almost the only family used in June (G-test,
G = 3433, df = 1, P < .0001), while Euphorbiaceae was
the most used family in May (G-test, G = 1672.4, df = 3,
P < .0001) (Figure 1(a)). By contrast, Compositae was by
far the most used family at the crop site (80.3%), followed
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Table 1: List of families and genera collected in the environment around L. malachurum nesting sites, and relative use of plant genera/pollen
types (richness of used taxon/richness in the environment∗100) in the families where genera/type-level identification of pollen from bees
was possible. Genera/types in bold were found in bee pollen loads. Only taxa represented in pollen loads by more than 1% were considered.

Site
A

Site
B

Plant family
Collected
by bees at

site A

Collected
by bees at

site B

Plant genera in the
environment at site A

Plant genera in the
environment at site B

Use by
bees at
site A

Use by
bees at
site B

X — Apocynaceae no no Vinca — — —

X — Aristolochiaceae no no Aristolochia — — —

X — Boraginaceae no no Echium, Myosotis — — —

X — Campanulaceae no no Campanula — — —

X X Caryophyllaceae no yes
Petrorhagia, Silene,
Stellaria

— — —

— X Chenopodiaceae no yes — not determined — —

X X Cistaceae yes yes Cistus, Helianthenum Cistus 50% —

X X Compositae yes yes

Anthemis, Bellis,
Chicorium, Cirsum,
Coleostephus, Crepis, Evax,
Filago, Hieracium, Inula,
Pallenis

Anthemis, Bellis,
Centaurea, Hieracium,
Pallenis, Picris, Doronico,
Aster, Senecio, Sonchus

18.2% 50%

X X Convolvulaceae no yes Convolvulus Convolvulus, Calystegia — 50%

X X Cruciferae yes yes
Arabis, Capsella,
Rapistrum, Sysimbrium

Arabis, Brassica, Capsella — —

X X Dipsacaceae no yes Knantia Scabiosa — —

X X Euphorbiaceae yes yes Euphorbia Euphorbia 100% —

— X Fagaceae no yes — Quercus — —

X X Geraniaceae no no Geranium Geranium — —

X X Graminaceae yes yes Alopecurus not determined — —

X X Guttiferae no yes Hypericum Hypericum — —

X X Labiatae no no Lamium, Marrubium Mentha, Stachys — —

X X Leguminosae no yes
Lathyrus, Spartium,
Trifolium, Vicia

Medicago, Ononis,
Scorpiurus, Trifolium, Vicia

— —

X X Liliaceae no yes Allium Ornithogalum — —

X X Malvaceae no no Malva Malva — —

X X Papaveraceae yes yes Papaver Papaver, Fumaria 100% —

X X Pinaceae yes yes Pinus Pinus — —

X X Plantaginaceae no yes Plantago Plantago — —

— X Polygonaceae no yes — Polygonum — 100%

X X Primulaceae no no Anagallis Anagallis — —

X X Ranunculaceae no yes Anemone, Clematis
Anemone, Clematis, Migella,
Ranunculus

— —

X X Rhamnaceae no yes Paliurus Rhamnus — —

X X Rosaceae yes yes Prunus, Rosa, Sanguisorbia Rosa — —

X X Rubiaceae no no Galium Galium — —

— X Scrophulariaceae no no — Veronica — —

X X Umbelliferae no yes
Daucus, Pimpinella,
Ridolfia

Daucus, Peucedanum — —

— X Verbanaceae no yes — Verbena — —
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Umbelliferae
Rubiaceae
Rosaceae
Rhamnaceae
Ranuncolaceae
Primulaceae
Plantaginaceae
Pinaceae
Papaveraceae
Malvaceae
Liliaceae
Leguminosae
Labiatae
Guttiferae
Graminaceae
Geraniaceae
Euphorbiaceae
Dipsacaceae
Cruciferae
Convolvulaceae
Compositae
Cistaceae
Caryophillaceae
Campanulaceae
Boraginaceae
Aristolochiaceae
Apocynaceae

May June

29.7%
9.9%

7.2%

53%

1.2%

98.5%

(a)

Verbanaceae
Umbelliferae
Scrophulariaceae
Rubiaceae
Rosaceae
Rhamnaceae
Ranuncolaceae
Primulaceae
Polygonaceae
Plantaginaceae
Papaveraceae
Malvaceae
Liliaceae
Leguminosae
Labiatae
Guttiferae
Graminaceae
Geraniaceae
Fagaceae
Euphorbiaceae
Dipsacaceae
Cruciferae
Convolvulaceae
Compositae
Cistaceae
Chenopodiaceae
Caryophillaceae

April May June July/August

99.9% 2%
83.5%

13.7%

5.8%

1.1%
75.3%
16.1%

7.8%
82.7%
8.7%

(b)

Figure 1: Presence/absence of plant families sampled in the
environment and in bee pollen loads (with associated the relative
abundance) (indicated by a line to a bee picture) through the period
of collection. (a) Site A (wood site). (b) Site B (crop site). For bees,
only families with abundance >1% were considered.

by Chenopodiaceae (8.1%), Convolvulaceae (6.8%), and
Cruficerae (3.3%). Compositae was the only family used in
April, and the most used family in June (G-test, G = 6780.4,
df = 3, P < .0001) and July/August (G-test, G = 69417.6,
df = 2, P < .0001), while Cruciferae was the most used family
in May (G-test, G = 6104.6, df = 2, P < .0001) (Figure 1(b)).

At a daily level, differences resulted in the relative
abundance of pollen plant families used by bees in the
morning (9.00–11.59), midday (12.00–14.59), and afternoon
(15.00–17.59). In particular, half of the families were mostly
collected in the morning and half at midday at site A, while
4 families were mostly collected in the morning and 2 at
midday at site B (Table 2).

Considering the pollen collected at genus or type-level,
we noted that L. malachurum workers foraged for pollen on
plants belonging to 5 genera/types at the wood site and 7
pollen genera/types at the crop site. Resource exploitation,
in terms of number of genera used out of the number
of available genera (in the exploited families), varied from
18.1% in the Compositae to 50% in Cistaceae at wood site
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Figure 2: Relative abundance (%) of different pollen genera/types
sampled in bee pollen loads through the period of collection.
Marking symbols identify periods: × = April, � = May, = June,
� = July/August. (a) Site A (wood site). (b) Site B (crop site). Only
taxa with abundance >1% were considered.

and it was 50% in Compositae and Convolvulaceae at crop
site (Table 1). In case of families represented by one single
genus in the environment and used by the bees the overlap
was obviously complete (Table 1).

Pollen from Chicorium (Compositae) was almost the
only sort used in June at wood site (G-test, G = 3424.2,
df = 1, P < .0001), while Euphorbia (Euphorbiaceae)
predominated in May at this site (G-test, G = 4233.3,
df = 4, P < .0001) (Figure 2(a)); on the other hand, bees
foraged only on Sonchus (Compositae) in April and mostly
on this genus in July/August at the crop site (G-test, G =
43368.9, df = 2, P < .0001), while Polygonum (Polygonaceae)
predominated in May (G-test, G = 490.7, df = 3, P < .0001)
and a mixture of Bellis, Aster an Anthemis (Compositae),
with significant differences in their proportions, predom-
inated in June at this site (G-test, G = 195.8, df = 2,
P < .0001) (Figure 2(b)). Note that pollens from Cruciferae
were not determined at the genus/type level, so that although
Polygonum was an abundant genus, it was less abundant than
Cruciferae.
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Table 2: Relative abundance of pollen plant families collected by bees in three periods of the day. Only families with abundance >1% were
considered.

Site Family 9.00–11.59 12.00–14.59 15.00–17.59 G-test (df = 2)

A Cistaceae 75.1 16.0 8.9 G = 1292.2, P < .0001

A Compositae 70.2 20.5 9.3 G = 1650.6, P < .0001

A Euphorbiaceae 38.7 47.3 13.9 G = 555.2, P < .0001

A Papaveraceae 5.8 68.8 25.4 G = 272.9,P < .0001

B Chenopodiaceae 92.2 2.4 5.4 G = 19356.9, P < .0001

B Compositae 91.0 8.2 0.8 G = 184939,P < .0001

B Convolvulaceae 100.0 0.0 0.0 —

B Cruciferae 55.6 44.4 0.0 G = 3222.9, P < .0001

B Polygonaceae 39.8 60.2 0.0 G = 35.4,P < .0001

B Rosaceae 7.1 90.1 2.8 G = 502.1, P < .0001

Table 3: Superficial characteristics of the nesting sites of L. malachurum sampled in 2008. Measures were taken at 3 plots of 1 m×1 m at each
site. Except for soil hardness, which was taken 3 times at each plot (9 measures per site), all the other variables have n = 3, so that statistical
comparisons were not possible.

Sample code Soil hardness
(Kg/cm2)

Vegetation cover (%) Soil surface
slope (degrees)

Number of stones
with diameter

>5 cm
Stone cover (%)

A 7.9± 2.1 2.7± 2.5 13.3± 20 3.3± 0.6 13.3± 7.6

B 8.6± 1.2 0 0 0 0

C 10.7± 0.3 11.7± 16.1 0 2.7± 3.8 10.0± 0.0

D 10.9± 0.2 63.3± 5.8 0 0 1.7± 2.9

E 6.5± 1.8 1.7± 2.9 0 0 2

Statistics Kruskall-Wallis test:
χ2 = 29.12, P < .001

— — — —

The average number of pollen genera/types per load did
not vary through periods at wood site: it was 1.5 ± 0.7 in
May (median: 1), and 1.2 ± 0.4 in June (median: 1) (Mann-
Whitney test: U = 246, n1 = 20, n2 = 16, P = .12); on the
contrary, it changed across periods at the crop site, being 1±0
in April (median: 1), 1.9± 0.8 in May (median: 2), 1.3± 0.4
in June (median: 1) and 1.2± 0.4 in July/August (median: 1)
(Kruskall-Wallis test: χ2 = 23.42, df = 3, P < .001). However,
one must consider that such difference is due only to the
median value for May, which is the double of those of all the
other periods.

3.2. Nesting Requirements. The typical nesting site of L.
malachurum in Maremma Regional Park consisted almost
invariably of a horizontal ground area with moderately
high to very high soil hardness, which differed between
sites, and little stone coverage (Table 3); by contrast, nest
aggregations may be covered or not by vegetation (Table 3).
Soil characteristics varied among sites: some presented high
percentages of sand and other high percentages of silt; gravel
and clay percentages were in general low, except at one site
each where they were moderate (Table 4). As a consequence,
in some cases granulometric curves (Figure 3) did not differ
between sites (site A versus site D, site B versus site E, site C
versus site D, and site C versus site A: Kolmogorov-Smirnov
test, 0.17 < D < 0.21, n1 = n2 = 28, P > .05), while in all the
remaining cases the differences in the results of comparisons

of the granulometric curves between sites were significant
(Kolmogorov-Smirnov test: 0.35 < D < 0.49, n1 = n2 = 28,
P < .05).

Amount of organic matter also varied from low to
moderate (Table 4). The value of pH was, on the contrary,
quite constant (between 7.4 and 7.8) (weakly alkaline soils)
(Table 4).

4. Discussion

Lasioglossum malachurum was defined in the past as a
polylectic species, being recorded on a variety of flowers,
mainly yellow composites [29]. In our study, the conspicuous
variation of pollen types sampled from the bee loads across
the nesting cycle supports the opportunism of this species.
However, it is interesting that our studied populations
showed, at least during short periods, a quite narrow pollen
spectrum. In fact, in any given period of collection, only a
small portion of the available flowering plants present in the
environment were actually found in the bee pollen loads.
Observing bee foraging at flowers rather than analysing
pollen quantitatively, Knerer [29] observed similar situations
for this species. In fact, he found that Bellis supplied
exclusively the food source of queens in southern England,
while Andryala and Plantago were the almost exclusive plants
foraged by workers in Spain and in Camargue, respectively.
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Table 4: Physical-chemical and granulometry characteristics of the soils sampled in 2008 at nesting sites of L. malachurum.

Sample code Organic matter (mg) pH % gravel % sand % silt % clay

A 12.5 7.7 14.6 26.4 31.9 27.1

B 11.7 7.4 3.0 12.5 62.7 21.8

C 6.5 7.8 25.7 33.3 25.8 15.2

D 17.5 7.5 13.9 40.6 28.9 16.5

E 48.2 7.5 4.0 10.0 45.6 40.4
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Figure 3: Cumulative frequency curves of soil particles sizes from 5 nesting sites of L. malachurum. On the x-axes there are represented
the values expressed as ϕ-units (-log2 of the diameter of the particles, in mm) and on the y-axes the cumulative percentages of the particles
representing the different granulometric classes. (a)–(e): sites A-E.
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Other halictid bees seem to be much more broadly
polylectic than L. malachurum. For example, pollen of
42 plant species from 17 families has been found in the
food stores of the halictid bee Halictus subauratus (Rossi),
with 61%–86% of the pollen being accounted for by the
Compositae [51]. However, also in that case the foragers are
characterized by strict flower preferences: more than 90% of
the pollen in each cell belongs to two or three, sometimes
four, plant species [51]. Other case studies support the fact
that, even in polylectic halictids, the females often collect
most food from a small number of plant species. Seladonia
confusa (Smith) foragers regularly visit only a few plant
species, although they have been observed on the flowers
of 165 species [52], and Lasioglossum imitatus (Smith)
collects pollen from only one plant species during one flight,
although this species was recorded on different plant species
[53]. Floral constancy, that is, the tendency to return several
times to the same plant species when the pollen is abundantly
available, may account for this difference, in these and in
other bee species [54, 55].

Another factor which probably accounts for differences
found among the number of visited plant species and the
number of actual pollen types recorded in bee loads or in bee
nests is the differential use of flowering plants for nectar and
pollen exploitation, with most of plant species visited often
only for nectar [56]. We found in bee pollen loads a total
of 8 pollen types at wood site and 21 types at crop site, but
only 5 and 7 had abundances greater than 1%, suggesting that
maybe some pollen grains may attach to the bee body during
nectar feeding on nonpollen exploited plants.

Compositae remains probably the most abundant family
exploited by polylectic Lasioglossum spp. (e.g., [16, 57]).
Data available in literature on pollen load composition of
species of the genus showed that the number of pollen
types varies broadly: L. villosum Kirby collects pollen of
one single type and L. pauxillum Schenck of only 2 kinds,
L. morio (Fabricius), L. fulvicorne (Kirby), and L. albipes
(Fabricius) use between 7 and 13 pollen types, while both
L. leucozonium and L. calceatum use 17 and 23 pollen types,
respectively [16]. L. malachurum in our study collected 11
pollen types (populations combined), which results in this
species to be moderately polylectic. According to Michener
[57], the long season of activity of social bees compared to
solitary ones must usually be associated with dependence on
a diversity of lowers. L. calceatum and L. malachurum are
both eusocial species and have a broad pollen spectrum, but
L. pauxillum (eusocial and oligolectic) and L. leucozonium
(solitary and polylectic) are evident exceptions to this
rule.

On the other side, a lower variance appears in the average
number of pollen types per load in Lasiogossum species: in
the literature values reported range from 1 to 2 [16], exactly
as in our study. This suggests once more the possibility
that these bees exploit repeatedly a narrow spectrum of
profitable flowering species and that maybe they change their
preference only when plant community structure changes.
Previous qualitative observations on the pollen load of L.
malachurum already suggested this possibility: Knerer [29]
reported different bees returning to the nests with pollen

of specific colours. Our quantitative data even more suggest
floral constancy in L. malachurum.

The recorded variation in our study of the pollen
preference through the nesting period of the bee suggests the
possibility of using L. malachurum to increase pollination
of those target plants normally present in the diet of the
bee and most preferred in certain periods of the year.
For example, L. malachurum foraged quite exclusively for
chicory (Chicorium) at the wood site during June and
about half of the pollen collected in June at the crop
site was of daisy (Bellis). The only two species of these
genera sampled in the environment were C. intybus L.
and B. perennis L., which are commonly cultivated and
used by humans as food (the former) or for pharmaceu-
tical infusions (the latter). Moreover, in May at the crop
site, bees foraged predominantly on Cruciferae; although
it was not possible to determine the pollen type, our
environmental survey showed Brassica oleracea L. cultivars
(cabbage, broccoli, seed rape) to be cultivated in the farms
around the nesting site, and it could be pollinated by
L. malachurum. In fact, Brassica crops were importantly
visited by other Lasioglossum spp. (e.g., [58]). However,
since two other Cruciferae were sampled in the area,
Arabis glabra Bernch. and Capsella bursa-pastoris (L.) Medi-
cus, this hypothesis should be explicitly tested with new
data.

Other abundant pollen types recorded in bee loads do
not seem to be of economical importance but of course may
preserve the pollination system and thus the environmental
service [4, 7].

The quantitative data presented on the nesting site
and soil used for nesting of L. malachurum, here reported
for the first time for this species, revealed that probably
founding queens need horizontal ground surfaces with low
stone coverage, hard-packed, and alkaline soils to initiate
nest construction, while other factors, such as vegetation
cover, seem to be less important. Compact soil and variable
presence of spots of vegetation were recorded qualitatively
in other nest aggregations of this species [29, 32]. Other
halictid bees seem to respond differently from L. malachurum
concerning the recorded variables. Across sites, Halictus
rubicundus (Christ) prefers softer soils (but not within dense
aggregations), sloped ground surfaces, and soils with low to
moderate % of gravel [27]. Potts and Willmer [27] suggested
that in dense aggregations females are forced to use hard
soils to maintain structural integrity of the nests; however,
despite we could not statistically test it, this hypothesis
does not seem to work for L. malachurum: in fact, no
differences seem to exist between the soil hardness of the
smallest (site C) and the largest (site A and B) nesting
aggregations, and in any case at least the site C would
be the one with a slightly harder soil. A solitary species,
Dieunomia triangulifera (Vachal), prefers areas that avoid
vegetation, maybe because vegetation perches could increase
the presence of parasitic flies (Conopidae) [26]. In our
studied population, no parasitic flies attack L. malachurum
with the exception of Megaselia leucozona Schmitz (Diptera:
Phoridae), which does not wait for the host on perching sites
[59].
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Soils of other species of Lasioglossum were analysed by
Cane [25], and all showed major levels of silt (L. sisymbrii
Cockerell, L. laevissimus Smith: from 44% to 53.8%) or sand
(L. cinctipes (Provancher): 54.8%) but no gravel and low %
of clay thus on the whole similar proportions found in our
study on L. malachurum, possibly suggesting a recognizable
pattern in nesting habits for the whole genus. It is likely that
only some parts of a particular area meet all the apparent
criteria necessary for nest initiation, and this may account
for aggregation patterns at a landscape level.

Ground-nesting bee species may be more threatened
than those that utilise the cavities of wood or plant stems,
particularly where intensive agriculture has resulted in loss
of nesting habitat as well as floral diversity [60]. However,
it was suggested that arable farmland can be enhanced as
a habitat for these insects by growing annual nectar- and
pollen-producing herbaceous plants for them in noncropped
areas such as set-aside and field margins, and by providing
additional suitable nesting substrate zones [60, 61]. This may
work better for polylectic species in particular. For example,
Cane et al. [62] found that habitat fragmentation reduced the
abundance and richness of oligolectic but not polylectic bees,
suggesting higher extirpation rates in the former.

For what concerns L. malachurum in Central Italy, the
creation of patches of ground (following, e.g., the method
described in [61]), characterized by the needed features
mentioned above, in proximity of target plant species
populations such as chicory and daisy, may increase the
fitness of such economically valuable species; presence of
other mixed species of plants, mainly composites, may be
readily used by the bees during periods of low blooming of
the target species. L. malachurum is very widespread in the
Park (Polidori et al., unpublished data) and thus probably
possesses good dispersion and colonization capacities.
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The bumble bees were studied in Ukraine between 2002 and 2009 under field conditions, by examining historical and recent
collections and by the literature data. Forty one species are reported from the whole territory, 32 of them being recorded from the
forest-steppe zone. Ten species are rare in all their habitats: B. confusus, B. distinguendus, B. fragrans, B. gerstaeckeri, B. ruderatus, B.
armeniacus, B. mesomelas, B. laesus, B. veteranus, and B. cullumanus. The present persistence of the steppe species B. armeniacus,
B. laesus, and B. cullumanus is restricted to the eastern part of the country, and B. fragrans—to the Crimean Peninsula. The
information on distribution, abundance, habitat, and floral preferences of bumble bees is also provided.

1. Introduction

It is rather strange that at present so little is known in the
World about the Ukrainian bumble bees, since the territory
of this country lies in the middle of the European continent,
bordering Poland, Slovakia, Hungary, and Romania in the
west, the Republic of Belarus in the north, Russia in the east,
and washed by the Black Sea and Sea of Azov in the south.
In this paper we are going to enrich the knowledge on the
bumble bees, which inhabit the vast range of the country
landscapes.

The history of studies in the Ukrainian bumble bees
embraces about 140 years. The historical records of different
bumble bee species from the Ukrainian territory can be
traced by the collections and the literature [1–12]. Since
the late sixties to the end of the 20th century studies of
bumble bees were nonexistent. Recently we have continued
the research and a number of papers have been published
[13–19].

For understanding the structure of bumble bee commu-
nities and for predicting persistence of any one species in
certain habitat types, the distribution of different landscapes
in the country should be taken into consideration.

2. Materials and Methods

2.1. Geographical Regions of Area Studied. The Ukrainian
territory occupies the south-western part of East-European
Plain, the eastern part of the Carpathians (named the
Ukrainian Carpathians), and the Crimean Peninsula. The
area of the country stretches almost 1300 km from the
west to the east, and 900 km from the north to the south.
The landscape of the flat country is quite diverse and
form clear latitudinal zones: the mixed coniferous-broad-
leaved forest zone in the north, the forest-steppe zone in
the centre, and the steppe zone in the south, which is
adjacent to the costal line of the Black Sea and occupies
the most part of the Crimean Peninsula (Figure 1). The
landscapes of both highlands (the Ukrainian Carpathians
and the Crimean Mountains) are characterized by different
altitudinal zones (or belts). There is a considerable difference
in natural conditions between and within zones, resulting in
great diversity of floral and animal communities. The zone
of the mixed coniferous-broad-leaved forests (the so-called
Ukrainian Polissia) has a lowland relief with broad flooded
river valleys and is characterized by high levels of ground
waters and precipitation (550–650 mm per year), and by a
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Figure 1: Geographical regions of Ukraine (zone limits are market in continuous line). I: the zone of mixed coniferous-broad-leaved forests;
II: forest-steppe zone; III: steppe zone; IV: the Ukrainian Carpathians; V: the Crimean Mountains.

great mosaic of natural habitats. Large areas are occupied
by pine forests with an admixture of broad-leaved trees. The
climate is temperate continental and mild. Owing to the large
areas of marshlands and boggy woodlands, unsuitable for
intensive human activities, the nature of Ukrainian Polissia
is the least transformed in comparison with other regions
of Ukraine. The forest-steppe zone stretches from SW (the
foothills of the Ukrainian Carpathians) to NE (western spurs
of the Middle-Russian Hills). Eastwards the climate grows
more continental. The vegetation cover has been essentially
transformed; the natural forests are not available, and the
steppe vegetation of natural type has been preserved in
low sections of Volyn and Podolia Hills (in the west) and
in the Dnieper River lowland (in the east). The steppe
zone is a dry warm-temperate zone, covered mostly by
grasses that decrease in forbs’ diversity as one moves south.
Arable land covers above 75% of the zone and little of the
virgin steppe has been preserved. The Ukrainian Carpathians
stretch 280 km long and 100 km wide, the highest point being
Goverla Mt. (2061 m a. s. l.). The altitudinal climatic belts are
strongly pronounced, and differ in vegetation. The foothills
are occupied by the broad-leaved forests (up to 600 m
altitude), giving place to the abies-beech forests (up to 900–
1200 m altitude), which change into the spruce forests (up to
1400–1600 m altitude). The highest elevations are occupied
by the subalpine and Alpine meadows. The inversion of
altitudinal belts is often present, depending on elevation,
the slope exposition, and climatic conditions. To the south-
west of the Ukrainian Carpathians the Transcarpathians’
Lowland lies (Figure 1), with an absolute altitude of 102–
120 m. The plain landscapes are covered with the oak and
black-alder forests (15% of the whole area) and with small
remnants of the meadow-steppe vegetation. The climate is
warm and moist (precipitation about 700 mm per year). The
lowland is densely populated and arable land covers 50%.

The Crimean Mountains occupy the southern part of the
Crimean Peninsula and stretch for 150–160 km, being 50–
60 km wide. They are covered with dry forests of the different
type and with the steppe meadows.

2.2. Sampling Localities. Bumble bees were collected regu-
larly in all habitat types of the western Ukraine between
2002 and 2009. The bumble bee communities of the Crimea
and of the eastern part of the forest zone were studied
in 2006. The material from the steppe zone was collected
by our colleagues during 2005–2008 and kindly placed at
our disposal. The permanent monitoring of the bumble bee
communities was accomplished in marshlands and marshy
woodlands of Western Polissia, in protected areas within the
forest-steppe zone in the west, in mixed forests and meadows
of the Nature Reserve “Roztochia,” in the different habitats of
all altitudinal belts of the Ukrainian Carpathians and in the
Transcarpathians’ Lowland. The agricultural landscapes were
regularly investigated as well. The bumble bees were observed
on flowers and identified in field conditions, with part of
them being captured for precise identification. Forage plant
species were identified as well. The community structure,
species relationships, foraging activities, abundance, and
phenology of every species were studied throughout the
season, from emerging the queens from hibernation to the
last available males in autumn.

2.3. Studied Collections. We have thoroughly examined the
historical and recent collections in Ukraine and housed at
State Museum of Natural History and National University in
Lviv, national universities in Nizyn, Uzhgorod, Simferopol,
Kharkiv, Donetsk, Institute of Zoology (Kyiv), and at
Kharkiv Entomological Society. As well as the bumble bee
collections once made from the Ukrainian territory and
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now deposited in Russia (Zoological Museum of Moscow
State University, Zoological Institute in Saint-Petersburg,
and Belgorod State University) and Poland (Institute of
Systematics and Evolution of Animals in Krakow). In total
10 000 bumble bee specimens were examined.

3. Results and Discussion

3.1. Distribution and Habitat Preferences. The complete
checklist of the Ukrainian bumble bees includes 41 species
(Table 1). The subgenus Thoracobombus is the most repre-
sentative in Ukraine and embraces 12 species. Four of them,
B. pascuorum, B. humilis, B. muscorum, B. sylvarum, are
widely distributed almost all over the country. B. pascuorum
is a eurytopic species, which is capable of persistence in
different conditions, including the high pressure of urban
habitats [19]. In steppe zone it inhabits mainly urban and
rural areas, where it can find suitable nesting sites and
sufficient feeding resources. B. humilis is distributed mainly
in the eastern part of the forest zone, all over the forest-
steppe zone, and sparsely in the steppe zone, preferring
dry meadows with steppe flowering vegetation. In general,
its abundance everywhere is low, with the exception of
the Crimean foothills and mountains. This species also
occurs from foothills to about 1000 m altitude in the
Ukrainian Carpathians, where it is rare. B. muscorum is the
common inhabitant of the marshlands in Western Polissia
(the forest zone), where it dominates. However, eastwards
and southwards its abundance decreases rapidly, and it can
be found locally in small numbers. The species avoids large
swamps and flooded woodlands, as well as dry meadows,
where it apparently cannot find appropriate nesting sites and
feeding plants. Its foraging range is too small for searching
feeding resources elsewhere than the nesting site [20]. The
persistence of B. muscorum in the steppe zone (including
the Crimea) is restricted to small natural or artificial moist
“oases,” and in the Ukrainian Carpathians to foothills. On
the contrary, B. sylvarum prefers more dry habitats and
its abundance in the forest-steppe zone is higher than in
the forest zone. It also occurs in steppes, excluding arid
regions.

Out of 26 bumble bee species inhabiting the forest zone
(Table 1), four can be regarded as “strictly” forest species:
B. hypnorum, B. jonellus, B. pratorum and B. schrencki. The
boreal species B. jonellus, and B. schrencki occur all over the
mixed-forest zone. Their largest populations are restricted
to the western part of the zone (Rivne Region), where
flooded woodlands and swamps with specific floral resources
are optimal for their persistence. A small population of B.
jonellus occurs in the west of the forest-steppe zone near
Lviv City in marshy area with numerous fish-breeding ponds.
We failed to find this species in the Ukrainian Carpathians,
although it has been recorded from adjacent areas in Poland
[21].

The greatest number of bumble bee species was recorded
in the landscapes of the forest-steppe zone till the half of
the 20th century (Table 1). No wonder that both forest and
steppe species could find there a diverse number of habitats
appropriate for their existence. Thus, “strictly” steppe species

B. fragrans, B. cullumanus (subspecies serrisquama Morawitz,
1888), B. armeniacus, and B. laesus previously were recorded
in a series of localities all over the forest-steppe zone (Figures
2 and 3). At present all of them apparently extinct from the
zone. Although, there are several nature reserves within the
zone, protected steppe plots are too small for persistence of
steppe species populations.

As for B. distinguendus and B. subterraneus, which have
been included in the Species’ Red Lists of many European
countries as very threatened or extinct [22, 23], their
distribution in Ukraine and in the forest-steppe zone in
particular, is almost within the same ranges, as was recorded
in the past century. Their populations are small and sparsely
distributed, especially of B. distinguendus. It is noteworthy,
that these species were considered as rare ones more than
100 years ago, at least in the west of Ukraine [1–3, 5]. Both
species prefer broad meadows, with B. distinguendus being
restricted to the northern half of Ukraine and B. subterraneus
being more abundant southwards. The largest population of
the latter species exists in the Crimean Mountains, including
foothills [18].

The occurrence of B. semenoviellus in Ukraine has been
reported only recently [14, 24]. It has been considered that
this species extended its range from East towards Western
Europe at the end of the 20th century [25]. At least, any
specimen has not been available in the historical collections
of Ukraine. At present it is distributed in the forest and the
forest-steppe zones with low numbers being abundant in few
localities. Its persistence is connected with wetlands.

The steppe zone of Ukraine is inhabited by 22 bumble bee
species (Table 1), among which are “strictly” steppe species
and those with wide ecological valence, tolerant to dry and
warm conditions. As well, some species of woodlands have
adapted themselves to urban and rural habitats, with proper
microclimate. The only steppe species, which is considered
as common in the steppe zone, including the Crimean
steppe, is B. argillaceus. In the forest-steppe zone it has been
extinct from many localities, especially in the west. It is
noteworthy that recently we have recorded B. argillaceus from
the Transcarpathians’ Lowland [17].

Other steppe species, B. armeniacus, B. laesus, B. zonatus,
B. cullumanus, B. mesomelas, are rare in all their habitats, and
nowadays persist mainly in pristine steppe areas, preserved
in the east of the country. As far back as the beginning of
the 20th century, B. cullumanus was considered an extremely
rare species in the west of Ukraine, where it inhabited
the steppe meadows in the Dnister River valley [2, 7]. We
failed to confirm its persistence in the same area at present.
Recently, a few specimens of the species were recorded only
from the eastern part of the steppe zone (Figure 3). The
recent populations of B. armeniacus persist in the Crimean
steppe [18] and in the Ukrainian Steppe Reserve in the east
(Figure 2).

At present, the availability of the rare species B. fragrans
in Ukraine remains in question. Till the first half of the 20th
century this species was widely distributed all over the forest-
steppe and steppe zones (Figure 2). The only area, from
which the species records were made in the second half of
the 20th century, was the Crimean steppe [18] (Figure 2).
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Table 1: Bumble bees of Ukraine and their distribution among geographical zones.

Species
Distribution

Mixed-forest zone Forest-steppe zone Steppe zone Restricted to

B. (Bi.) confusus Schenck, 1859 • •
B. (Kl.) soroeensis (Fabricius, 1777) • •
B. (St.) distinguendus Morawitz, 1869 • •
B. (St.) fragrans (Pallas, 1771) • •
B. (St.) subterraneus (Linnaeus, 1758) • •
B. (Mg.) argillaceus (Scopoli, 1763) • •
B. (Mg.) gerstaeckeri Morawitz, 1881 The Ukrainian Carpathians

B. (Mg.) hortorum (Linnaeus, 1761) • • •
B. (Mg.) ruderatus (Fabricius, 1775) • •
B. (Th.) armeniacus Radoszkowski, 1877 • •
B. (Th.) mesomelas Gerstaecker, 1869 • •
B. (Th.) pomorum (Panzer, 1805) •
B. (Th.) laesus Morawitz, 1875 • •
B. (Th.) humilis Illiger, 1806 • • •
B. (Th.) muscorum (Linnaeus, 1758) • • •
B. (Th.) pascuorum (Scopoli, 1763) • • •
B. (Th.) ruderarius (Müller,1776) • •
B. (Th.) schrencki Morawitz, 1881 •
B. (Th.) sylvarum (Linnaeus, 1761) • • •
B. (Th.) veteranus (Fabricius, 1793) • •
B. (Th.) zonatus Smith, 1854 •
B. (Ps.) barbutellus (Kirby, 1802) • • •
B. (Ps.) bohemicus Seidl, 1837 • • ?

B. (Ps.) campestris (Panzer, 1801) • • •
B. (Ps.) maxillosus Klug in Germar, 1917 •
B. (Ps.) norvegicus (Sparre-Schneider, 1918) • •
B. (Ps.) quadricolor (Lepeletier, 1832) ? The Ukrainian Carpathians

B. (Ps.) rupestris (Fabricius,1793) • • •
B. (Ps.) sylvestris (Lepeletier, 1832) • •
B. (Ps.) vestalis (Geoffroy in Fourcroy, 1785) • • •
B. (Pr.) haematurus Kriechbaumer, 1870 The Crimean Peninsula

B. (Pr.) hypnorum (Linnaeus, 1758) • • •
B. (Pr.) jonellus (Kirby, 1802) •
B. (Pr.) pratorum (Linnaeus, 1761) • •
B. (Pr.) pyrenaeus Pérez, 1880 The Ukrainian Carpathians

B. (Bo.) lucorum (Linnaeus, 1761) • • •
B. (Bo.) terrestris (Linnaeus, 1758) • • •
B. (Ag.) wurflenii Radoszkowski, 1859 The Ukrainian Carpathians

B. (Ml.) lapidarius (Linnaeus, 1758) • • •
B. (Cu.) cullumanus (Kirby, 1802) • •
B. (Cu.) semenoviellus Skorikov, 1910 • •
In total: 41 26 32 22

•: availability of species;
?: probability of occurrence.
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Figure 2: The distribution of B. fragrans and B. armeniacus in Ukraine (the records made since 1868).

Twenty three species of bumble bees occur in the
Ukrainian Carpathians [14], occupying different habitats in
accordance with their ecological requirements. In general,
the altitudinal distribution of bumble bees concurs with
that reported from the Polish Carpathians [26]; however,
some differences exist. With growing altitude the species
composition of bumble bee communities changes, most of
species being restricted to the upper forest limit (1400–
1500 m alt.). B. terrestris, B. subterraneus, B. lapidarius occur
up to 600–700 m altitude, the latter rarely rising beyond
1000 m in SW mountain macroslope. Only two mountain
species, B. wurflenii and B. pyrenaeus, and also eurytopic
B. lucorum founded colonies in subalpine meadows, the
latter two rising to the Alpine. Although, two other species,
B. hortorum and B. gerstaeckeri, occasionally forage in the
subalpine, they never move far away from the upper forest
limit. The distribution of the rare cuckoo-bee B. quadricolor
remains in question, as only a single record is known from
the Ukrainian Carpathians made in 1939 [8]. Recently, this
species has been collected from woodlands in the Republic of
Belarus, adjacent to Ukrainian Polissia (two specimens are
available in the collection of Nizyn University). Hence, its
existence in the forest zone of Ukraine is very likely.

About 20 bumble bee species occur in the Crimean
Peninsula, which are distributed over the habitats according
to their ecological preferences. The only representative of the
subgenus Pyrobombus in the Crimea is B. haematurus, which

occupies the niche similar to that of B. pratorum in the forest
and the forest-steppe zones.

The abundances of the same species, which inhabit
different landscapes or zones, are different. We try to
generalize the data on a large scale of the entire territory
of Ukraine (Table 2). The group “locally abundant” was
created for those species, which in general can be regarded as
vulnerable in Ukraine for many reasons: the occurrence near
the limits of their geographical ranges, the specific habitats
they need, lack of habitats due to anthropogenic influence,
and so forth [27, 28]. Only in a small number of localities all
over the country these species are abundant enough.

3.2. Floral Preferences. It is known that bumble bees select
the flowers fitting to the length of their tongues [29, 30].
Besides, there exists a preference for particular plant species
in each bumble bee species [30–32] and in individual
foragers as well [33]. These preferences change during the
season, depending on plant phenology, stage of the colonial
development in bumble bees, the diversity of forage plant,
and on the competition in insect communities for feeding
resources [30, 34]. It is also known that “majoring” and
“minoring” in foraging behavior is typical of all bumble bee
species [30, 35]. In Ukraine, every species of bumble bees,
which occurs in different types of zonal landscapes, shows
seasonal preferences to the same flowering plant species, if
they are available in a habitat. Most Ukrainian bumble bees
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Figure 3: The distribution of B. cullumanus and B. laesus in Ukraine (the records made since 1868).

Figure 4: Newly emerged young queen of B. pratorum feeding on
Cirsium oleraceum.

are polylectic species, with the exception of B. gerstaeckeri,
which almost completely forages from Aconitum spp. [15],
there is a difference in diet between the subgenera. The
bumble bees of the subgenus Pyrobombus can be regarded
as the main pollinators of Ericaceae plant species, Vaccinium
myrtillus, V. uliginosum, and Rhodococcum vitis-idaea in
particular. The persistence of B. pratorum and B. jonellus
in flooded woodlands of flat country and of B. pyrenaeus

Figure 5: B. hortorum worker taking reward from Galeopsis speciosa
flower, its favorite pant species.

in the mountains highly depends on these plants, mass-
blooming in the crucial period of colonies’ foundation.
Besides, their diet always includes Geum rivale, Pulmonaria
spp., and Galeobdolon luteum, Rubus spp., Frangula alnus,
Symphytum spp., Geranium phaeum, Arctium spp., Cirsium
spp. (Figure 4).

The long-tongued species B. hortorum (subgenus Mega-
bombus) and the medium-tongued B. pascuorum, B. humilis,
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Table 2: Abundance of bumble bee species within their distributional ranges.

Species Rare in all their habitats Locally abundant Common Ubiquitous

B. confusus +

B. soroeensis +

B. distinguendus +

B. fragrans +

B. subterraneus +

B. argillaceus +

B. gerstaeckeri +

B. hortorum +

B. ruderatus +

B. armeniacus +

B. mesomelas +

B. pomorum +

B. laesus +

B. humilis +

B. muscorum +

B. pascuorum +

B. ruderarius +

B. schrencki +

B. sylvarum +

B. veteranus +

B. zonatus +

B. barbutellus +

B. bohemicus +

B. campestris +

B. maxillosus +

B. norvegicus +

B. rupestris +

B. sylvestris +

B. vestalis +

B. haematurus +

B. hypnorum +

B. jonellus +

B. pratorum +

B. pyrenaeus +

B. lucorum +

B. terrestris +

B. wurflenii +

B. lapidarius +

B. cullumanus +

B. semenoviellus +

In total 11 7 12 10

B. muscorum, B. sylvarum (Thoracobombus) everywhere
prefer deep-corolla flowers of Lamium spp., Melampyrum
spp., Salvia spp., Stachys spp., Vicia spp., Trifolium spp.,
Galeopsis spp. (Figure 5). We have observed young queens

of B. muscorum feeding on Betonica officinalis inflorescences
year after year in the same place at the end on July (Figure 6).

There is a number of foraging plant species, which grow
abundantly everywhere, have long periods of blooming, and
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Figure 6: Newly emerged B. muscorum queen feeding on Betonica
officinalis inflorescence.

Figure 7: B. (Ps.) vestalis female feeding on Ajuga reptans.

provide much reward. In all types of habitats these plants
are always preferred by bumble bees, offering great rewards
to many species in crucial periods of the season. These
are early spring Glechoma hederacea, Ajuga reptans, Geum
rivale; late-spring Lamium spp. and Symphytum officinale;
summer species Rubus idaeus, Echium vulgare, Tilia spp.,
Salvia verticillata, Trifolium spp., Galeopsis spp., Centaurea
jacea, Circium spp., Carduus spp., Ballota ruderalis, Impatiens
balsamina, and others (Figures 7 and 8).

In the west of the forest-steppe zone the major forage
plants of bumble bees in summer are Trifolium spp., Salvia
pratensis, S. verticillata, Betonica officinalis, and Veronica
longifolia (Figures 9 and 10). In the Ukrainian Carpathians
the most abundant and most preferable to bumble bees
in summer are Rubus idaeus, Rubus hirtus agg., Knautia
arvensis, Succisa pratensis, Carduus bicolorifolius, Cirsium
waldsteinii, Chamaenerion angustifolium, Trifolium pratense,
T. medium, Vicia cracca, Telekia speciosa, Centaurea jacea,
and C. carpatica (Figure 11). Out of 190 forage-plant species
observed in the mountains, those of the families Asteraceae
(30), Lamiaceae (29), and Fabaceae (20) were particularly
favored by bumble bees, making up almost 42% of the whole

Figure 8: B. terrestris foudress queen foraging from Echium vulgare
flower.

Figure 9: B. pomorum worker foraging from Betonica officinalis.

diet. This coincides with the results obtained in the adjacent
mountain areas in Poland [36].

Studying the diet of bumble bees, inhabiting the western
regions of Ukraine (Western Polissia, western part of the
forest-steppe zone, and the Ukrainian Carpathians) for sev-
eral years, we have recorded only those plant species, which
were directly visited by foraging bumble bees. In total 352
plant species belonging to 50 families were visited, of which
perennials made up 80% (282 species, including trees and
shrubs). Apparently, the forage resources of bumble bees,
inhabiting the whole Ukrainian area, embrace more than 500
plant species. The necessity of further research is evident.

It is beyond doubt that bumble bees are the most effective
pollinators of natural and cultural flowering plants, and their
declines world-wide, which have taken place during the last
50 years [28, 37–41] may have a detrimental impact on
pollination networks [42, 43]. As a result of land-use changes
in the steppe zone, the steppe bumble bees have suffered a
great decline both in diversity and numbers (Figures 2 and
3). As all steppe species in Ukraine occur near the northern
limit of their distributional ranges, the loss of habitats or
their fragmentation, and reduction in the abundance of food
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Figure 10: Newly emerged B. lucorum males feeding on Veronica
longifolia inflorescences.

Figure 11: Young queen of B. sylvarum feeding on Centaurea
carpatica.

plants have proved to be the crucial factors which caused
their extinction from most localities in the forest-steppe and
steppe zones of Ukraine [27, 28, 44].

Although at present there is a lack of conservation
strategies in Ukraine aimed at pollinating insects, the level
of agricultural industry in general is much lower than in
most European countries. There are regions, especially in
the forest and forest-steppe zones, and in the Ukrainian
Carpathians, where the organic farming is a common
practice. A lot of fallow lands and seminatural habitats
enable persistence of wild bee populations. Nevertheless, the
precautions should be made to prevent extinction of diverse
habitats in particular cases, when large areas are set to fire
in spring and autumn, what is a common practice of local
people all over Ukraine. It would be useful to take advantage
of the West-European countries in working out the schemes
aimed at raising public awareness of the role the pollinators
play both in natural and transformed ecosystems [44].
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Andrena, which is the largest genus in the Andrenidae, is a very important genus for the pollination of fruit trees. Andrena
flavipes Panzer is one of the most common species observed in the study area and can continue the flight activity even under
low temperature. In this study, the pollen collected by A. flavipes was determined. In addition, the potential to carry sweet cherry
pollen of the aforementioned species was also researched. For the pollen preparates, the scopae of 34 females were used. As a result
of the diagnosis studies, it was determined that A. flavipes species collected the pollens of 13 families and that the dominant pollen
group belonged to the Brassicaceae. It was ascertained that A. flavipes collected sweet cherry pollen and that the sweet cherry
flowers do not represent a primary pollen source, however.

1. Introduction

Sweet cherry (Prunus avium (L.) Moench) is the earliest
ripening species among temperate climate fruit species. In
about the current 1500 sweet cherry varieties throughout the
world, except a few (such as the Stella) that are generated
by artificial mutation, all are self-incompatible [1]. High
fruit-set can only be accomplished through cross-pollination
among the compatible varieties [2, 3]. Henceforth, sweet
cherry orchards require a huge population of pollinator
bees that would carry out the adequate amount of pollen
transfer between the different varieties [4]. In practice,
the honeybee is the main pollinator used in sweet cherry
orchards, due to reasons like its colony’s purchase at relatively
lower prices, breeding in easier conditions, and having many
members that collect food in a colony [2] compared to the
commercially managed other pollinators. However, sweet
cherry’s budding in very early periods, the negative effect of
rain during the blooming period, and low temperatures limit
the pollinator activities of honeybees [5, 6]. In addition, pests

and diseases of honeybees, natural competition between the
bees that are natural inhabitants and brought later, loss of
the habitat, invasive plant species spreading and pressuring
the nectar and pollen producing vegetation, the reduction
in honeybee genetic variety, and colony losses seen due
to the chemicals used in cultivated areas form the main
problems of beekeeping [7]. In this case, it is clear that a
more diverse pollination strategy would be beneficial to long-
term sustainability of crops that require insect pollinators.
For this reason, the first step is to determine the presence of
the wild bees in agroecosystems. Then, their floral resources
and nesting habitat should be identified in order to protect
them and increase their quantity [8].

In Turkey, there are two important activities related
to bee-keeping. One of these is honeybee breeding that
is especially made for bee products, and the other is the
Bombus bee that is used to perform pollination operations
(cross-fertilization) in the greenhouses. However, Özbek [9]
indicates that there are about 2000 species of bee operating
as pollinators in Turkey, which is one of the richest regions
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of the world in terms of bee fauna. Diagnosis of the pollen
samples gathered by wild pollinators in agricultural ecosys-
tems, particularly in extreme climatic conditions contributes
to understand clearly whether or not there is a relationship
between pollinators and products. On the other hand,
understanding the roles of pollinator species in the ecosystem
will facilitate to adopt pollinator friendly practices (foraging
habitat, nesting areas, monitoring, etc.) that make it possible
for them to survive in agricultural ecosystems. Therefore, it
is mandatory to undertake researches on the species of bees
to evaluate their current potential.

Andrena Fabricius is the most common genus of
Andrenidae family within the Holarctic [10]. Although
different levels of social organisation from solitary to pre-
social in Andrenidae have been detected [11], Andrena
species are solitary bees [12]. These species are also called
“mining bees” as they nest in the soil [13]. Klug and
Bünemann [14] state that Andrena species are very effective
for the pollination of fruit trees. A. flavipes which is one
of the most common species of Andrena genus is bivoltine.
Spring generation displays activity between March and May,
whereas summer generation between July and September. It
is known that the species is polylectic species as it feeds on
the pollens of Apiaceae, Asteraceae, Brassicaceae, Lamiaceae,
Fabaceae, and other families [15]. Furthermore, it is found
that it is dominant species in some of the agricultural
ecosystems such as apple orchards [16], alfalfa [17, 18], and
onion fields [19].

In this study, it was aimed to identify the pollen collected
of A. flavipes Panzer, which is considered as potential
pollinators of fruit trees, in the sweet cherry orchards. The
reason for selecting A. flavipes for the current study is that
it is one of the most abundant species during the blooming
period of the sweet cherry orchards and that it can fly even
though the temperature is under 12◦C. Vicens and Bosch
[20] also state that some early-flying bees including the
species of Andrena are known to forage on Prunus flowers
when weather conditions are unfavorable for honeybees.
Thus, whether or not it would be an important pollinator for
sweet cherry flowers was tried to be determined. The study
was undertaken in the sweet cherry orchards in Sultandağı
town (Afyonkarahisar). This town is in fourth place in
Turkey’s sweet cherry production with 18,434 tons [21] per
year [22].

2. Materials and Methods

2.1. Study Area. This study was undertaken in the sweet
cherry orchards in Sultandağı town located in the east
of Afyonkarahisar, Turkey. Bee samples were collected by
Malaise trap from two sweet cherry orchards in the period
between 15 March–15 May in 2007 and 2008. There were
300 sweet cherry trees in the first and 700 in the second
orchard, of 0900 Ziraat sweet cherry variety which were
produced to be exported. Bing and Stella cultivars were used
as pollenizers. The traps were set in the bud swell period
and lifted in the green fruit period. Samples collected in the
killing bottle were killed by ethyl acetate.

The diagnosis of Andrena flavipes Panzer species was
carried out by Dr. Tomozei (Museum of Natural Sciences
“Ion Borcea” Bacău, Romania).

2.2. Pollen Analysis. For the pollen preparates; among the
collected female A. flavipes, 34 samples that had pollens in the
scopa were used. The pollen preparation was made following
Güler and Sorkun [23]. In order to separate pollen from the
scopa, third pair of legs was placed inside 25 mL glass tubes.
Five ml of 70% alcohol were added to the tubes and mixed
by glass baget for 15 minutes. The contents were filtered into
clean tubes using wire filter of 250 µm pore size. The sample
tubes were centrifuged at 3500 rpm for 30 minutes. The
supernatant was decanted and 5 mL distilled water was added
to the pollen pellet. The tubes were centrifuged at 3500 rpm
for 15 minutes. The supernatant was decanted and the tube
caps were left open on the benchtop for 10 minutes for the
pellet to dry.

Basic fucsin-glycerin-gelatine mixture taken with the
edge of a sterile needle was added to the pollen pellet.
The stained sample was transferred to a microscope slide
and put on a hotplate set at 40◦C. When the gelatine
was melted, 18 × 18 mm cover slips were placed on the
samples. The analysis was carried out through the use of a
Nikon Eclipse E400 microscope. Diagnosis was carried out
following the related literature [24–29]. In order to verify
the diagnosis, reference microscope slides prepared from
pollens of formerly diagnosed plant species were used. Two
hundred of pollen grains were counted in each slide and
percentage of pollen was calculated according to taxa. Those
percentages were used to determine abundant of taxa. The
following terms were used for frequency classes: dominant
pollen (more than 20% of pollen grains counted), secondary
pollen (11–20%), minor pollen (6–10%) and rare pollen (less
than 5%) [30–33].

In addition, throughout the study in the orchards, the
plants that were in the blooming period were collected
and pressed and transformed into herbarium material. The
diagnosis of this material was carried out by Dr. Mutlu
(Inönü University, Malatya).

3. Results and Discussion

Pollen diagnosis were able to be made on a genus level,
all of the pollen samples which could not be diagnosed
down to this level were collected and evaluated under their
associated family’s names as well. While pollens belonging
to 21 families were diagnosed as a result of the study,
pollens belonging to families of the Campanulaceae, Gera-
niaceae, Lamiaceae, Oleaceae, Papaveraceae, Plantaginaceae,
Salicaceae and Zygophyllaceae were only seen in singly
preparates, and their amounts in these preparates again
did not exceed one or two. Thus, pollens belonging to
these families were accepted as accidental infection and
were left out of evaluation. As a result of the diagnosis
of the plant samples that were collected in orchards and
transformed into herbarium material; the species of Capsella
bursa-pastoris (L.) Medik., Barbarea vulgaris R. Br., Senecio
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Figure 1: The plants that A. flavipes collected pollen.

vernalis Waldst. & Kit., Taraxacum scaturiginosum G. Hagl.,
Anchusa undulata L. and Medicago orbicularis (L.) Bart. were
identified. In addition; as the samples associated with the
Prunus genus were the only species that were blossomed at
the time of the study, Prunus spp. was taken into evaluation as
P. avium (L.) Moench (sweet cherry). Other genera identified
in the pollen preparates were not diagnosed on a species
level as they were not present in the plant species collected
in the orchards. It is thought that these pollen samples were
collected by the bees in the areas surrounding the sweet
cherry orchards. Because it is known that A. flavipes generally
went 120–150 m away from their nests in order to nourish,
and flied maximum 415 m away [34].

Other identified families and genera and species associ-
ated with these families are shown in Table 1

In the samples taken into evaluation, those pollens
belonging to the Brassicaceae family were the commonest
ones (40.11%). This finding supports the assumption of
Tadauchi [35] that regards A. flavipes as the most significant
pollinator for Brassica in spring in Kazakhstan and Kyrgyzs-
tan. In addition, the dominant pollen in every preparate
again belonged to this family as well. Within the Brassicaceae;
among the Isatis, Barbarea, Capsella and the Sinapis spp., the
pollen of Isatis spp. was the most preferred by A. flavipes
(Figure 1). This genus’s pollen production is secondary, and
nectar production is at minor level. While Capsella bursa-
pastoris that is one of its second preferred species does not
have too much importance in terms of bee-keeping, both
pollen and nectar production of the other species (Barbarea
vulgaris) are at secondary level. On the other hand, the pollen
production of Sinapis spp. is minor and nectar production is
secondary [36].

The families identified outside the Brassicaceae, espe-
cially the Asteraceae and Rosaceae, were found in many
bee samples. Asteraceae is the family with the highest
number of species within Turkey [37, 38]. D’Albore [29]
has formed a grading system in which he rated the species
of plants between 1 (being the rare) and 4 (being the

Table 1

(1) Apiaceae

(2) Asteraceae

Aster spp.

Centaurea spp.

Senecio vernalis Waldst. & Kit.

Taraxacum scaturiginosum G. Hagl.

(3) Betulaceae

(4) Boraginaceae

Anchusa undulata L.

Cerinthe spp.

(5) Brassicaceae

Barbarea vulgaris R. Br.

Capsella bursa-pastoris (L.) Medik.

Isatis spp.

Sinapis spp.

(6) Caryophyllaceae

(7) Chenepodiaceae

Chenopodium spp.

(8) Dipsacaceae

(9) Fabaceae

Hedysarum spp.

Medicago orbicularis (L.) Bart.

(10) Fagaceae

(11) Pinaceae

Pinus spp.

(12) Poaceae

Triticum spp.

(13) Rosaceae

Prunus avium (L.) Moench

dominant) according to their pollen and nectar production
for honeybees. In this system, the species of Centaurea scored
3 and 4 for pollen and nectar productivity, whereas the scores
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for Aster were 2 and 1, respectively. The species of Taraxacum
are the earliest blooming species in the spring. In addition, it
is dominant in terms of both pollen and nectar production
[36].

Weeds in the orchards function as alternative food
resources for the bees in the environment, prior to the
blooming of sweet cherry. As a matter of fact, Bosch
et al. [4] determined that populations of Osmia lignaria
(Hymenoptera: Megachilidae), which they released to the
sweet cherry orchard where blooming delayed due to bad
climatic conditions, survived feeding on Taraxacum sp. that
was present in the orchard. While the Rosaceae family was
represented by a single species (P. avium) in the orchards
at the time the study was undertaken, other families had
more species in the blooming period. Although pollen
and nectar production of P. avium are on minor levels, it
was found P. avium pollens in 18 of the 34 bee samples
(Figure 1). The results of the pollen analysis indicate that
the sweet cherry flowers do not represent a primary pollen
source. However, A. flavipes seems to play an important
role in cherry orchards particularly when the populations of
honey bees are insufficient or when there is low temperature
conditions.
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2 edition, 2003.

[2] K. S. Delaplane, Crop Pollination by Bees, CABI Publishing,
Cambridge, Mass, USA, 2000.

[3] J. Bosch and W. P. Kemp, “Exceptional cherry production in
an orchard pollinated with blue orchard bees,” Bee World, vol.
80, no. 4, pp. 163–173, 1999.

[4] J. Bosch, W. P. Kemp, and S. S. Peterson, “Management of
Osmia lignaria (Hymenoptera: Megachilidae) populations for
almond pollination: methods to advance bee emergence,”
Environmental Entomology, vol. 25, no. 5, pp. 874–883, 2000.

[5] A. Roversi, V. Ughini, et al., “Influence of weather conditions
of the flowering period on sweet cherry fruit set,” in Pro-
ceedings of the International Cherry Symposium, pp. 427–433,
Budapest, Hungary, June 1993, Acta-Horticulturae, no. 410.

[6] Z. Huang, “The other bees: alternative pollinators for tree and
small Fruits,” Fruit Crop Advisory Team Alert, Michigan State
University, vol. 18, no. 6, 2003.

[7] I. Kandemir, “Amerika Birleşik Devletleri’nde toplu arı
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Ankara,Turkey, 2006.
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We investigated the foraging behavior of Osmia cornifrons Radoszkowski, which is a useful pollinator in apple orchards consisting
of only one kind of commercial cultivars such as “Fuji”, and of different types of pollinizers, such as the red petal type, “Maypole”
or “Makamik”. It was confirmed that, in terms of the number of foraging flowers per day, visiting flowers during low temperatures,
strong wind, and reduced sunshine in an apple orchard, O. cornifrons were superior to honeybees. We indicated that O. cornifrons
seemed to use both petals and anthers as foraging indicator, and that not only female, but also males contributed to apple
pollination and fertilization by the pollen grains attached to them from visiting flowers, including those at the balloon stage.
It was confirmed that O. cornifrons acts as a useful pollinator in an apple orchard consisting of one kind of cultivar with pollinizers
planted not more than 10 m from commercial cultivars.

1. Introduction

Osmia cornifrons Radoszkowski is one of the more useful
pollinators of Rosaceae fruit production including apples.
Although honeybees (Apis mellifera Linnaeus) are the most
important natural carriers of pollen in an apple orchard, the
use of O. cornifrons is on the increase in Japan due to its
superior characteristics over honeybees, such as its higher
pollination rates produced by not moving along the rows,
its superior safety from being stingless, and the fact that
it flies and pollinates apples in cooler and damper weather
[1, 2]. Moreover, since the fertilization area it covers while
collecting pollen in an apple orchard is smaller than that
of honeybees, O. cornifrons are especially useful in relatively
small and densely planted apple orchards in Japan consisting
of one kind of cultivar with Crab-apples as pollinizers that
are planted not more than 10 m from the cultivar [3].

Previously, we investigated the usefulness of the foraging
behavior of O. cornifrons in an apple orchard consisting
of a pollinizer and a commercial cultivar, “Fuji” [4]. We
demonstrated that O. cornifrons showed strong flower con-
stancy during one pollen-nectar foraging trip of 4–8 minutes,

though the bees seemed to forage different types of flowers,
for example, from pollinizers with red petals to commercial
cultivars with white petals during their 16–22 pollen-nectar
foraging trips [4]. From the results showing that the pollen
from pollinizers not brushed off from the pollinator’s body
could be used for the fertilization of commercial cultivars
visited on their next foraging trip, O. cornifrons seemed to
be a useful pollinator in apple orchards consisting of a single
cultivar, such as “Fuji” and of pollinizers of different types,
such as the red petal types, “Maypole” or “Makamik” [4].
Moreover, O. cornifrons seemed to be a useful pollinizer for
“Delicious,” which is difficult for honeybees to access as a
pollinator due to its sideways approach [4, 5].

In this paper, we investigated the foraging behavior
of O. cornifrons and elucidated their daily foraging time,
foraging indicators, and the likelihood of male contributions
to fertilization.

2. Materials and Methods

2.1. Experimental Area. Our research was conducted from
2006 to 2009 at a 9.0-ha apple orchard at the Nagano Fruit
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Tree Experiment Station, in Nagano, Japan, as well as in
sectors of experimental farms at both Gifu University and
Nagoya University [3, 4].

At Gifu University, the area occupied by one nesting
shelter of O. cornifrons consisted of ca. 400 females together
with four “Seirin Spur” (a “Fuji” sport) and three “Maypole”
trees. We planted four-year-old apple trees in March, 2006,
and established 1 to 8 rows composed of either “Maypole”
or “Seirin Spur” and “Maypole”, with the distance from the
nesting shelter to rows 1 to 8 being 1.8 m, 3.7 m, 7.6 m,
13.4 m, 20.3 m, 21.2 m, 30.8 m, and 33 m, respectively [3].
In March, 2009, we cut down 14 “Maypole” trees located in
rows 2 to 7.

2.2. Foraging Time of O. cornifrons. The apple orchard at
Nagano was partitioned into 49 blocks (most were 2000 m2)
with 9 nesting shelters of O. cornifrons comprised of at least
1000 females, which means that a sufficient number of O.
cornifrons were present everywhere in the orchard [3]. Osmia
cornifrons uses a reed tube as its nest, and the O. cornifrons
we used were originally captured by Mr. Takazawa in 1966
on the thatched roof of his house located close to the Nagano
Fruit Tree Experimantal Station. The number of bees has
increased two to three times in one year without any troubles,
such as an attack of natural enemies. To observe the daily
foraging period of O. cornifrons, we counted the average
number of flying individuals in front of the nesting site in
block no. 14 at 5-minute intervals on an hourly basis from
8:00 to 18:00. We recorded 20 when more than 20 individuals
were counted since counting their exact number was difficult.
We measured the temperature, solar radiation, and wind
speed using the FreeSlot-68KD system (M. C. S Co., Sapporo,
Hokkaido, Japan) settled at block no. 19 at the Nagano Fruit
tree experimental station [3]. All of the data are recorded
automatically every minute from morning till night.

2.3. Indicators for Foraging and Pollination by Males. In
Nagano, we randomly selected 80 or 83 “Fuji” flowers in
one tree (2 total of 160 or 163 flowers in two trees) in
block no. 17, then removed the petals (20 or 21 flowers),
anthers (20 or 21 flowers), and both petals and anthers (20
flowers) to determine what part of the flower was most
attractive to visiting O. cornifrons. From 2006 through 2008,
the percentage of “Fuji” fruit set was determined to be 18 to
23 days after full bloom. We confirmed that the flowers with
standing sepals and a tendency toward swollen ovaries and
surrounding receptacle tissues had succeeded in fertilizing
and setting fruit. We also manipulated some flowers in
“Maypole” and “Dolgo” and observed that O. cornifrons were
visiting them.

At Gifu (2008) and Nagoya (2009), we used nets to
cover three “Alps-Otome” planted at one-meter intervals
with three “Maypole” planted along the same line at one
meter intervals. Again using nets, we covered one “Alps-
Otome” and one “Maypole” planted at one-meter intervals at
Gifu (2008) and Nagoya (2009) for the control experiment.
All of the four-year-old “Alps-Otome” and “Maypole” plants
were grown in individual pots until February of 2009, then

planted in soil at the experimental farm of Nagoya University.
Between the 13th to 22nd of April, a total of 40 and 30 males
of O. cornifrons were introduced to the planting area at Gifu
(2008) and Nagoya (2009), respectively. The percentage of
“Alps-Otome” fruit set was determined as mentioned. We
investigated the fruit set of 100 flowers located at the top of
each tree (2008) as well as that of all the flowers (2009). The
data of each year from 100 to 575 flowers were averaged out
(mean ± SD).

3. Results and Discussion

3.1. Foraging Time and Distance of Osmia cornifrons. We
observed the activity of O. cornifrons at the nesting side for 16
days (5 days in 2006, 4 days in 2007, and 7 days in 2008) and
discovered several characteristics of their foraging behavior.
First, they started foraging from 9:00 AM (29th or 30th of
April 2007 and 2008, Figures 1(a) and 1(b)) or 8:00 AM
(2nd of May 2007, Figure 1(c)) or 7:00 AM (1st of May 2008,
Figure 1(d)), and the temperature seemed to be the critical
point from which they began foraging. As we found that
some individuals started foraging at 10.7◦C and 10.9◦C on
April 28th and May 4th 2006, respectively, the temperature
at which they began daily activity appeared similar to that of
O. cornuta (10◦C to 12◦C), but lower than that of A. mellifera
(12◦C to 14◦C) [6]. In addition, O. cornifrons showed longer
periods of activity in fine weather (from 7:00 A.M. to 6:00
PM, Figure 1(d)) than might be expected by Mr. Kitamura
(from 8:00 A.M. to 5:00 PM, unpublished results). We found
that O. cornifrons were already in flight at an apple orchard
at 6:10 A.M. on May 2nd 2008 and confirmed that they
were collecting pollen from “Fuji” flowers at 6:30 A.M. Since
the pollen of flowers under bright sunlight had thoroughly
dried by 6:15 A.M., they seemed to have started foraging
for pollen at 6:30 A.M. As O. cornifrons visit ca. 15 flowers
per minute, which is a rate higher than that of honeybees (6
flowers per minute) (Kitamura, personal communication),
the rate of apple flowers pollinated by O. cornifrons must
be higher than that by honeybees. Although they could
not forage under very strong winds (3.9–5.4 m/s) and
reduced sunshine (0.61–1.66 MJ/m2) (Figure 1(c), Kitamura,
unpublished results) [6], in 2008, they were able in fact to
fly under relatively severe conditions (strong winds of 2.5–
4.2 m/s and reduced sunshine of 0.48–0.79 MJ/m2) (3:00 to
4:00 PM in Figure 1(d)). Weather conditions in 2008 were
hurriedly for O. cornifrons since fine weather with no trace
of rain continued from April 27th to May 2nd, so that the
flowering period of “Fuji” (10 days) was the shortest in the
last 3 years. This might explain why they flew in spite of such
severe conditions.

Previously, we showed that the pollination of apple trees
by O. cornifrons maintained high levels at a 33 m location
from the nesting side [4]. For that reason, both the pollinizers
(Maypole) and commercial cultivars (Seirin Spur) were
planted at 3.7 m, 7.6 m, 13.4 m, and 33 m from the nesting
side. We cut down all “Maypole” except for three plants at
the closest point (1.8 m) to the nesting side, thus reducing the
number of pollinizers. In that rearranged area, fruit set was
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Figure 1: Activity of O. cornifrons (black circles) during 4 days at a nesting site in the Nagano orchard. Ambient temperature ( ◦C, white
circles), solar radiation (MJ/m2, cross), and wind speed (m/s, triangles) are also shown. (a) 30th of April, 2007, (b) 29th of April, 2008, (c)
2nd of May, 2007, and (d) 1st of May, 2008.

(a) (b) (c)

(d) (e) (f)

Figure 2: Stamens and a pistil morphology of apple flowers. (a) “Starking Delicious”, (b) “Fuji”, (c) “Shinano Gold”, (d) “Tsugaru”, (e)
“Dolgo”, and (f) “Maypole”.

still maintained at high levels up to 13.4 m from the nesting
side (rate of fruit set (%) of 3.7 m, 7.6 m, and 13.4 m were
87.0%, 84.3%, and 72.6%, resp. (No. of fruits/No. of flowers
of 3.7 m, 7.6 m, and 13.4 m were 849/976, 848/1006, and
863/1188, resp.)) but was significantly reduced at the 33 m
point (rate of fruit set (%) was 43.9% (No. of fruits/No. of

flowers was 220/501)). Although we did not count the exact
number of O. cornifrons visiting the 33 m point, they seemed
to be scanty compared to those from 2006 to 2008. Moreover,
since we cut down 82% of the “Maypole” pollinizers (14/17),
pollen amounts available to the pollinizers might have been
insufficient. These findings suggested that our previous
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Table 1: Fruit set of “Fuji” fruit formed by open-pollination.

Flower morphology Year No. of flowers No. of fruits Rate of fruit set (mean ± S.E.%) No. of seeds/fruit (mean ± S.E.%)

Anthers 2007 21 18 85.7 8.2

removed 2007 20 15 75.0 9.7

2008 20 15 75.0 8.5

2008 20 15 75.0 8.9

2007-2008 77.7 ± 2.7 8.8 ± 0.7

Petals 2007 21 14 66.7 7.7

removed 2007 20 9 45.0 8.7

2008 20 10 50.0 6.3

2008 20 13 65.0 5.5

2007-2008 56.7 ± 5.4 7.1 ± 0.7

Anthers and 2007 20 13 65.0 7.1

petals 2007 20 5 25.0 5.8

removed 2008 20 4 20.0 5.0

2008 20 4 20.0 3.8

2007-2008 32.5 ± 10.9 5.4 ± 0.7

Untreated 2007 21 21 100.0 8.2

2007 20 18 90.0 8.9

2008 20 17 85.0 10.2

2008 20 20 100.0 9.0

2007-2008 93.8 ± 3.8 9.1 ± 0.4

Table 2: Rate of dehiscere anthers within a balloon-stage “Maypole”.

No. of flowers Year
No. of flowers

having at least 1
dehiscere anther

Rate of flowers
having at least 1
dehiscere anther
(mean ± S.E.%)

No. of anthers/
flower

No. of dehiscere
anthers/ flower

Rate of dehiscere
anthers/flower

(mean ± S.E.%)

10 2006 7 70.0 17.5 2.0 11.4

10 2007 4 40.0 19.4 1.1 5.7

10 2007 5 50.0 19.6 2.9 14.8

10 2007 4 40.0 19.1 1.6 8.4

10 2007 5 50.0 19.2 1.7 8.9

10 2007 3 30.0 18.1 0.3 0.02

46.7 ± 5.6 8.2 ± 2.1

Table 3: Fruit set of “Alps-Otome” fruit formed by “Maypole” pollen carried by Osmia cornifrons male.

Distance from “Maypole” Year No. of flowers No. of fruits Rate of fruit set (mean ± S.E.%)

1 2008 100 18 18.0

1 2009 365 129 35.3

2008-2009 26.7 ± 8.7

2 2008 100 19 19.0

2 2008 575 128 22.3

2008-2009 20.7 ± 1.7

3 2008 100 26 26.0

3 2009 480 140 29.2

2008-2009 27.6 ± 1.6

1∗ 2008 100 1 1.0

1∗ 2009 121 1 0.83

2008-2009 0.9 ± 0.1
∗

Control, no male.
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(a) (b)

(c) (d)

(e) (f)

Figure 3: Osmia cornifrons visiting balloon stage flowers. (a) O. cornifrons visiting “Maypole”, (b) O. cornifrons visiting “Fuji”, (c) O. cornifrons
male mounted on female drinking “Maypole” nectar, (d) Dehiscere anthers within a balloon-stage “Maypole” (Petals removed.), and (e) and
(f) Pollen grains adhered to male’s leg (e) and female’s mouth (f).

pollinizers should have been planted not more than 10 m
from commercial cultivars in an apple orchard.

3.2. Foraging Indicators of Osmia cornifrons. Previously, we
found that O. cornifrons preferred pollen from “Delicious”
flowers in spite of their considerable distance from the
nesting side. As shown in Figure 2, the stamens of “Starking
Delicious” (Sport of “Delicious”) flowers were arranged in an
upright position compared to those of other pollinizers and
cultivars [7]. The upright stamens of “Delicious” flowers

might be suitable for pollen collecting bees, such as O.
cornifrons, since that made it easier to attach an abundance of
pollen to their abdomen at one time. Since collecting pollen
is the most important task for O. cornifrons females seeking
to make pollen loaves for their larvae, it is also recognized
that anthers, in addition to petals, also must be seen as
important indicators for their visiting flowers. As shown in
Table 1, fruit set levels (%) of “Fuji” (93.8%) were reduced
by the removal of flower petals or anthers (56.7% and 77.7%,
resp., in Table 1) and extremely reduced by the removal of
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both anthers and petals (32.5% in Table 1). We observed O.
cornifrons visiting flowers lacking either petals or anthers, but
rarely approaching flowers lacking both petals and anthers.
Bees could navigated by U.V. light, and in the case of apple
flowers, their anthers, pollen, and petals showed high levels
of U.V. absorption (data not shown). As a result, O. cornifrons
seemed to visit petals or stamens of flowers such as visible
guidance.

3.3. Visiting Balloon Stage Flowers. We kept O. cornifrons at
4◦C for a few weeks to adapt their foraging behavior to apple
flowers. Osmia cornifrons males and females began to emerge
at the apple orchard of the Nagano Fruit Tree Experiment
Station ca. two weeks and one week earlier, respectively, than
the flowering time of “Fuji”. They visited Veronica persica
Poir., Vicia angustifolia L., Taraxacum officinale Weber,
Prunus avium L., and Pyrus commusis L. in an effort to
survive until apple flowering and then turned to visiting
apple flowers once they bloomed.

We found that males and females visited “Maypole”
and “Fuji” flowers at the balloon stage (Figures 3(a) and
3(b)). Some individuals visited “Maypole” flowers for 6 to
8 seconds. Females were mainly concerned with collecting
pollen and drinking nectar, while the main purpose for
males was randomly to search for females and drink nectar
(Figure 3(c)). We investigated the conditions of anthers at the
balloon stage of flowers. As shown in Table 2 and Figure 3(d),
46.7% of the stamens of balloon stage “Maypole” flowers
had at least one dehiscent anther, and 8.2% dehisced anthers
at the balloon stage, suggesting that O. cornifrons would
accumulate pollen on their bodies while visiting balloon
stage flowers for 6 to 8 seconds. We found that both males
and females picked up pollen grains around their mouth and
legs (Figures 3(e) and 3(f)).

3.4. Male Contributions to Pollination. As already men-
tioned, we found that some males picked up pollen
around their mouth and/or legs (Figure 3(e), unpublished
results). Although as has been suggested, such accumu-
lations made no contribution to pollination, since their
foraging trips were mainly concerned with finding nectar
and/or females, we considered that the pollen attached to
a male’s body could incidentally result in the pollination
and fertilization of apples. We investigated whether or
not the pollination and fertilization of “Alps-Otome” only
occurred by the intervention of O. cornifrons males. The
experiment was carried out using three “Maypole” and
three “Alps-Otome” covered by nets. As shown in Table 3,
all “Alps-Otome” trees were fertilized by “Maypole” pollen
carried by O. cornifrons males (20.7%–27.6% fruit set
in Table 3), suggesting that males could serve as apple
pollinators.

Acknowledgment

This research was supported by the Research Project for
Utilizing Advanced Technologies in Agriculture, Forestry and
Fisheries, Japan.

References

[1] N. Sekita, “Managing Osmia cornifrons to pollinate apples in
Aomori prefecture, Japan,” Acta Horticulturae, vol. 561, pp.
303–307, 2001.

[2] R. D. Way, “Pollination and fruit set of fruit crops,” New York’s
Food and Life Sciences Bulletin, vol. 76, pp. 1–9, 1978.

[3] S. Matsumoto, T. Eguchi, T. Maejima, and H. Komatsu, “Effect
of distance from early flowering pollinizers ‘Maypole’ and
‘Dolgo’ on ‘Fiji’ fruit set,” Scientia Horticulturae, vol. 117, no.
2, pp. 151–159, 2008.

[4] S. Matsumoto, A. Abe, and T. Maejima, “Foraging behavior of
Osmia cornifrons in an apple orchard,” Scientia Horticulturae,
vol. 121, no. 1, pp. 73–79, 2009.

[5] W. S. Robinson and R. D. Fell, “Effect of honey bee foraging
behaviors on ‘Delicious’ apple set,” HortScience, vol. 16, no. 3,
pp. 326–328, 1981.

[6] N. Vicens and J. Bosch, “Weather-dependent pollinator activity
in an apple orchard, with special reference to Osmia cornuta
and Apis mellifera (Hymenoptera: Megachilidae and Apidae),”
Environmental Entomology, vol. 29, no. 3, pp. 413–420, 2000.

[7] E. D. Kuhn and J. T. Ambrose, “Foraging behavior of honey
bees on ‘Golden Delicious’ and ‘Delicious’ apple,” Journal of the
American Society for Horticultural Science, vol. 107, no. 3, pp.
391–395, 1982.



Hindawi Publishing Corporation
Psyche
Volume 2010, Article ID 927463, 7 pages
doi:10.1155/2010/927463

Review Article

Large Carpenter Bees as Agricultural Pollinators

Tamar Keasar

Department of Science Education—Biology, University of Haifa, Oranim, Tivon 36006, Israel

Correspondence should be addressed to Tamar Keasar, tkeasar@research.haifa.ac.il

Received 12 September 2009; Accepted 9 January 2010

Academic Editor: Claus Rasmussen

Copyright © 2010 Tamar Keasar. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Large carpenter bees (genus Xylocopa) are wood-nesting generalist pollinators of broad geographical distribution that exhibit
varying levels of sociality. Their foraging is characterized by a wide range of food plants, long season of activity, tolerance of high
temperatures, and activity under low illumination levels. These traits make them attractive candidates for agricultural pollination
in hot climates, particularly in greenhouses, and of night-blooming crops. Carpenter bees have demonstrated efficient pollination
service in passionflower, blueberries, greenhouse tomatoes and greenhouse melons. Current challenges to the commercialization
of these attempts lie in the difficulties of mass-rearing Xylocopa, and in the high levels of nectar robbing exhibited by the bees.

1. The Role of Non-Apis Bees in
Agricultural Pollination

Insect pollination of agricultural crops is a critical ecosystem
service. Fruit, vegetable or seed production from 87 of
the 115 leading global food crops depends upon animal
pollination [1]. The value of insect pollination for worldwide
agricultural production is estimated at C153 billion, which
represents 9.5% of the value of the world agricultural
production used for human food in 2005 [2]. The area
cultivated with pollinator-dependent crops has increased
disproportionately over the last decades, suggesting that the
need for pollination services will greatly increase in the near
future [3]. This contributes to the concern to beekeepers,
growers of insect-pollinated crops, and policy-makers over
recent widespread declines in honey bee populations (Colony
Collapse Disorder) [4–6].

Wild and domesticated non-Apis bees effectively comple-
ment honey bee pollination in many crops [7, 8]. Examples
of management of non-Apis species for agricultural polli-
nation include the use of bumble bees, primarily for the
pollination of greenhouse tomatoes, the solitary bees Nomia
and Osmia for the pollination of orchard crops, Megachile for
alfalfa pollination, and social stingless bees to pollinate coffee
and other crops [9–12].

This paper focuses on the large cosmopolitan genus
Xylocopa as an additional provider of agricultural pollination

services. Aspects of these bees’ life-history, social organiza-
tion, and foraging ecology are discussed in the context of
their potential role as crop pollination agents.

2. The Biology and Life History of
Carpenter Bees

Large carpenter bees belong to the tribe Xylocopini within
the subfamily Xylocopinae (Hymenoptera: Apidae). They
are currently grouped into a single genus, Xylocopa [13].
The genus comprises at least three clades [14] and ca. 470
species [15]. Carpenter bees occur in tropical and subtropical
habitats around the world, and occasionally in temperate
areas [16]. Biogeographical analyses suggest that the genus
probably has an Oriental-Palaearctic origin, and that its
present world distribution results mainly from independent
dispersal events [14].

As implied by their name, carpenter bees dig their nests in
dead or decaying wood, except for the subgenus Proxylocopa
that nests in the soil [17]. The wood-nesting carpenter bees
construct two main types of nests: (i) unbranched (also
called linear), with tunnels extending in either one or both
directions from the nest entrance. Linear nests are usually
constructed in hollow or soft-centered plant material, such as
reeds; (ii) branched nests (>2 tunnels), usually constructed
in tree trunks or timber [18]. The type of nest constructed
usually varies with species, but some species show plasticity
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in nest architecture, depending on the nesting substrate
available to them [19]. The nesting female lays one or a few
eggs along a tunnel during a brood cycle, provisions them,
and constructs partitions of masticated wood to separate
the offspring from one another. Maternal care in carpenter
bees also involves guarding of the immature offspring and
feeding of the newly matured ones by trophallaxis [20–22].
In some species, helper females participate in offspring care
rather than nesting independently, thus nesting can be social
(see below). Some species are univoltine, whereas others
produce more than one brood per year [19]. The activity
season of carpenter bees spans 8–12 months, depending on
species (e.g., [21, 23–25]). Carpenter bees in temperate areas
hibernate during the cold season [19, 26], but emerge to
forage on warm winter days [21, 23].

The mating behavior of carpenter bees has been
described for 38 species belonging to 16 subgenera [27].
Variation in mating strategies among subgenera has been
recorded. In some subgenera, males search for females at
nesting sites, flowers, or landmarks (non-territoriality). In
others, they monopolize resources used by females, such
as flowers or nesting sites (resource-based territoriality).
Males may also monopolize areas lacking resources for
females (non-resource-based territories, or leks) [18, 28]. A
phylogenetic analysis suggests that resource defense is the
ancestral state, and that this mating system is correlated with
low color dimorphism between males and females and a
small size of the mesosomal pheromonal gland [27].

Territorial males chase away intruding males [28, 29],
which they identify by sight and by the odor emitted from
the intruders’ mandibular glands [30]. They also use a
pheromone secreted from their mandibular gland to mark
their territory [30]. When females enter the territories, males
follow and try to mount them [28, 31]. Observations of
copulations in carpenter bees are extremely rare [28] and
were recorded only for a handful of species. In X. varipuncta,
matings take place in the non-resource territories [32], while
in X. sulcatipes and X. flavorufa, they occur at high elevation
during flight [21, 31, 33].

3. Social Organization

Sociality, involving non egg-laying guard bees and a domi-
nant egg-laying forager, has been described for ten species
of Xylocopa. In nests of the African species X. combusta,
first eclosing daughters remain in their natal nests and
perform guarding duties while their mothers produce a
second brood ([34] cf. [22]). Similarly, in nests of X.
pubescens sociality generally occurs after the emergence of
the young, where either the mother is the reproductive and
a daughter guards or vice versa [20, 35]. Matrifilial nests of
X. virginica (comprised of a mother and her daughters) also
show reproductive skew, and guarding individuals become
reproductive in the following year. In these nests, the mother
performs all nest maintenance, foraging, cell preparation
and oviposition, whereas the younger inactive females only
perform guarding duties [36]. Nests of X. sulcatipes can
be matrifilial, composed of sisters, or involve the joining

of unrelated females [21, 37]. Some X. sulcatipes nests are
initially quasisocial (no reproductive division of labor), but
after a brief period of reproductive competition involving
oophagy, a division of labor is usually established. Eventually
most nests contain one reproductive and a guard [38].
The helping role of female offspring has been suggested to
promote greater maternal investment in daughters than in
sons, leading to the female-biased sex ratio recorded in X.
sulcatipes [37]. In both X. pubescens and X. sulcatipes, the
reproductive females produce 100% of the offspring while
the guards produce none [39].

Nests of X. sonorina also exhibit high reproductive
skew, where the forager (mother) reproduces and feeds
nestmates via trophallaxis, and additional females (daughters
and/or joiners) share guarding duties [40]. For X. frontalis,
X. grisescens, and X. suspecta matrifilial, semisocial, and
communal nests have been recorded [41]. Genetic analysis
of X. aeratus and X. bombylans, which form multi-female
nests during part of the breeding season, indicated the
presence of multiple matrilines in approximately 50% of
nests. Socially nesting females were frequently sisters in one
of the populations studied, and were often unrelated in a
second population. The results also indicated that temporary
high reproductive skew occurred in multi-female nests, that
is, that different females were reproductive during different
parts of the season [22].

Several ecological and life-history variables were sug-
gested to promote social nesting in carpenter bees. Social
living was found to correlate with late season [42] and older
age [35] in X. pubescens, possibly because matrifilial nesting
only occurs when mothers produce their second brood. Nest
structure was proposed as an additional factor that affects
social organization: in some species, females in branched
nests build and provision separate tunnels at the same time,
which can result in a communal social organization. In
other species, females construct one tunnel for the first
brood generation and only construct a new tunnel after the
first brood has reached maturity. This can then result in
eusocial nesting, where the daughters of the first generation
assist their mother in building and provisioning subsequent
tunnels [19]. Finally, a period of reproductive inactivity of
mature offspring was proposed as a transition step toward
social living. Such a period occurs in some solitary species
(such as X. frontalis and X. grisescens), where newly emerged
adult females remain in their natal nest for 20–30 days.
During this time, they are provisioned by their mother or
by their oldest sister, if the mother is absent. In some species,
this association becomes permanent in a fraction of the nests
(e.g., in X. suspecta [25]), which then become social.

Improved defense against parasites and predators has
been suggested to favor the evolution of social nesting in bees
(e.g., [43]). Carpenter bee nests are attacked by several types
of natural enemies, including parasitoid wasps and flies,
predatory wasps, ants, termites, and insectivorous birds [21,
44]. However, in X. pubescens, the frequency of parasitism did
not differ between social and solitary nests [45]. Thus the role
of guards in reducing nest parasitism is not supported so far.

The most extensive work on the consequences of sociality
has been carried out for X. pubescens. In this species, the
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frequency of social nesting increases as the reproductive
season progresses. It has been suggested that this increase
has evolutionarily been imposed on females by shortage in
nesting sites [20]. Social nesters spend more time foraging
outside their nests as compared with solitary individuals,
perhaps because the presence of the guard in the nest
reduces the risk of prolonged foraging [46]. Social nesters
also suffer fewer nest takeovers by intruders than solitary
nesters, providing a possible benefit for social nesting when
competition for nests is high. The guards, in turn, may
benefit from increased indirect fitness (if related to the
reproductive), and increase their chances of eventually taking
over the nest [46]. Thus, social organization can affect the
fitness of X. pubescens females. Social and solitary nesters
that foraged within a greenhouse differed in their food-plant
preferences. Social females directed more of their foraging
to a pollen source (Portulaca oleracea) than solitary nesters,
possibly because of their higher brood production rates [47].

4. Foraging Ecology

4.1. Abiotic Requirements for Foraging. Carpenter bees toler-
ate high ambient temperatures during foraging, and most
species are inactive at low temperatures. For example, the
lower activity temperature thresholds are 23◦C for X. capitata
[48], 21◦C for X. sulcatipes, and 18◦C for X. pubescens [21].
Flower visit rates in X. olivieri are highest at a combination
of high (25–35◦C) temperatures and low (1–100 Lux) illu-
mination levels [17]. X. arizonensis individuals that foraged
on Agave schottii together with honey bees and bumble
bees were active mainly during the late morning hours,
while honey bees and bumble bees were more crepuscular.
These patterns were suggested to reflect low competitive
ability, together with high thermal tolerance, in the carpenter
bees [49]. X. varipuncta maintains flight activity within
an ambient temperature range of 12–40◦C [50]. This heat
tolerance suggests good heat regulation ability in carpenter
bees, possibly controlled by a thermoregulatory center in the
prothorax [51].

The activity period of some species, for example, X.
sulcatipes, X. cearensis, and X. ordinaria, spans most of
the daylight hours [21, 52, 53]. In other species (such as
X. pubescens, X. tabaniformis, and X. olivieri), activity is
crepuscular [17, 21, 54, 55]. A few species are nocturnal:
X. tenuiscapa forages on its pollen host on moonless nights
[56], and X. tranquebarica [57] has been observed foraging
on moonlit nights.

4.2. Water Balance. Carpenter bees often ingest excess water
during nectar foraging. Analysis of nectar consumed by X.
capitata showed that it is very concentrated. Nevertheless,
their hemolymph is only moderately concentrated, and their
urine is very dilute. This suggests that ions, rather than water,
may be limiting for carpenter bees [58]. This hypothesis
is supported by the observation that bees often excrete
water before and during flight, and that they often engage
in water evaporation from ingested nectar [59]. A similar
excess of water ingestion, which leads to copious excretion

and evaporation of water, was described for X. pubescens
foraging on the nectar of Callotropis. On the other hand,
physiological water requirements are finely balanced with the
water contents of Callotropis nectar in the sympatric species
X. sulcatipes, possibly due to extended coevolution with this
plant [59].

4.3. Nectar Robbing. Nectar-foraging carpenter bees often
perforate the corollas of long-tubed flowers, and thereby
reach the nectaries without contact with the anthers. Such
“illegitimate pollination” or “nectar theft” has been reported
for X. virginica and X. micans foraging on blueberries. Nectar
robbing in blueberries may reach 100% of the visits [60] and
significantly reduces fruit set and seed number as compared
with plants visited by honey bees ([61], but see [62]). Nectar
robbing by carpenter bees has also been observed in the wild
plants Petrocoptis grandiflora [63], Fouquieria splendens [64],
Glechoma longituba [65], and Duranta erecta [66]. Corolla
tube perforation contributed to the reproductive success
of the plants in P. grandiflora and F. splendens, indicating
that the nectar robbers were dusted with pollen during
foraging, and functioned as pollinators. In G. longituba and
D. erecta, on the other hand, nectar robbing by carpenter
bees reduced seed set, as compared with plants visited by
legitimate pollinators [63–66].

4.4. Food Sources. Carpenter bees in natural habitats are
generalist nectar and pollen foragers. For example, foraging
X. cearensis were recorded from 43 plant species in Bahia,
Brazil [52], while X. latipes and X. pubescens foraged on 30
species in India [67]; In Israel, X. pubescens and X. sulcatipes
used 61 species as forage plants [21]; X. darwini in the Pacific
is known to visit the flowers of 79 plant species [29]; 28 plant
species provide nectar and pollen for X. ordinaria in Brazil
[53].

Carpenter bees can also be trained to collect sucrose
solution from feeders in experimental settings. In laboratory
experiments, X. micans were able to discriminate between
sucrose solutions that differed in mean volume (1 versus 3
microliter) and concentration (10% versus 30%). They were
indifferent to variability in both nectar volume and nectar
sugar concentrations. This risk indifference was recorded if
the bees were fed or starved [68].

5. Crop Plants That Are Pollinated by
Carpenter Bees

Carpenter bees pollinate passionflower (Passiflora spp.) in
their native habitats [69] and in commercial agricultural
settings [70–73]. They provide better pollination service
than honey bees for this crop [71]. Xylocopa subgenus
Lestis has been successfully reared in greenhouses for tomato
pollination in Australia. Their foraging activity led to an
increase in tomato weight by 10% relative to a combination
of wind and insect pollination. The efficiency of carpenter
bees in pollinating tomatoes is increased by their ability to
buzz the anthers [9]. In a pilot study in Israel, the fruit
set of greenhouse-grown honeydew melons was three times



4 Psyche

higher when pollinated by X. pubescens compared to honey
bee pollination [74]. Social and solitary nesters had similar
efficiency in pollinating this crop: they did not differ in the
daily activity patterns and flower visitation rates. Pollination
by both types of nesters led to similar fruit sets, fruit mass,
and fruit seed number [47].

Carpenter bees are important pollinators of cotton in
Pakistan, India, and Egypt [33]. X. varipuncta is compared
favorably with honey bees (Apis mellifera) as pollinators of
male-sterile cotton in field cages in the USA [75]. However,
X. pubescens in Israel did not provide satisfactory pollination
of cotton for hybrid seed production (D. Weil, personal
communication). Finally, the night-flowering cactus Cereus
repandus (syn. C. peruvianus) is pollinated by X. pubescens in
Israel [76].

6. Domestication and Mass Rearing of
Carpenter Bees for Agricultural Pollination

A major obstacle to the commercial use of native pollinators
in agriculture is the need to mass-rear them, rather than col-
lect them from nature. Devising efficient and cost-effective
mass-rearing protocols for X. pubescens is a necessary step
in this direction. Attempts to mass-rear carpenter bees
have focused on the construction of nest boxes that are
placed in natural habitats to enhance nesting success. Skaife
[77] constructed observation nests of bamboo tubes and
transferred hibernating X. caffra into them. Most of the
females remained in these nests after they exited hibernation.
Oliviera and Freitas [78] designed and tested nest boxes
for X. frontalis, based on the general design of Langstroth
honey bee hives. Each of nine wooden frames in these
boxes was modified to serve as an independent Xylocopa
nest. Colonization rates of these boxes ranged from 19% to
52%, and the proportion of males in the emerging brood
was 0.38. Efforts to develop protocols for captive mating
and rearing of carpenter bees have so far met with limited
success (unpublished results). The endocrine and molecular
pathways that underlie reproduction in carpenter bees are
yet unknown. Elucidation of these pathways will help
identify the bottlenecks in the bees’ reproduction, which may
include overwintering of adults, mating, sperm storage and
choice, nest construction and/or brood care. Information on
the potential reproductive pitfalls, and their physiological
mechanisms, is expected to facilitate the development of
effective captive breeding methods for Xylocopa.

7. Conclusions and Future Prospects

Carpenter bees possess several advantages as potential crop
pollinators compared to other non-Apis bees. Many solitary
bees have a short activity season and/or are specialist
foragers, and therefore do not provide a broad alternative
to honey bee pollination. Carpenter bees, on the other
hand, have long activity seasons and feed on a wide range
of plant species. In addition, they are capable of buzz-
pollination. This makes them potentially more versatile as
agricultural pollinators. Hibernation occurs in the adult

stage, and females start foraging whenever temperatures
reach high enough values. This means that it is relatively easy
to manipulate the onset of foraging in greenhouses. Another
important advantage is that the genus has a worldwide
distribution. This implies that local species of Xylocopa can
potentially be used over wide areas, reducing the need to
import exotic pollinators. The possibility to lure these bees
into suitable artificial nesting material allows provisioning
of nesting material that can be easily used in agricultural
settings and moved to places where pollination services are
needed [79].

In spite of higher per-capita pollination efficiency in
some crops, carpenter bees are clearly inferior to honey bees
in terms of pollinator work force, as they do not form large
nests. Therefore they are expected to contribute most to crop
pollination when honey bees are ineffective. For example, the
high termoregulatory ability of carpenter bees enables them
to forage at higher ambient temperatures than honey bees.
This makes them attractive candidates as pollinators in hot
areas and in hot microclimates, such as in glass houses. The
crepuscular and nocturnal activity of some species may also
allow them to pollinate night-flowering crops, which are not
visited by honey bees.

Several problems remain in the management of carpenter
bees for crop pollination, which call for further research.
Most important is the need to develop an efficient captive
breeding program for carpenter bees, which would include
controlled selection of genotypes, mating, and nest founding.
Such protocols have already been developed for other non-
Apis pollinators, such as Osmia lignaria [80] and Osmia
cornuta [81]. They include guidelines for nest construction
and placement, overwintering and transportation of the bees.
A complementary challenge is to enhance reproduction of
wild Xylocopa populations, through provisioning of nesting
material to their natural habitat. The availability of nesting
resources was shown to correlate with the community struc-
ture of wild bees [82]. Moreover, experimental enhancement
of nest site availability has led to dramatic increases in wild
populations of Osmia rufa [83]. These findings suggest that
Xylocopa populations, and the pollination services they pro-
vide, may also benefit from nest site enhancement in agro-
ecosystems. Additional information about the pathogens and
parasites of the genus is needed as well [84]. A combination
of ecological, physiological, and molecular genetic studies is
likely to provide these essential data.
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There are widespread concerns about declining populations of bumble bees due to conversion of native habitats to agroecosystems.
Certain cropping systems, however, provide enormous foraging resources, and are beneficial for population build up of native bees,
especially eusocial bees such as bumble bees. In this review, we present evidence of a flourishing bumble bee fauna in the Willamette
Valley in western Oregon which we believe is sustained by cultivation of bee-pollinated crops which bloom in sequence, and in
synchrony with foraging by queens and workers of a complex of bumble bee species. In support of our perspective, we describe the
Oregon landscape and ascribe the large bumble bee populations to the presence of a pollen source in spring (cultivated blueberries)
followed by one in summer (red clover seed crops). Based on our studies, we recommend integration into conservation approaches
of multiple agroecosystems that bloom in sequence for sustaining and building bumble bee populations.

1. Introduction

There are widespread concerns about declines in the num-
bers and distribution of endemic bees [1–4]. In the Holarctic
region, concerns relate, in particular, to eusocial bum-
ble bees, Bombus spp. (Hymenoptera: Apidae), which are
important pollinators of native plants and crops [5, 6]. In
Europe, Bombus populations have been closely monitored
for decades, and loss of bumble bees and their nesting sites
have been attributed largely to anthropogenic activities such
as habitat fragmentation due to agricultural intensification
and urbanization [7]. To counteract the negative effects of
modern agriculture on the environment, agri-environment
schemes have been implemented through which financial
incentives have been provided to farmers to manage their
farms for the benefit of biodiversity, the environment, or the
landscape [8]. These include strategies targeted at pollina-
tors, such as appropriate management along field margins
for providing food resources and nesting sites [9]. However,
densities of bumble bees have been documented to be deter-
mined not by the proportion of seminatural habitats but by
the presence of rewarding mass flowering crops in agricul-
tural landscapes [10]. Bumble bee colonies live for several

months while bloom in a crop lasts for just a few weeks.
Hence, one mass flowering crop alone is usually not adequate
for sustaining a bumble bee colony through the year.

Here, we provide a contrary perspective to bumble bee
declines while describing the abundant and diverse bumble
bee fauna in the state of Oregon on the west coast of the
United States. We believe that this rich fauna has been
sustained by the practice of farming of bee-pollinated crops
that bloom in sequence, and in synchrony with foraging by a
complex of bumble bee species. In support of our opposing
perspective to the pollination crisis, we describe the Oregon
landscape and present results of our studies in which we
estimated the diversity and abundance of native bumble bees
in a spring crop and a summer crop. Based on our studies,
we recommend integration into conservation approaches
of multiple agroecosystems that bloom in sequence for
sustaining and building bumble bee populations.

2. The Oregon Landscape

The state of Oregon lies north of California on the west
coast of the United States. It has a land area of 25
million ha with a low population of only 3.79 million or
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Figure 1: Map of the Willamette Valley in western Oregon showing agricultural, wooded, and urban landscapes (Modified from [11]).

0.15 people per ha, and 27% devoted to farming (http://www
.us-places.com/Oregon/Oregon.htm). Urban development is
concentrated in the three cities of Portland, Salem, and
Eugene in western Oregon and, even within these cities,
farm lands lie adjacent to housing developments. The vast
landscapes of agricultural production are interspersed with
remnant vegetation as the state was dominated by forests
until recently.

The heart of the agricultural country in Oregon, and
one of the most fertile agricultural areas in the U.S, is the
Willamette Valley, the large valley of the Willamette River
in the western part of the state (Figure 1) [11]. With the
Cascade Mountains to the east and the Oregon Coast Range
to the west, the valley stretches 177 km north to south and
97 km east to west. Due to its proximity to the Pacific Ocean,
it receives close to 100–115 cm rainfall in the winter while
the summer months of July and August are almost rain free.
Crops grow vigorously as a result of winter rainfall, and
harvest is facilitated by the dry conditions in summer. These
climatic conditions have resulted in the production of over
200 crops including cereals, ornamentals, nursery crops, and
bee-pollinated fruits, vegetables, and legumes raised for seed.

3. Bumble Bees Associated with Agricultural
Crops in the Willamette Valley

Crop producers in other US states can use commercially
reared Bombus impatiens Cresson for pollination. However,
B. impatiens is not native to Oregon, and exotic bumble
bees cannot be introduced into the state (http://www.oregon
.gov/ODA/PLANT/IPPM/appr insects.shtml). Hence, for
crops serviced by bumble bees, producers in Oregon are
dependent on native bumble bee populations.

Native bumble bees were first studied in depth in Oregon
in the late 1950s [12]. Few follow up studies were conducted
until we serendipitously discovered a highly bee-specific
blue vane trap that facilitated evaluation and monitoring
of native bee fauna [13]. Our recent bee census studies
have documented that over 60 species belonging to 19
genera in five families are present in western Oregon [13–
16]. These include a rich complex of spring and summer
bumble bee species whose life cycles are synchronous with
the bloom periods of many crops grown in the Willamette
Valley. Here we present results of our studies on bumble
bee composition and abundance during bloom in two
Oregon cash crops in the Willamette Valley, namely highbush
blueberries (Vaccinium corymbosum L., Ericaceae) and red
clover (Trifolium pratense L., Fabaceae) raised for seed. In
each crop, our objectives were to estimate the diversity and
abundance of bumble bees: (1) in the landscape and (2)
foraging on crop bloom.

4. Pollination and Blueberry Production in
the Willamette Valley

Blueberry is native to North America but cultivated world-
wide. In Oregon, highbush blueberries are raised in the
Willamette Valley. With increasing consumer awareness
about the health benefits of blueberries, the area under
blueberry production in Oregon doubled in the last decade
from 860 ha in 1997 to 1,782 ha in 2007 [15].

Under western Oregon conditions, bloom lasts for about
4 weeks in May. Pollination during this period is critical
for larger fruit, better fruit quality, and earlier ripening of
berries [17–20]. In Oregon, producers typically stock high
numbers of hives of the European honey bee, Apis mellifera
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Table 1: Bumble bee species observed foraging on bloom in
commercial blueberry and red clover seed production fields in
western Oregon.

Bumble bee species % of all Bombus foragers1

Blueberry bloom2 Red clover bloom3

Bombus appositus 1.57 1.74

Bombus californicus 3.92 1.87

Bombus griseocollis 15.69 0.68

Bombus melanopygus 12.55 0.00

Bombus mixtus 8.23 0.31

Bombus nevadensis 5.49 3.17

Bombus vosnesenskii4 52.55 92.23
1Based on visual observations made while walking in the field.
2From [23].
3From [16].
4A small proportion (2-3%) of these were likely to have been B. caliginosus
which is phenotypically very similar to B. vosnesenskii and cannot be
accurately separated from it in the field.

L. (Hymenoptera: Apidae), ranging from 2.5 to 7 hives per
ha to compensate for their low efficiency in pollination
of blueberries (personal observation). Honey bees do not
forage at temperatures below 12.7◦C [21], which are com-
mon during blueberry bloom in the Willamette Valley. In
addition, honey bees do not buzz pollinate, the mechanism
by which certain bees visiting the flowers vibrate their body
to remove the pollen grains from the anthers of blueberries
[22]. In contrast, bumble bees are better foragers in western
Oregon as they can forage under diverse conditions from
cool to hot, and even in the rain (personal observation),
and they are capable of buzz pollination. However, due
to the dependence on honey bees for pollination, prior to
the studies described below, there was little information
about bumble bees associated with blueberry bloom in the
Willamette Valley.

We quantified bumble bee composition during blueberry
bloom by placement of blue vane traps in a blueberry
orchard in the Willamette Valley in 2006 [23]. We captured
270 bumble bees belonging to seven species, including B.
appositus Cresson (10 individuals), B. californicus Smith
(132), B. griseocollis (DeGeer) (14), B. melanopygus Nylander
(39), B. mixtus Cresson (19), B. nevadensis Cresson (17),
and B. vosnesenskii Radoszkowski (39) [23]. The following
year, the study was repeated at 5 other orchards which
provided insights on distribution of each species [15].
Bombus californicus, B. mixtus, and B. vosnesenskii were
collected at all five sites, while B. melanopygus was collected
at four, and B. appositus and B. nevadensis were trapped
at two sites. In 2007, B. griseocollis was not collected at
any site probably because our sampling study ended before
emergence of queens during that year.

The presence and abundance of six to seven species
of bumble bees during bloom in a spring crop are quite
remarkable. However, presence of a species in the trap does
not necessarily indicate that it forages on the surrounding
crop. Hence, in 2006, to quantify the composition of
bumble bees foraging on blueberry flowers, we made visual

observations during 2-minute periods while walking along
rows of blueberry bushes [23]. We recorded 255 bumble bees
from 127 sets of counts (=1 bumble bee/min) including B.
appositus (4 individuals), B. californicus (10), B. griseocollis
(40), B. melanopygus (32), B. mixtus (21), B. nevadensis (14),
and B. vosnesenskii (134). Thus, the 7 bumble bee species
captured in traps in the same year were also observed for-
aging on bloom, though in different proportions. While the
seven species varied in the proportion of foragers on bloom
(Table 1), all are likely to contribute to blueberry pollination
as none was observed robbing nectar by chewing holes in
blossoms at the base of the flowers, behavior exhibited by
certain bumble bee species in other regions [24]. Of the
255 specimens observed, 208 (81.6%) were queens and 47
(18.4%) were workers indicating that the pollinating force
was composed primarily of newly emergent queens (Figures
2 and 3). This is beneficial for blueberry pollination as the
efficiency of bumble bee queens as blueberry pollinators is
reported to be higher than that of bumble bee workers [25].

A comparison of the bumble bee fauna captured in the
blue vane traps in our study with other trapping studies is a
challenge due to differences in sampling protocols. However,
bumble bee abundance in Willamette Valley blueberries
appears to be greater compared to other regions based
on estimates of foragers reported in other studies. As
mentioned earlier, in our study we recorded an average of 1
bumble bee/min foraging on blueberry bloom [23]. In con-
trast, MacKenzie and Eickwort [26] estimated 0.04 bumble
bees/min foraging on highbush blueberries in upstate New
York, while in blueberry fields in the Fraser Valley in British
Columbia, the mean number of native bees, including both
bumble bees and solitary bees, recorded by MacKenzie and
Winston [27] was 33/h (=0.55/min). Bumble bee diversity in
foragers is also quite variable. We observed seven species in
our study while in a study conducted in Michigan [28] only
one bumble bee species, Bombus bimaculatus Cresson, was
observed foraging on blueberry bloom.

We also assessed bumble bee activity in one blueberry
field. Based on visual observations and the presence of
2,720 bushes/ha, we estimated an average of 0.055 bumble
bees/bush/min (=150 bumble bees/ha/min). The average
time spent by one bumble bee foraging on one flower
was 4 seconds (=15 flowers/min) including the time spent
moving from one flower to another. Based on these estimates,
135,000 flowers/ha/hour/bee were potentially visited, or
over 11.3 million over a 14-day period assuming that the
bumble bee population remained relatively constant for six
hours (10:00 am and 4:00 pm) each day. The estimate is
conservative as blueberry bloom extends beyond two weeks
in the Willamette Valley, and bumble bees are active in
blueberry fields up to 10 hours a day during that period
(personal observations). With the abundance and long
duration of their foraging activity observed in the current
study, we believe that bumble bees could have contributed
considerably to the high yield (>15 ton/ha) recorded by the
producer (personal communication).

Honey bees are not considered to be effective pollinators
of blueberries, but in the Willamette Valley, given the pres-
ence of 2.5 to 7 hives/ha in the field, they likely contributed
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Figure 2: Comparison of the numbers of queens and workers of
bumble bee species (excluding B. vosnesenskii which is included in
Figure 3) observed foraging on bloom. (a) Blueberries (n = 127
counts). (b) Red Clover (n = 187 counts).

to some extent. Similarly, other native bees could also have
played a role. In our studies conducted between 2005 and
2009, we have captured several hundred native solitary bees
belonging to 23 species in ten genera in five families in the
blue vane traps placed adjacent to blueberry fields in spring
(Table 2). However, we rarely encountered any non-Bombus
native bee foraging on bloom during our 2-minute counts
(personal observation). In a study in British Columbia [27],
while solitary bees were observed on blueberry bloom, there
were ten times more bumble bees. Diversity of solitary bees
was high in another study conducted in British Columbia
[29], but blueberry mass was observed to be related not to
abundance of solitary bees or of honey bees, but to that of
bumble bees. Still, further research is needed for determining
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Figure 3: Comparison of the numbers of queens and workers of B.
vosnesenskii observed foraging on bloom (n = 127 counts) and red
clover (n = 187 counts).

the impact of solitary bees in blueberry pollination in the
Willamette Valley.

5. Pollination and Red Clover Seed Production
in the Willamette Valley

Red clover is grown worldwide in temperate regions as a for-
age legume, and as a rotation crop for soil improvement [30].
The Willamette Valley is a key region for red clover seed pro-
duction in the US due to the favorable climatic conditions.
The high rainfall during winter enables the production of red
clover with minimal irrigation, while the relatively dry peri-
ods in summer facilitate harvest with little risk of rain dam-
age (http://www.oregonclover.org/seedproduction.html). As
a result, over 4,300 ha are under red clover seed production
in this area [31].

The critical factor for seed production in red clover is
pollination [32–34]. Red clover blooms over six weeks in
the months of July and August in Oregon. The florets on
each seed head open over six to eight days but due to rapid
decrease in fertility, the florets must be pollinated within two
to four days after opening [35]. Hollowell and Tysdal [36]
indicated that 875 million florets are present in a hectare
of red clover. This highlights the need for an abundance of
pollinators for achieving high yield in red clover seed crops.

While bees are recognized as the primary pollinators
of red clover, there has been considerable disagreement
over the value of various species [37, 38]. Darwin’s claim
that bumble bees alone affected red clover yield [39] was
disputed by Meehan [40] but dramatic evidence of their
impact was provided by the introduction of bumble bees
to New Zealand as this resulted in an enormous increase
in seed production [37]. Since the honey bee was already
present in the country, this appeared to confirm that honey
bees were of limited value to red clover. Subsequent studies
documented that while honey bees do pollinate this crop,
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Table 2: Endemic bees captured and observed as foragers during bloom in blueberry and red clover seed crops in the Willamette Valley in
studies conducted between 2005 and 2009.

Family Species Blueberry1,2 Red clover1,3

Colletidae Hylaeus calvus (Metz)
√ √

Hylaeus rudbeckiae Cockerell and Casad
√ √

Halictidae Agapostemon texanus Cresson
√ √

Agapostemon virescens (Fabricius)
√ √

Halictus confusus Smith
√

Halictus farinosus Smith
√ √

Halictus ligatus Say
√ √

Halictus rubicundus (Christ)
√ √

Halictus tripartitus Cockerell
√ √

Lasioglossum mellipes (Crawford)
√ √

Lasioglossum olympiae (Cockerell)
√ √

Lasioglossum pacificum (Cockerell)
√ √

Lasioglossum sisymbrii (Cockerell)
√

Lasioglossum titusi (Crawford)
√

Lasioglossum trizonatum (Cresson)
√ √

Sphecodes sp.
√ √

Andrenidae Andrena sp.
√ √

Meghachilidae Anthidium sp.
√

Heriades sp.
√

Megachile brevis Say
√

Megachile perihirta Cockerell
√

Osmia lignaria Say
√ √

Osmia sp.
√

(2)
√

(5)

Apidae Anthophora bomboides stanfordiana Cockerell
√

Anthophora urbana Cresson
√

Bombus appositus Cresson
√ √

Bombus bifarius nearcticus Handlirsch
√

Bombus californicus Smith
√ √

Bombus caliginosus (Frison)
√

Bombus griseocollis (DeGeer)
√ √

Bombus melanopygus Nylander
√ √

Bombus mixtus Cresson
√ √

Bombus nevadensis Cresson
√ √

Bombus occidentalis Greene
√

Bombus sitkensis Nylander
√

Bombus vosnesenskii Radoszkowski
√ √

Ceratina acantha Provancher
√ √

Ceratina micheneri Daly
√

Ceratina nanula Cockerell
√

Melissodes agilis Cresson
√

Melissodes bimatris LaBerge
√

Melissodes robustior Cockerell
√

Psythirus sp.
√

Synhalonia sp.
√ √

Triepeolus sp.
√

(2)
1Numbers in parenthesis refer to number of species.
2From [15, 23], and unpublished data.
3From [16], and unpublished data.
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their efficacy depends on the amount of competing foraging
resources in the vicinity [32, 41]. In Oregon, red clover seed
producers typically stock 2.5 to 5 hives per ha for pollination
but the recent high costs of honey bee rentals have led
producers to question the value of honey bee hive rentals
(personal communication). However, they were unwilling
to take the risk of depending on native bumble bees and
other pollinators, as prior to the studies outlined below, there
was little information about bumble bees present during red
clover bloom.

We conducted a monitoring study with blue vane traps
in three red clover seed production fields in 2007 to estimate
the bumble bee composition in the area during bloom [16].
In all, 1,227 bumble bees including six of the seven species
trapped in blueberries were also trapped in red clover. We
collected B. appositus (15 individuals), B. californicus (19),
B. griseocollis (26), B. mixtus (7), B. nevadensis (28), and B.
vosnesenskii (1,132). Each species was collected at all three
sites. While B. melanopygus was not collected in traps at any
site in 2007, we recorded its presence in traps in red clover
seed fields in other years [16]. It is an early spring emerging
species, and colonies typically die out by the time red clover
blooms.

As in the case of blueberries, we studied bumble bee
foraging on red clover by recording the numbers of each
species observed while walking through the field. The same
six bumble bee species that were observed in the traps were
also observed foraging on bloom (Figures 2 and 3) [16]. In
187 visual counts, 1-2 min each, we noted the presence of
1,609 bees (queens, workers, and males). There was a greater
proportion of workers compared to queens in all species
except B. nevadensis (Figures 2 and 3). The species observed
included B. appositus (28 individuals), B. californicus (30),
B. griseocollis (11), B. mixtus (5), B. nevadensis (51), and
B. vosnesenskii (1,484). Proportions of bumble bee species
differed from those recorded in blueberries but B. vosne-
senskii was dominant in both cropping systems (Table 1).
Interestingly, of these species, only B. griseocollis has been
reported elsewhere as a pollinator of red clover [42–44].

Overall, we recorded an average of 6.2 bumble bees per
minute across the six weeks of red clover bloom. Early bloom
abundance of 0–4 bumble bees/min dramatically increased
during peak bloom to 15–30 bees/min. In comparison, in a
study by Morrison conducted in Quebec, 1,901 bumble bees
were observed visiting red clover during 68 observations, 20
minutes each (=1.4 bumble bees/min) [43].

A cage study conducted by us demonstrated that B.
vosnesenskii is an efficient pollinator of red clover [16]. Mean
seed yield from the B. vosnesenskii cages was 661 kg/ha
(range = 623 to 685 kg/ha), and variances in seed yield
and seed set were low which is indicative of consistency
in performance. The B. vosnesenskii cage yield was slightly
higher than the average yield in Oregon (600 kg/ha) which in
itself was almost 40% higher than the US average (430 kg/ha)
in the same year [31]. Given the high proportion (>90%)
of B. vosnesenskii observed foraging on red clover florets
during visual observations and in the blue vane traps, we
believe that it is a key contributor to Oregon becoming
the second largest red clover seed producer in the US [31].

For a deeper understanding of its foraging behavior, we
are currently characterizing pollen loads on B. vosnesenskii
workers returning to colonies placed adjacent to red clover
fields. We are also using genetic markers to determine nest
composition and foraging range of this dominant bumble
bee species in the Willamette Valley.

The role of other native bees in red clover pollination in
the Willamette Valley is not known. We have caught several
hundred solitary bees belonging to 35 species in 15 genera
in five families during bloom (Table 2). However, as in the
case of blueberries, we rarely encountered non-Bombus bees
foraging on bloom during our 2-minute counts. According
to Plath [37], while occasionally a solitary bee will forage
on red clover, the crop would probably set little seed if its
pollination depended on other insects besides bumble bees.

In Oregon, while honey bee hives are rented for red
clover seed crop pollination, worker abundance is high only
during early bloom in July [16]. Pollen traps placed in hives
documented that midway through bloom the workers switch
to foraging elsewhere (personal observation). Honey bee
foraging away from red clover fields coincided with high
numbers of bumble bee foragers in red clover. This suggests
that the low number of bumble bees in early-mid July could
be the result of competition with honey bees. Peterson et al.
[41] reported that bumble bees tended to be more abundant
in fields located >1.6 km away from apiaries (honey bee
colonies). Also, earlier studies have documented negative
impacts on factors such as reproductive success [45] and size
of workers [46] of bumble bees in areas of high honey bee
density. It is possible that foraging behavior could also be
affected by the presence of honey bees, and hence bumble
bee abundance may be even greater if producers do not stock
honey bee hives. We are currently comparing bumble bee
abundance and red clover pollination in the presence and
absence of honey bee hive rentals.

6. Willamette Valley Model for Bumble
Bee Abundance

It is believed that pollinator populations cannot be main-
tained by short-flowering agricultural crops alone because of
the need of a continuous supply of nectar and pollen [47].
However, wild habitats do not necessarily satisfy these needs
either. In contrast, cropping systems that flower in sequence
can facilitate sustainability and build up of native bees espe-
cially eusocial bees. For maximum production of workers,
initial vigor of spring queens is important [44] which can
be achieved through provision of a spring-blooming bee-
pollinated crop. Cultivated legumes are considered to be
important in maintaining native bumble bee fauna [44],
and if such crops bloom towards the end of summer, build
up of bumble bees will be facilitated during the period
when high numbers of reproductives are produced prior to
hibernation of queens at the end of the year. We believe that
the abundance of a complex of seven bumble bee species in
the Willamette Valley is sustained due to the large areas under
production of blueberries which provide large quantities of
food resources in synchrony with queen emergence thereby
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facilitating nest foundation, and of red clover seed crops
which provide resources for drones and hibernating queens.
The presence of six to seven bumble bee species has been
reported in other regions in the US both in agricultural and
native habitats [26, 29, 44, 48] but abundances are lower than
what we observed. Of the species present in the Willamette
Valley, while Bombus vosnesenskii was the most abundant
bumble bee in both blueberries and red clover, queens and/or
workers of all the remaining bumble bee species carried
pollen loads in both blueberries and red clover, and thus they
all contribute to some extent to both blueberry and red clover
pollinations. In particular, queens of B. nevadensis >20 mm
long and their large sized workers observed with large loads
of pollen are likely to make a valuable contribution to
pollination.

Besides the seven species that are flourishing, on occasion
we have trapped the bumble bee species B. bifarius nearcticus
Handlirsch and B. sitkensis Nylander in agricultural land-
scapes in the Willamette Valley (Table 1). In addition, a
small proportion (2-3%) of the B. vosnesenskii observed in
the studies were likely to have been B. caliginosus (Frison)
which is phenotypically very similar to it. In the past, one
more species, B. occidentalis Greene, was abundant in the
Willamette Valley and in other parts of the Pacific Northwest
[12]. However, since the late 1990s, it has all but disappeared
from coastal and coastal valleys of its range presumably
because of its vulnerability to introduced pathogens [49–
51]. In the period leading up to its decline, queens of
B. occidentalis collected from the west coast were sent to
rearing facilities in the Midwest and Europe where they were
raised commercially along with other bumble bee species.
It is speculated that colonies returned to the west coast for
pollination of greenhouse crops were infected with Nosema
bombi and/or other pathogens to which B. occidentalis
appeared to be highly susceptible [52]. The spillover effects
from these commercial colonies to wild populations likely
resulted in local extinction of B. occidentalis [53, 54]. We
collected six individuals of B. occidentalis from clover fields
in 2006 and 2007 [55], which suggests a possible recovery
of the species in the area. The ban on introduction of exotic
commercial bumble bees mentioned above should reduce
further risk to the rich bumble bee fauna in Oregon.

The agricultural landscapes in the Willamette Valley also
support a rich diversity of other native bees besides 11
bumble bee species. We trapped 39 species of solitary native
bees belonging to 16 genera in five families in blueberry
and red clover fields (Table 2). We rarely detected their
presence on bloom but they could have escaped detection
as we focused on bumble bees in our studies. The impact of
Willamette Valley cropping systems on sustenance of diverse
solitary bees, and the contribution of these bees to crop
pollination, warrants investigation.

Besides the abundance of food resources provided by
blueberry and red clover crops, other factors such as
production practices also facilitate build up of bumble bees
and other native bees in the Willamette Valley. While each
crop is routinely subjected to pesticide sprays, there are
few devastating pests perhaps due to the diversified nature
of the agricultural landscapes. Except for one blueberry

orchard where organic practices were adopted, all other
blueberry and all red clover seed fields in our studies
were cultivated using herbicides, fungicides, and insecticides.
However, pesticide applications were avoided during bloom
or implemented at night to minimize negative impacts on
honey bees, thus indirectly benefitting bumble bees too.
Voles cause significant damage in agricultural crops in
the Willamette Valley, and rodenticides are used for their
management. This has been of benefit to bumble bees as
empty rodent nests serve as nesting sites in close proximity to
foraging resources in the crop. Remnant vegetation between
agricultural fields may also be providing nesting habitats and
overwintering sites for queens.

Urban developments adjacent to agricultural fields in the
Willamette Valley also provide both foraging resources and
nesting sites for bumble bees. Climatic conditions support
growth of a great diversity of native and exotic annual and
perennial flowering plants in gardens, and bumble bees
have been observed to nest frequently in various urban
locations. Due to the ban on commercial bumble bee colony
introduction into Oregon, for our cage study, we sought
colonies by placement of a request in the local newspaper
in 2007 [16]. Since then we have received numerous calls
from homeowners, and have noted the presence of nests of
B. griseocollis, B. melanopygus, B. mixtus, and B. vosnesenskii
in bird boxes, compost heaps, bags of potting soil, and
insulation in sheds, homes, pump houses, and a diversity of
other locations.

The current western Oregon landscape can serve as a
model for bumble bee conservation as it provides both
nesting sites and an abundance of foraging resources, the
two critical needs of bumble bees. Based on our experiences,
we recommend integration of multiple agroecosystems that
bloom in sequence for conservation and build up of bumble
bee populations. However, crops raised by farmers are
dependent on markets, and hence even in the Willamette
Valley, it may not always be possible to provide a sequence
in forage resources in agricultural landscapes through crop-
ping systems. In such situations, conservation efforts are
essential. Irrespective of the approach adopted globally in
agri-environment schemes or other pollinator initiatives, it
is critical that attention is directed not just to providing
foraging resources but to ensuring that there is a continuum
in the presence of the food resources. Hence, in areas
where a sequence in bloom in bee-pollinated cropping
systems is not an option, rather than just recommending
planting of hedgerows or providing lists of bee-friendly
plants, researchers should develop and implement plans that
include planting of a series of plants that bloom in sequence.
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In outcrossing crops like alfalfa, various bee species can contribute to pollination and gene flow in seed production fields. With the
increasing use of transgenic crops, it becomes important to determine the role of these distinct pollinators on alfalfa pollination
and gene flow. The current study examines the relative contribution of honeybees, three bumble bee species, and three solitary
bee species to pollination and gene flow in alfalfa. Two wild solitary bee species and one wild bumble bee species were best at
tripping flowers, while the two managed pollinators commonly used in alfalfa seed production, honeybees and leaf cutting bees,
had the lowest tripping rate. Honeybees had the greatest potential for gene flow and risk of transgene escape relative to the other
pollinators. For honeybees, gene flow and risk of transgene escape were not affected by plant density although for the three bumble
bee species gene flow and risk of transgene escape were the greatest in high-density fields.

1. Introduction

Different pollinators are expected to vary with respect
to their relative role in the pollination of specific crops.
Although managed pollinators are used for the pollination of
large seed production fields of outcross bee-pollinated crops
such as alfalfa, a number of wild pollinators also visit the
flowers and participate in pollination [1–4]. Different insect
pollinators have been shown to vary in how effectively they
deposit and remove pollen from individual flowers [5, 6]. For
example, the tripping rate varies between bee species visiting
alfalfa racemes [1, 7, 8] and distinct species deposit different
quantities of pollen on cranberry flowers during a single visit
to a flower [2]. Such differences in tripping rates and pollen
deposition can be influenced by whether a pollinator forages
for pollen or for nectar [9] and has been shown to influence
fruit and seed set [2, 7].

Pollinator type and landscape features can affect gene
flow. Besides influencing pollination, distinct insect pollina-
tors can also differentially affect gene flow or how genes are
moved around the landscape [10]. In the Rocky Mountain

columbine, pollen carried by bumble bees was more likely to
sire seeds when it moved shorter distances but this was not
the case for pollen carried by hawkmoths [10]. In addition
to pollinator type, different features of the landscape can
affect gene flow. For example, increasing plant density has
been shown to reduce gene flow as pollinators respond to
locally abundant floral resources and shorten their flight
distances [11–13]. The pollen load carried by a pollinator
between pollen donors and recipients is expected to turn
over more rapidly as a pollinator visits a greater number of
plants per unit distance traveled. This in turn reduces gene
flow. In alfalfa, gene flow has been shown to be less in larger
commercial fields relative to smaller experimental fields
[14]. However, we know little about whether distinct insect
pollinators react differentially to these various landscape
attributes and whether these different responses affect pollen
dispersal.

As commercial use of transgenic crops increases, it
becomes important to determine the impact of distinct insect
pollinators on gene flow, especially in outcrossing crops like
alfalfa where various wild insect pollinators can contribute
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to the pollination and movement of alfalfa pollen [1, 4, 15].
Cresswell et al. [16] have developed a model to predict
gene flow between transgenic and conventional fields in
agriculture. Their model predicts that the number of flowers
that a bee visits in a patch during one foraging bout, that is,
the mean residence, estimates the extent to which transgenic
pollen is diluted by conventional pollen [16]. In fact, the
relative amount of transgenic pollen on the conventional
field’s flowers is inversely proportional to the total amount
of pollen delivered by each bee during a bout of foraging in
the conventional field [17]. Therefore the more flowers that
a given pollinator visits per foraging bout, the smaller the
relative amount of transgenic pollen and proportion of fruits
set from transgenic pollen by that pollinator [17].

In the current study, we examine the impact of pollinator
species and plant density on pollination and potential for
gene flow in alfalfa, Medicago sativa. We compare the
behavior of honeybees, three species of bumble bees, and
three species of solitary bees visiting alfalfa flowers in
patches planted at two different densities. As a measure of
pollination, we compare the number of flowers visited per
raceme, the number of flowers tripped per raceme, and
the percentage of open flowers visited and tripped by the
different pollinator types in patches planted at two densities.
As a measure of the potential for gene flow, we compare
the mean residence for each pollinator at the two planting
densities. This study examines the relative contribution of
distinct bee species to pollination and gene flow in alfalfa
and determines whether and how distinct bee species are
affected by plant density, a feature of the landscape known
to influence gene flow.

2. Materials and Methods

2.1. Study Species. Medicago sativa (Fabaceae) is a perennial
herb cultivated throughout the world mainly as a forage crop.
In the United States, seed production occurs in California
using honeybees (Apis mellifera) as managed pollinators and
in the Pacific Northwest using mainly alfalfa leafcutting bees
(Megachile rotundata). An alfalfa plant produces racemes
of small perfect flowers typically ranging in color from
pale to dark purple. The flowers require bee visitation for
pollination. When a bee opens the keel petals, the enclosed
stamen and pistil snap forward, forcefully striking the bee.
Honeybees foraging for nectar soon learn to avoid this
mechanism by approaching the flower from the side and
inserting their proboscides through the petals near the base
of the flower to reach the nectar (nectar thieves).

2.2. Experimental Setup and Data Collection. This study was
conducted at West Madison Agricultural Research Station
in Madison, WI, USA. In the spring of 2008, eight patches
of 121 alfalfa plants were planted with four replicates at
each of two densities: one plant every 0.3 m (3 m × 3 m
plot), and one plant every 0.9 m (9 m × 9 m plot). Patches
were laid out linearly with 3 m between patches, alternating
between high and low density patches for a total of 968 alfalfa
plants in the experiment. These densities represent 1/2 and 2

times the density typically used for commercial alfalfa seed
production.

In mid-June 2009, a hive of bumblebees (Bombus impa-
tiens) and a hive of honeybees (Apis mellifera) were set up
near the alfalfa plots. Five nesting blocks for alfalfa leafcutting
bees (Megachile rotundata) were placed throughout the
field, and alfalfa leafcutting bees were released periodically
throughout the study period. When many alfalfa plants were
in bloom, from late June to late July, one to three observers
examined the behavior of the diverse bee species visiting
alfalfa flowers. The observers noted plant density in the patch
and recorded the insect species at a raceme, the number
of open flowers visited and the number of flowers tripped
at a raceme and counted the total number of open flowers
on the raceme. A two-way analysis of variance with bee
species and plant density as main factors and their two-
way interaction (proc GLM, SAS, version 9.2) helped to
determine the impact of bee species and plant density on
the number of flowers visited per raceme, the number of
flowers tripped per raceme, the proportion of open flowers
visited per raceme, and the proportion of visited flowers
that were tripped. Differences within a main factor were
examined using Duncan’s multiple range tests. Proportions
were arcsine transformed prior to analyses to stabilize
the variance. Graphs were drawn from the untransformed
values.

To examine the potential impact of bumble bees and
honeybees on gene flow, the border of a patch was observed:
when a bumble bee or honeybee bee was spotted entering
the patch, the bee was followed until it left the patch and the
number of flowers it visited in the patch was tallied. Solitary
bees proved too difficult to follow through the patch and
therefore data on the number of flowers visited per patch
could not be gathered for these bee species. The number
of flowers visited per patch was recorded for the various
bee species in the different patches and the impact of bee
species and plant density on the number of flowers visited
per patch during a foraging bout was examined using a two-
way analysis of variance with bee species and plant density as
main factors and their two- way interaction (proc GLM, SAS,
version 9.2).

3. Results

3.1. Insect Visitors. Besides B. impatiens, A. mellifera, and
M. rotundata, we commonly observed two species of wild
bumble bees, B. griseocollis and B. auricomus, and two species
of wild solitary bees, Halictus rubicundus and Andrena asteris
visiting alfalfa flowers.

3.2. Effects of Bee Species and Plant Density on Pollination.
The number of flowers visited per raceme, the proportion
of open flowers visited on a raceme, the number of flowers
tripped on a raceme, and the proportion of visited flowers
that were tripped (tripping rate), were each affected by bee
species (P < .05) but not by plant density (Table 1). Thus,
bee species but not plant density affected the potential for
pollination. However, the relative ranking of the different
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Table 1: Analysis of variance with pollinator species and plant density on (a) the number of flowers visited per raceme; (b) the number of
flowers tripped per raceme; (c) the proportion of open flowers that were visited per raceme; (d) the proportion of visited flowers that were
tripped per raceme.

(a) Number of flowers visited per raceme

Source d.f. Sum-of-squares MS F-ratio P

Bee species 6 229.20 38.20 9.77 <.0001

Plant density 1 9.89 9.89 2.53 .11

Bee∗ Density 6 17.10 2.85 0.73 .63

(b) Number of flowers tripped per raceme

Source d.f. Sum-of-squares MS F-ratio P

Bee species 6 170.47 28.41 13.01 <.0001

Plant density 1 4.99 4.99 2.29 .13

Bee∗ Density 6 17.40 2.9 1.33 .24

(c) Proportion of open flowers that were visited

Source d.f. Sum-of-squares MS F-ratio P

Bee species 6 3.10 0.52 3.86 .0009

Plant density 1 0.0007 0.0007 0.01 .94

Bee∗ Density 6 0.84 0.14 1.05 .39

(d) Proportion of visited flowers that were tripped

Source d.f. Sum-of-squares MS F-ratio P

Bee species 6 49.94 8.32 24.27 <.0001

Plant density 1 0.14 0.14 0.42 .52

Bee∗ Density 6 3.28 0.55 1.59 .15

Table 2: The relative rank of Bee species with respect to the number of flowers visited per raceme; the number of flowers tripped per raceme;
the proportion of open flowers that were visited per raceme and the proportion of visited flowers that were tripped per raceme.

Bee species No. of flowers visited No. of flowers tripped % open flowers visited % visited flowers tripped

B. griseocollis 1 5 2 7

B. auricomus 2 1 1 3

B. impatiens 3 4 4 4

A. asteris 4 2 7 1

H. rubicundus 5 3 5 2

A. mellifera 6 7 6 6

M. rotundata 7 6 3 5

bee species depended on the specific variable under con-
sideration (Table 2). For example, the three bumble bee
species visited the most flowers per raceme and visited
significantly (P < .05) more flowers relative to the solitary
bees and the honeybees (Figure 1(a)). On the other hand,
the proportion of flowers visited per raceme was not as
distinct between bee species (Figure 1(b)); most bee species
visited fewer than half of the open flowers on a raceme on
average (33–49%) and B. auricomus visited 58% of the open
flowers (Figure 1(b)). One of the wild bumble bee species, B.
auricomus, and the two wild solitary bee species, A. asteris
and H. rubicundus, tripped significantly more flowers than
the other bee species (Figure 1(c)). Interestingly, the wild
solitary bee species tripped on average over 80% of the
flowers visited while the leaf cutting bees and honeybees only
tripped 25% or fewer of the flowers visited per raceme in
this study (Figure 1(d)). The number of flowers tripped per
raceme depended on both the number of flowers visited per

raceme and the proportion of these visited flowers that were
tripped by the pollinators. Although they did not visit quite
as many flowers per raceme as some of the other bee species,
the tripping rate of the two wild solitary bee species was the
highest and therefore together with B. auricomus, these two
bee species tripped more flowers per raceme relative to the
remaining pollinators.

3.3. Effects of Bee Species and Plant Density on Potential for
Gene Flow. Bee species, plant density, and their interaction
all significantly affected the number of flowers visited per
patch during one foraging bout (Table 3). All three species
of bumble bees visited more flowers in low relative to high
density patches, while honeybees were not influenced by
plant density (Figure 2). Bumble bees visited more flowers
per patch relative to honeybees and B. impatiens visited
fewer flowers per patch relative to the other two bumble bee
species, especially in low density patches (Figure 2).
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Figure 1: The impact of bee species on (a) the number of flowers visited per raceme; (b) the number of flowers tripped per raceme; (c) the
proportion of open flowers that were visited per raceme; (d) the proportion of visited flowers that were tripped per raceme. The numbers
inside each column represent the sample sizes while different letters indicate a statistically significant difference between bee species as
determined by the Duncan’s multiple range test.

Table 3: Analysis of variance with pollinator species and plant density on the number of flowers visited per patch during one foraging bout
by bumble bees and honeybees.

Source d.f. Sum-of-squares MS F-ratio P

Bee species 3 258071.2 86023.7 3.92 .009

Plant density 1 321828.9 321828.9 14.68 .0002

Bee∗ Density 3 197478.8 65826.3 3.00 .0307

4. Discussion

4.1. Effects of Bee Species on Pollination. The distinct bee
species differentially affected pollination. The two wild
solitary bees, A. asteris and H. rubicundus, had the highest
tripping rate followed by one wild bumble bee species, B.
auricomus. Together these three bee species tripped the most
flowers per raceme. The leaf cutting bees, honeybees, and
one of the wild bumble bee species, B. griseocollis, had the
lowest tripping rate and tripped the lowest number of flowers
per raceme. Variation in tripping rate between bee species

visiting alfalfa flowers has been reported previously [1, 7, 8].
In caged enclosures or in the greenhouse, female leaf cutting
bees and alkali bees, Nomia melanderi, have tripped close
to 80% of the visited flowers [7, 8]. Lower tripping rates
(51%) have been associated with male leaf cutting bees
[7]. However, under field conditions, the tripping rate of
leaf cutting bees can vary over the growing season [18].
In Oregon, tripping rates of 10% were detected during the
first three weeks of alfalfa blooming and this rate increased
sharply to over 80% later in the season, presumably as
females became fully established (nesting females) in the
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Figure 2: The impact of bee species and plant density on the
number of flowers visited per patch during one foraging bout.

field [18]. In the current experiment, leaf cutting bees
were released in the field throughout the alfalfa flowering
period. The presence of males in the samples and the cooler
temperatures in Madison in summer 2009 may help explain
the low tripping rates observed for leaf cutting bees in this
study because higher temperatures are known to ease the
tripping of flowers by bees [1, 7, 10, 19]. Tripping rates
of honeybees have been well studied and tend to be low
(reported between 2 and 22%) unless temperatures are very
high [1, 7]. The low tripping rate of honeybees results from
the fact that honeybees quickly learn to work a flower from
the side in order to avoid the tripping mechanism [20].
In this study, two of the pollinators that are used on a
commercial scale to pollinate alfalfa flowers, honeybees and
leaf cutting bees, had some of the lowest tripping rates and
number of flowers tripped per visit to a raceme.

The differences in tripping rates and number of flowers
tripped per raceme between the three bumble bee species
were not related to tongue length where longer tongues
would allow the species to collect nectar without tripping
the flowers [1]. The species B. griseocollis and B. impatiens
have similar tongue lengths [21] and shorter tongues relative
to B. auricomus. All three species were observed collecting
nectar and had pollen sacs which suggest that both nectar
and pollen were being collected from alfalfa flowers. The
efficiency of wild solitary bees at tripping alfalfa flowers
has been reported in other studies (summarized in [1]).
Although we only examined tripping rates and did not
collect corresponding data on subsequent fruit and seed
set, Cane [7] has shown that tripping rate was a reliable
relative measure of pollination when comparing different bee
species. In his study, Cane [7] demonstrated that bee species
and sexes did not differ in the proportions of tripped flowers
that set pods and that on average 45–54% of pollinated
flowers set fruits in alfalfa.

Tripping rate is only one of the variables affecting the
efficiency of bee species as pollinators of alfalfa flowers.
The number of flowers tripped per visit to a raceme is also
important and depends on the number of flowers visited
per raceme, a variable that has been shown to vary between
bee species in the current study. However, increasing the
number of flowers visited per raceme may also increase the

level of geitonogamous selfing (selfing among flowers on a
plant) [22, 23]. Because inbreeding depression is significant
in alfalfa (selfed progenies have decreased vigor and seed
productivity [1]), a bee species that visits a large number of
flowers per plant could negatively impact yield. In addition,
visited flowers that have not been tripped but whose nectar
has been depleted may lower subsequent visitation rate
and pollination success while also increasing the cost of
pollination in term of nectar production to the flowers.
Nectar robbing has been shown to decrease fruit and seed
set of plants in some plant species [24, 25] although the
impact on plant reproductive success is not always negative
[26]. It would be interesting in future studies to determine
how the proportion of nectar thieves in a field (pollinators
that collect nectar but do not trip the flowers) affects nectar
production, visitation rates to alfalfa flowers, and fruit and
seed set (yield).

In the current study, we measured the impact of a
pollinator visit to a raceme. Ultimately, the abundance and
visitation rate of the different bee species together with the
number of flowers each pollinator trips per visit to a raceme
determine their impact on pollination of alfalfa flowers [17].
A more abundant pollinator that trips fewer flowers per
raceme per visit may have the same impact on pollination
as a less abundant pollinator that trips a greater number of
flowers per visit to a raceme. Similarly, a pollinator that is
abundant in the area but has lower visitation rate to alfalfa
flowers may have a similar impact on alfalfa pollination as a
less abundant pollinator that has a high frequency of visits
to alfalfa flowers. Finally, pollinator species may interfere
with one another, as would be the case if a pollinator species
with a low tripping rate of flowers depleted nectar from
flowers and affected future visitations by pollinators with
high tripping rates. Although this study was not designed to
measure relative visitation rates or pollinator abundance, our
sample sizes for visits to inflorescences and for number of
flowers visited per patch indicate common visits by wild bee
species to alfalfa flowers.

This study, together with previous work on alfalfa [1, 4],
highlights the efficiency of wild pollinators for pollination of
alfalfa flowers. In fact, wild bees were utilized as pollinators
for leguminous crops in vast areas of the U.S. about 100
years ago [4]. However, increases in field sizes and use
of insecticides and decreases in natural habitats around
agricultural fields have reduced the use of wild pollinators in
alfalfa and other leguminous crop pollination [4]. Current
problems in maintaining sufficiently large populations of
leaf cutting bees in the fields, combined with the fact that
we rely on Canadian sources of bees with few alternative
sources of leaf cutting bees in the event of catastrophes
[20], strongly emphasize the need for the development
of management practices that encourage and facilitate the
establishment of wild bumble bees and solitary bees around
alfalfa seed production fields. Although the goal should not
be to rely entirely on wild pollinators for pollination of large
alfalfa production areas, the presence of wild pollinators
would decrease the risks associated with strictly relying on
leaf cutting bees and could reduce the high price currently
associated with alfalfa pollination.
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4.2. Effects of Bee Species and Plant Density on Potential
for Gene Flow. In alfalfa, plant density affected gene flow
by insect pollinators but not all pollinators had the same
response to a change in plant density. Although all bumble
bee species visited more flowers per foraging bout in low
relative to high density patches, honeybees were not affected
by plant density and visited the same number of flowers in
high and low density patches. Honeybees visited few flowers
per patch irrespective of plant density. If the relative amount
of transgenic pollen in the conventional field’s flowers is
inversely proportional to the total amount of pollen delivered
by each bee during a bout of foraging in the conventional
field as suggested by Cresswell [17], then the lower mean
residence of the honeybees would suggest a higher relative
transfer of transgenic pollen by honeybees relative to the
other pollinators. The results obtained in this study imply
that the higher transfer of transgenic pollen by honeybees
would not be affected by plant density. These data suggest
that honeybees may represent a greater risk of transgene
escape relative to the bumble bee pollinators observed in this
study. However, greater sample sizes for honeybees would be
useful to confirm the trends reported here.

The lower mean residence observed at high relative to low
density for all bumble bee species suggests a greater risk of
transgene escape at high relative to low density for bumble
bees. This pattern runs opposite to what had been observed
in a previous study where increasing density decreased gene
flow [11]. In this previous study, increasing plant density
shortened flight distances between plants [12]. High density
situations often do shorten intermate distances which tend
to reduce dispersal distance [13, 27, 28] because it induces
higher pollen turnover within shorter distances. However,
in our system, all three species of bumble bees consistently
visited more flowers per foraging bout in low density patches.
In the high density treatment, plants were intertwined which
would tend to limit the growth of each individual plant.
Increasing plant density may lower gene flow up to a point
but then increase it when plant growth becomes limited.
This situation commonly occurs in agricultural field settings
and therefore deserves further investigation. Future work is
needed to clarify the impact of density on gene flow by
insect pollinators. The fact remains, however, that except
for honeybees, plant density influenced gene flow by insect
pollinators in this study.

Our findings support previous studies by demonstrating
differences in pollination efficiency of alfalfa flowers by
distinct bee species. Our results also highlight the efficiency
of many wild bee species as pollinators of alfalfa. Therefore,
encouraging the establishment of wild bee species around
commercial fields of alfalfa seed production fields could
reduce the risks and the costs associated with our reliance
on a single managed pollinator like the leaf cutting bee.
However, with the potential increase in commercial produc-
tion of transgenic alfalfa, it is also important to determine
the potential impact of these distinct pollinators on gene
flow. Here we demonstrate that distinct pollinators can have
different potential impact on gene flow and risk of transgene
escape and that not all pollinators respond similarly to
changes in plant density, a feature of the landscape known to

influence gene flow. The impact of pollinator species on gene
flow and risk of transgene escape will ultimately depend not
only on the number of flowers visited per foraging bout in a
patch but also on the absolute and relative abundance of the
different pollinator species in the alfalfa field. We have a lot
more to learn about the potential impact of wild pollinators
on pollination, gene flow, and risk of transgene escape in
outcross insect-pollinated crops but this study represents a
first step in that direction.
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Diurnal activities of Halictus scabiosae bees and their nest parasites (major bee-flies, cuckoo wasps, ichneumon wasps, Sphecodes
bees, and velvet ants) were investigated at a study site with 159 nests in Eastern Austria. Foraging activity correlated with ambient
temperature only before midday and decreased in the afternoon. The activity of nest-infesting parasites increased during the day
and correlated with ambient temperature. The match factor fm between the ratios of the foraging activities of H. scabiosae and
the ratios of aspects of morning temperature was assessed on three consecutive days with different weather. The activity patterns
of halictine bees and their nest parasites differed: the parasites exhibited only small time windows in which their activities were
synchronised with those of their hosts. The bees exhibited an anticyclic behaviour and collected food in times of low parasite
pressure and decreased foraging activity when parasite pressure increased.

1. Introduction

The way in which animals may alter their foraging behaviour
under predator or parasite threat is a large and well-
researched area of behavioural ecology [1, 2]. The interde-
pendence of activity patterns between predators and their
prey, as well as between parasites and their hosts, is affected
by a diversity of factors. It has been observed for mammals
and birds [3] in particular, that foragers cease feeding when
the benefit of harvesting no longer outweighs the cost of
foraging. Marginal costs of foraging include the risk of
predation, also while the animals are carrying food items
to their protective cover [4], and they also include the
infestation of potential hosts by nest parasites. This paper
reports on the principles of trade-off between foraging and
the risk of infestation by parasites, using Halictus scabiosae
bees, which need to juggle between keeping their nest
entrances open to facilitate foraging traffic and closing the
entrances in order to reduce parasite impact.

Halictus is a large genus of Halictidae, which is divided
into 15 subgenera with well over 300 species, primarily in
the Northern Hemisphere. Many species in the genus are

eusocial [5–7], with colony sizes ranging from very small (2–
4 bees) to large (>200), showing division of labor and castes,
and guards for defense. Nests are typically underground
burrows [8], with several ovoid cells in which a mix of pollen
and nectar is stored as food for the developing larvae. The
cells may be arranged in clusters resembling a honeycomb,
but constructed of soil rather than beeswax. The nests have a
main entrance. The duct widens below the entrance, allowing
the bypassing of a forager aside a guard bee, and reaches 20
to 30 cm into the soil. It is ramified by lateral ducts, cells,
and emergency outlets. Due to the long flight season from the
end of April until October [9, 10], halictine bees have evolved
as a polylectic species. In the summer, they develop smaller
sterile summer females with a low rate of production of
males [8]. Queen females copulate in autumn and hibernate
in polygyne associations [9]. Two to five summer bees stay
in the maternal nest and provide food for the brood [10].
Females hibernate in the maternal nests and reuse them to
rear the next generation. After the hibernation period the
polygyne society turns into semisocial, and the egg-laying
female, the queen, is engaged as a guard bee [10]. Later on,
the queen chases off the other females [9] and lives with her
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(a) (b)

Figure 1: Halictus scabiosae. (a) Homing forager bee with pollen on its coxae and femurs reopening the nest entrance hole that had been
previously closed by the queen. (b) Guard bee at the nest entrance.

filial generation turning the society to primitive eusocial. The
females that have been chased away by the queen may found
their own nests in the vicinity of their original home nest
by usurping nests of other bees such as Lasioglossum nigripes
[11, 12]. In this way, Halictus scabiosae societies are regularly
observed in nest aggregations.

In halictine bees activity patterns of nectar and pollen
foraging are determined by a set of major factors [13–
15]. Microclimatic conditions primarily affect the life of
the bees regarding flying ability, mating behavior, and the
development and survival of larvae [16]. Ground-nesting
insects, like many wasps, bees, and ants, likely depend more
on soil temperature than on air temperature with regard to
nest-site selection, daily activity patterns, foraging success,
and sex allocation [16, 17]. This is also true for the social
ground-nesting halictine bees with an annual life cycle.
Soil temperature controls the duration of the development
of helpers and the rate of provisioning [18], affecting the
number of broods that can be produced during the limited
flight season, and therefore also the colony size and the level
of social complexity [17]. Furthermore, the amount of time
a bee forages per day is associated with the amount of pollen
she can gather. More specifically, the daily rate of foraging
trips is correlated with the minimum temperature over
daytime [19], with the shortage of food for their offspring
[15], and with the quality and quantity of floral rewards
available [13, 14].

Finally, foraging bees have to cope with insect predators
and parasitoids. In general, the level of compatibility of a
particular host-parasite combination depends not only on
unsuitability but also on active resistance by the host against
the parasite which implies a cost for the host [20, 21]. There
are at least three main strategies that bees have evolved
against nest parasites. (a) Many halictine species keep the
nest entrances open during the foraging period during the
day but seal them with soil daily after foraging activity ceases
[10]. Pleometrotic species such as Halictus scabiosae with
more intense flight traffic keep their entrances open for
longer than haplometrotic species. In addition, social species
close their nests after the provision of the larvae has been

terminated. In this case the entrances are not reopened again
until the new generation hatches. (b) Sociality facilitates for-
aging activities while the nest remains guarded. This aspect is
considered an important factor in the establishment of social
behaviour [22], in particular in the evolution of larger social
units among the halictine bees. On the other hand, there are
arguments which make it unlikely that the protection against
predators or parasites bestows any significant advantage to
pleometrotic nests [23–25] (c) Halictus scabiosae societies are
regularly observed in nest aggregations which may improve
mating efficiency and nesting success. On one hand, a higher
nest density may provide a visual stimulus for further nesting
in a given locality by social facilitation [17, 26] but also
allows females to enter foreign nests, along with their general
tendency to guard nest entrances. On the other hand, a
nest aggregation considerably increases parasite and predator
pressures because aggregated hosts can be found more easily
[22].

The paper reports on activities recorded for a batch of 28
nests of an aggregation of 159 Halictus scabiosae nests that
have been monitored continuously over three days during
daytime. We first measured the foraging activity and nest-
sealing behaviour of the Halictus scabiosae nest members,
and second, we assessed the activity of parasites, which
tried to infest the bee nests under observation. We gathered
evidence for the hypothesis that the foraging activity of
the worker bees in Halictus scabiosae is anticyclic to the
diurnal activity of nest parasites. A positive proof of this
hypothesis would suggest that halictine bees minimize the
parasite impact on their nests by decreasing their foraging
activities when parasite pressure is high.

2. Material and Methods

2.1. Species and Study Site. We observed an aggregation of
nests of Halictus scabiosae (Figure 1) distributed along the
edge of a forest in an area of 5 × 24 m (120 m2) in Krobotek
(46◦58’N, 16◦11’E) in southern Burgenland, Austria, at an
altitude of 300 m sea level (Figure 2). The nesting area was
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Figure 2: Study site. A strip of 5 × 24 m (orange bar in the middle
image and orange arrows) near the edge of a forest in Krobotek
(46◦58’N, 16◦11’E) in southern Burgenland (Austria) at an altitude
of 300 m sea level was selected as the study site. An aggregation
of 159 nests of Halictus scabiosae was found in a meadow with
thermophilic vegetation on sandy-loamy soil. Yellow scale bars
represent 100 m in length. The orange area and the arrows mark
the study patch. The bottom image shows the four camcorders on
tripods filming the activities at four selected batches as defined in
Figure 3.

located on a slope that was slightly inclined to the south, with
thermophilic vegetation on sandy-loamy soil. We counted
159 entrance holes of 4 to 6 mm diameter and 36 slightly
bigger (7 to 10 mm) holes (Figure 3). All holes were active
and used by outgoing and incoming bees, by guard bees or
other bees that closed or reopened the holes, but no traffic
was observed at or around the 36 bigger holes. The fact that
the holes remained still open let us assume that they belonged
to the nests in close vicinity. Possibly, these were “emergency
outlets” which are known from Halictus nests [8].

2.2. Videotaping and Recording of Meteorological Data. The
strip selected for observation was situated along the edge of
a forest as documented in Figure 2. Here, four cameras on
tripods were positioned to trace four sample batches with a
total of 28 nests: (a) 22 × 22 cm with four nests; (b) 28 ×
31 cm with eight nests; (c) 36 × 32 cm with twelve nests; (d)

A

D

C

B

A

B

C

D

Figure 3: Mapping of the nests of Halictus scabiosae at the study
site. Left: strip of 5 × 24 m (see Figure 2) with the four batches of
nests (A–D, marked by yellow areas) where the activities of Halictus
scabiosae and their parasites were videotaped. The grid indicates
2 m×2 m. Right: batches of active nests; the insets show the batches
on a smaller scale with the nest entrances shown as black full circles.

28 × 22 cm with four nests. The entrances of these sample
nests were videotaped on 3 days in July 2008 during daytime
(between 08:30 and 15:00 h). Recording was only interrupted
for few minutes when it was necessary to replace the used
tape by a new one. The pauses were logged and considered in
the assessment of the rate of nest activities.

Ambient temperature, irradiance, and relative humidity
were recorded every 10 seconds using a HOBO data logger.

2.3. Assessment of Nest Activities. Typically, foraging bees flew
off the nest within seconds. Guard bees only appeared with
their heads at the nest entrance and stayed there. When
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foragers came back and tried to enter the holes, the guards
retreated and let the incoming forager pass [27]; afterwards
the guards immediately reappeared at the entrance hole. The
frequency of outgoing (Aout) and incoming (Ain) activities
was assessed from the videos. The kind of activity, its time,
and the nest concerned were recorded.

2.4. Assessment of the Impact of Parasites on the Nests of
Halictus scabiosae. The presence of five groups of nest
parasites was observed: the major bee-fly (Bombylius major,
Asilimorpha, Bombyliidae), the cuckoo or gold wasps
(subfamily Chrysidinae, family Chrysididae), ichneumon
wasps, members of the genus Sphecodes, and velvet ants
(Mutillidae). Each parasite that patrolled around the nests
was logged and identified from the video tapes. The five nest
parasites were grouped for statistical analysis. However, there
were typically two categories of parasite impact (Ip). First,
if parasites scanned unspecifically around the nests, equal
impact values were assigned to all active nests in each batch.
For example, if there were four nests, each of the nests was
assigned an impact value of 0.25 for a single observation of
a scanning parasite. Second, when a parasite visited the nest
area specifically at the nest entrance, a parasite impact value
of 1.0 was assigned to the visited nest.

2.5. Basic Statistics. Means and mean errors of all data
were calculated. The data of nest activities (Aout, Ain, Ip)
were normalized per nest and per observation period of 30
minutes. For that, nest entrances were selected on the first
day of experimentation, which were active with regard to
outflying and incoming frequency and guarding. Inactive
nest holes were not considered in the normalizing of the
rates of bee activities or parasite impact. For description
of diurnal activity patterns and for comparison of the
rates of nest parasites and bee activities the means of the
normalized data were used to calculate the corresponding
regression polynomials which were tested for significance
using Sigmaplot.

2.6. Calculation of the Probability of the Match between
Nest Activities and the Aspects of Morning Temperature.
The question was investigated of whether and how the
temperature conditions in the morning affect the activities
of bees and their parasites later in the day. The morning
temperature conditions could first, trigger the decision of the
bee to start foraging and second, it may influence the rate
of foraging throughout daytime. Similarly, the nest parasite
could be influenced in its starting time to infest the nests of
the hosts and in the infestation rates throughout daytime. In
our model, we take into account that bees and parasites have
to sense the following critical morning temperature aspects
prior to their first bout. These include the temperature inside
the nest (Tn), the ambient air temperature (Ta) outside the
nest, the difference between both aspects (ΔTa−n), and lastly,
the change in ambient temperature within a given initial time
interval [t0, t1].

For calculating these morning aspects of temperature we
considered the time interval between t0 = 8:50 to t1 = 9:50 h

in the three experimental days (d1, d2, d3). The mean change
in ambient temperature in this initial hour of experiment
(ΔTa) was calculated by averaging the changes in steps of
10 seconds. The initial temperature inside the nest Tn was
mathematically assumed with a virtual range between 12◦

and 19◦C. This allowed us to calculate a usable measure
of the morning aspect of temperature according to the
equations ΔTm[di] = (Ta − Tn) + ΔTa and rΔTm[di] =
ΔTm[di]/ΣΔTm[d1+2+3] ∗ 100 (for i = 1 to 3 experimental
days). This relative value includes all crucial temperature
aspects which could be important for the bee or the parasite
to decide to start the first bout in the morning and is a
useful measure for the correlation of behavioral traits of
bees and parasites on sequential days under varying weather
conditions, provided that similar mathematical procedures
are applied. The outflyer rate Aout of the bees was taken
as an estimate for the aspect of foraging activity Aout, and
the impact rate of parasites Ip for the aspect of infestation.
Both measures were normalized per nest and per 30 minutes
observation time and related to the sum of the respective
time interval of the three experimental days according to

rAout[k, di] = Aout[k, di]/ΣAout[d1+2+3]∗ 100,

rIp[k, di] = Ip[k, di]/ΣIp[k, d1+2+3]∗ 100
(1)

for each time interval k of observation of the day di (for i = 1
to 3).

We then compared the ratios of the relative aspects of
morning temperature rΔTm[d1] : rΔTm[d2] : rΔTm[d3] with
the ratios of the relative aspects of foraging activity of the
bees rAout[k, d1] : rAout[k, d2] : rAout[k, d3], and that of the
infesting activity of their parasites rIp[k, d1] : rIp[k, d2] :
rIp[k, d3] regarding the time intervals of observation on
the three experimental days. The chi-square test and the F-
test were used to estimate the probability with which the
daytime-dependent relations of the behavioural activities
of each host and parasites match the morning aspect of
temperature. In this paper, this probability of matching Pm
is taken as the crucial measure to estimate whether and
how behavioural activities remain linked to the morning
aspect of temperature throughout daytime. Pm values of >.05
signify that the ratios of foraging activities of the bees and
the infesting activities of the parasites match the morning
aspect of temperature, whereas Pm values smaller than .05
document a contrast between the ratios of behaviors and the
morning aspect of temperature.

3. Results

3.1. Diurnal Activity Patterns of Foraging. We recorded the
activities of four batches of H. scabiosae nests at the study site
over three days and assessed the number of bees departing
(Fout) or homing (Fin). Although the weather conditions
differed considerably from day to day, the activity patterns
were uniform insofar as they peaked between 10 and 12
am and declined in the early afternoon, mostly before the
daily ambient temperatures reached their maximum values
(Figure 4(b)). Day 1 was representative for this tendency; the
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Figure 4: Activities observed at 28 nests (four batches) of Halictus scabiosae nests over three days (1–3). (a) Irradiance in lux and (b) ambient
temperature in ◦C measured in the shade. (c) Out-flying and (d) incoming activity pooled over all 28 nests; data were normalized per nest
and 30 minutes of observation time; red curves show the regression functions, which allow to extrapolate the flight rates before the start of
the observation sessions (which are coded by the grey background; am, bright grey; pm, dark grey); (e) sealing activity at the study site, given
by the number of sealed nests in steps of 30 minutes; (f) the impact of nest parasites (for measurement, see Methods) on the experimental
nests of H . scabiosae, given by the number of parasites per nest and 30 minutes of observation time. The regression curves (red) refer to all
means coded in black columns which are used for further analysis (for equations of the regression functions see Tables 1 and 2 and text).

foraging activities reached the maximum level of 2 individu-
als per nest and 30 minutes observation time (Figures 4(c1)
and 4(d1)). The activity patterns on all experimental days are
displayed in Figures 4(c) and 4(d) and their regressions are
defined in Table 1 (line 1–6).

The daily activities of the bees reflect, to some extent,
the weather situation. For instance, the morning temperature
prior to experimentation triggered the emergence of the bees
for their first bouts. Correspondingly, the lower temperatures
in the morning of the second day (Figure 4(b2)) triggered
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Table 1: Regression functions of foraging activities of Halictus scabiosae. Fout and Fin: outgoing and incoming foraging activity (per nest and
per 30 minutes observation session); F = (Fout + Fin)/2; t: daytime in hours; Tamb, ambient temperature in ◦C; a–d: regression coefficients, r:
correlation coefficient. ∗Additional virtual values (marked with +) were introduced for the calculation of the regression function.

Line
Halictus scabiosae

Regression Day a b c d r n P
reference

1 Figure 4(c1) Fout = a∗ t2 + b∗ t + c 1 −0.145 3.230 −16.517 0.844 12 .004

2 Figure 4(d1) Fin = a∗ t2 + b ∗ t + c 1 −0.159 3.576 −18.486 0.901 12+2 <.001

3 Figure 4(c2) Fout = a∗ t2 + b∗ t + c 2 −0.110 2.531 −13.601 0.742 13 .033

4 Figure 4(d2) Fin = a∗ t2 + b ∗ t + c 2 −0.108 2.556 −14.339 0.742 13 .033

5 Figure 4(c3) Fout = a∗ t2 + b∗ t + c 3 0.053 −1.809 20.100 −71.450 0.761 12 + 3∗ .014

6 Figure 4(d3) Fin = a∗ t2 + b ∗ t + c 3 0.058 −1.965 21.777 −77.358 0.669 13 + 2∗ .048

7 Figure 5(a) F = a · t3 + b t2 + c · t + d 1–3 0.0022 −0.077 0.704 −0.743 0.940 15 <.001

8 Fout = a∗ Tamb + b 1 0.020 0.592 0.087 11 .800

9 Fout = a∗Tamb + b 2 0.005 0.488 0.045 11 .893

10 Fout = a∗ Tamb + b 3 −0.079 2.914 0.363 11 + 2∗ .223

11 all day Fout = a∗ Tamb + b 1–3 0.024 0.1089 0.139 39 .396

12 pre-noon Fout = a∗ Tamb + b 1–3 0.107 −1.4523 0.615 15 .015

13 Tamb = a · t + b 1–3 1.239 12.392 0.680 39 <.001

14 Fin = a∗ Fout + b 1–3 0.152 0.878 0.826 988 <.001

foraging flights later and at a lower rate (Figures 4(c2) and
4(d2)). On the third day, the moderately warm temperature
caused earlier foraging activity which reached levels higher
than that on the previous day, in spite of lower irradiance
due to overcast sky (Figure 4(a3)). This higher foraging level
on the third day was probably caused by a shortage in food
provisioning for the larvae due to the lower temperatures on
the day before.

The rates of outgoing (Fout) and incoming bees (Fin)
correlated significantly (r = 0.826, P < .001; Table 1:
line 14), and there was no time lag between the patterns
of outgoing and incoming rates. This indicates that the
departing individuals were identical with the homing bees,
and that the foraging flights were on average shorter than 30
minutes.

In Figure 5(a) the activities of all 28 nests at the study site
were pooled for a more integrative view. The regression of
the mean values of this distribution (r = 0.940; P < .001;
Table 1: line 7) confirms that there was a peak in foraging
activity between 10 and 12 am. However, this summarization
does not consider the weather conditions which changed
during daytime and from day to day. The question is how
the foraging activities in H . scabiosae were affected by the
weather conditions; the most important measure for weather
appeared to be ambient temperature, which is discussed in
the next section.

3.2. Do Diurnal Foraging Patterns Correlate with Ambient
Temperature? We correlated the foraging activities of all
experimental days with the ambient temperature over the
entire experimental time when halictine bees were actively
foraging (9:00–15:00 h). The resulting match (r = 0.139;
P = .396; Table 1, line 8–10, 11) was much lower than the
correlation of the ambient temperature with the daytime
(r = 0.680; P < .001; Table 1: line 13). These data, together

with Figures 4(c) and 4(d), strongly suggest that foraging
in halictine bees is not dependent on ambient temperature
alone. The bees are affected by daytime, which could, at least
partly, be independent of ambient temperature. We therefore
investigated whether a time window exists in which the bees
would have decided their foraging strategy of the day, for
example, when to emerge first and at which rate foraging
should proceed. A possible answer comes from the corre-
lation of the foraging rate with the ambient temperature,
if merely the time intervals before noon are considered. In
this time period, the foraging rate is directly correlated with
ambient temperature (r = 0.615; P = .015; Table 1: line
12). After the midday foraging peaks, the bees apparently
organized themselves according to other principles. Most of
the colonies decreased their foraging activities and retreated
to the nest; some nests were closed (Figure 4(e)).

In a second approach, we investigated if the weather
conditions in the morning are crucial for the bees to control
the consecutive foraging later in the day. The question is
to which extent this aspect of morning temperature (for
definition, see Methods) correlates with the subsequent
foraging activity of the same day. The large differences
of the three experimental days regarding weather and
foraging compromised the feasibility of the analysis of mean
behavioural processes. This variability of the experimental
conditions, however, allowed us to compare the ratios of
the aspects of morning temperature with the ratios of the
foraging activities of the bees and the infestation activity
of parasites. The respective probability of matching Pm
evaluates this comparison of all three experimental days (see
Methods) under two surmises (Figure 6): first, the worker
bees compare, in particular before they emerge for their
first foraging bout, the current temperature inside the nest
(defined virtually in the model in the range from 12◦ to
19◦C) with the ambient temperature outside of the nest.
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Figure 5: Summary of (a) mean foraging activities of 28 nests
over three days and (b) mean impact rate of parasites as assessed
at the experimental nests of the study site. Red curves, regression
functions of the means (for equations, see Tables 1 and 2 and text).

Second, the bees remain affected by this aspect of morning
temperature while they continue foraging. This surmise could
be important if the morning temperature conditions were
not sufficiently appropriate to predict the weather later
in the day. In fact, the probability Pm with which the
temperature conditions in the morning (Tm) would allow
a prediction of the ambient temperature between 10:00 h
and 14:00 h on the experimental days d1–d3 decreased over
daytime and was lower than 0.05 for nest temperatures
greater than 15◦C (Figure 6(d)), which turns the morning
aspect of temperature into an unreliable predictor of ambient
temperature relations later in the day.

Figure 6(a) shows the probability value Pm between the
aspect of morning temperature and the foraging activity.
The probability Pm was calculated for each time step of 30
minutes of the entire observation time and detects matched
(Pm > .05, chi-square test) or significantly diverse (Pm < .05)
relations. There were two peaks in the Pm curves for the
foraging bees; the first prominent peak occurred before noon
when the foraging activities also peaked. The second peak
in the Pm curves occurred after midday, between 13:00 and
14:00 h, and was weaker and shorter than the first one. The
results let us assume that the aspect of morning temperature
could be important for a bee’s decision on her consecutive
foraging activity at least in her pre-noon foraging activity.

3.3. Nest Closing and Guarding. In halictine bee colonies the
nest entrances are usually closed (Figure 7(a)) as soon as the
flight activity is terminated for the day. During nighttime
or rainy weather the nests were also kept closed [10]. The
nest entrance normally ends at the surface as a funnel with
elevated rims, because some of the material gained by digging
the nest tubes accumulates around the entrance hole. The
females take material from the inside of the tube and close
the entrance hole with their abdomen. Females that arrived
after their home nests had already been sealed off were able
to reopen it by digging at the right place (Figure 7(b)). For
that, the homing foragers circled around with their body
and removed soil parts with their mandibles. We counted
the number of entrances that were initially open and also
those that were sealed later in the day. In Figure 4(e), the
cumulative numbers of closed entrances on each of the
experimental days are shown. In the four batches of 28 nests,
we counted five closing activities on day 1, three on day 2, and
seven on day 3. These ratios of closing fit with the ratios of
ambient temperatures on all experimental days in the time
before midday (P > .05, F test); later, the data match at
(P < .05, F test). Therefore, it is likely that the temperature
aspect before noon determines the activity of closing the nest
entrances.

Generally, all active nests provided guarding at least at
certain periods of the day. Guard bees were initially present
at the entrance, in particular before midday. Later on in the
afternoon, they only appeared at the entrance hole, as soon as
a parasite had approached. We did not observe any guard bee
that flew out during her guarding. It happened several times
that homing bees came to the nest entrance and competed
against the guard bee which kept the entrance closed with
her body. Sometimes the arriving forager bee succeeded to
drag the guard out of the entrance hole, but some seconds
later the guard bee had returned to her place.

3.4. Nest Parasites. The presence of five groups of nest
parasites was observed. (1) The major bee-fly (Bombylius
major, Asilimorpha, Bombyliidae) generally feeds on nectar
and pollen in the adult stage; thus they are pollinators.
The larval stages are predators or parasitoids of other insect
eggs and larvae. We observed adult females that scanned
around the nest sites and deposited eggs in the vicinity of
the open entrances. Bombylius major has been described
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Figure 6: Support for the hypothesis that the aspect of morning temperature (for definition see Methods) determines the foraging activity
of Halictus scabiosae and partially also the impact of nest parasites at the H . scabiosae nest over daytime. The abscissa gives the time of the day
in hours and the ordinates show the probability of the match (Pm) with which the morning temperature conditions affect (a) the foraging
activity rate in Halictus scabiosae, and (b) the ratio of the impact rates of parasites at Halictus scabiosae nests. The temperature conditions
in the morning for the bees or parasites (for definition, see Methods) refer to the ambient temperature which was measured outside of the
nest as well as to the temperature inside of the nest, which has been introduced into the model as a virtual parameter in the range from
12◦C (blue violet) to 19◦C (bright orange). The probability Pm was calculated by chi-square tests for each time step of 30 minutes of the
entire observation time. (c) explains the assessment of the probability Pm; Pm > .05 (chi-square test) signifies similarity, and Pm > .05
signifies contrast. Tm: morning aspect of temperature on the three successive experimental days (d1, d2, d3) defined for the initial hour of
experiments; Aout(k1) and Aout(k2): the relations of outflyer activities in the observation intervals k1 (9:30–10:00 h) and k2 (13:30–14:00 h)
on the three successive experimental days (d1, d2, d3) with the Pm(k1)-values 0.122 and Pm(k2) < .001. T(k2): the temperature relations in the
early afternoon in the observation interval k2 with Pm < .001; the examples refer to a virtual nest temperature of Tnest = 16◦C (d) gives the
probability Pm by comparing the morning aspect of temperature on the days d1–d3 with the ambient temperature later in the day. The graph
shows that the match is decreasing over the day with Pm < .05 for nest temperatures greater than 15◦C.

for Andrena, Colletes, Osmia, and Megachile spp. but not
for Halictus sp. [8, 11]. (2) The cuckoo or gold wasps
(subfamily Chrysidinae, family Chrysididae) are typically
associated with solitary bees and are generally cleptoparasites
[11], laying their eggs in host nests where their young larvae
consume the host eggs or larvae, later also consuming the
provisions. (3) Some species of ichneumon wasps lay their
eggs in the ground, but most inject them directly into a host’s

body, typically into a larva or pupa of solitary bees [28].
At the study site, ichneumon wasps were observed scanning
around the nests of Halictus scabiosae. (4) Members of the
genus Sphecodes are solitary parasitic bees; the larvae of this
species are parasites of other solitary bees [8, 11]. (5) The
velvet ants (Mutillidae) are a family of wasps whose wingless
females resemble ants. The male wasp flies around searching
for females. After mating, the female searches for a suitable
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(a) (b)

1

Closing Opening

2

3

4

5

6

Figure 7: Nest closing and reopening. (a) Closing of an entrance hole from the inside of the nest by an egg-laying female; the sealing itself
took 8 seconds while the whole closing activity continued over a further five minutes; images a1 to a6 were taken every seconds. (b) Opening
of the nest entrance by circling movements by a worker bee from outside. This process took 8 minutes. The nest entrance was closed up at
11:20 h; at 11:28 h the worker bee in the image reopened the nest from outside. Four minutes later, the entrance hole was closed again. The
images b1 to b6 were taken in the last minute before the forager bee succeeded to enter the nest.

host, typically a bee’s nest, and lays her eggs near the larvae
or pupae. The mutillid larvae are idiobiont ectoparasitoids
that eventually kill and eat their immobile host.

The activities of nest parasites at the nests of H . scabiosae
are displayed in Figure 4(f). The first experimental day

appeared to be representative regarding the impact of nest
parasites. The rates with which parasites appeared at the nest
per 30 minutes interval increased steadily over time and did
not peak before 15:00 h when the observation session was
terminated. A similar tendency was also observed on day 2,
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Figure 8: Correlation between the foraging rates and the impact rates of nest parasites on three successive days with different weather
conditions. Values were normalized to nest and 30 minutes of observation time. On day 1, the bees obeyed the simple rule that foraging
activity decreases with increasing parasite impact (regression function: Fout = −0.4903∗ Ip + 1.6834; n = 9; r = 0.892; P < .001; shown by
a white stripe in the correlations graphs of all experimental days). The graphs indicate that averaging of the daily rates of bee and parasite
activities is crucial, in particular due to the massive influence of weather conditions.

but at lower level, whereas on day 3 the activity of parasites,
after having developed in a similar way as on the previous
days, was reduced due the worsened weather conditions in
the early afternoon. Conforming to previous reports [29]
the impact of parasites showed a general trend to increase
over daytime (P = .008) and with ambient temperature
(P < .001; Table 2, lines 7–10); this was assessed on each
of the experimental days (Figure 4(f); Table 2: lines 1–5) and
averaged over the whole session (Figure 5(b); Table 2: line 6).

If it was true that the infestation of halictine nests by
nest parasites is controlled by daytime rather than ambient
temperature, then it can be expected that the aspects of
morning temperature are not essential for the parasites,
which would contrast with the foraging activity of their host.
Indeed, the match factor fm (Figure 6(b)) for the impact of
nest parasites showed only a weak correlation in two short
time windows. The first match with Pm > .05 occurred before
noon at the same time when the bees were maximally active
in foraging. A second peak with Pm > .05 occurred in the
early afternoon, which corresponded also to a small peak
in the Pm-values of their hosts. This finding let us assume
that the parasites’ activities match the foraging activity of
their host, either by specific adaptation to the morning
temperature conditions on their own or by pursuing their
hosts. In any case, the diurnal activity cycles of nest parasites
of H . scabiosae differ strongly from that of their host.

A second, much simpler, but very gross way to assess
the interrelation between bees and their nest parasites is to
directly correlate the activities of both (Figure 8). As would
be expected, the correlation graphs differ strongly due to the
different weather conditions. Again, the first experimental
day was representative of the diurnal pattern of the foraging
activity of bees and of the impact of parasites: the bees obeyed

the rule that they decreased their foraging activity with
increasing parasite impact (P < .001), with the exception
of the time when foraging activity peaked. At this point,
the bees were more active than predicted by the regression
function. This regression line has been marked as a white
stripe for comparison with the graphs of day 2 and 3. On
day 2, the basic activity of the parasites was low; only a single
individual of Sphecodes albilabris visited a limited number of
nests directly at their entrances for at least two times and
caused two of the singular activity peaks (cf. Figure 4(f2)).
On day 3, the activities of both host and parasites were high
throughout the first half of the day; afterwards the activities
strongly decreased due to the cloudy and windy weather in
the early afternoon. Thus, the graphs in Figure 8 show that
averaging of the daily rates of bee and parasite activities for
correlation could be crucial, in particular due to the strong
influence of the weather.

4. Discussion

4.1. Diurnal Foraging Activity Patterns of H. scabiosae. The
daily pattern of the pollen- and nectar-collecting activities
of H. scabiosae is very similar to those of other halictine
species. In Halictus ligatus [19, 23, 28], the first foraging
flights were observed before 9:00 h. Within one nest, each
worker may start independently or may be influenced by
her nest mates. In the latter case, the rate of activation is
a linear function of the number of workers waiting in the
nest [30]. It is an open question [5, 22] whether bees nesting
in aggregations in close proximity to each other, such as at
our study site, stimulate each other to forage. The foraging
activities in Halictus ligatus showed a diurnal peak activity
around 10:30 h for queens and 10:30–13:00 h for workers
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Table 2: Regression functions for the activities of parasites infesting Halictus scabiosae nests. [b][r]: black and red curves (see text). For other
details see legend of Table 1.

Number
Parasites

Regression Day a b c d r n P
reference

1 Figure 4(f1) I p = a∗ t + b 1 0.120 −0.928 0.744 10 .014

2 Figure 4(f2)[b] I p = a∗ t + b 2 0.0393 −0.757 0.549 11 .081

3 Figure 4(f2)[r] I p = a∗ t + b 2 0.060 −0.592 0.904 9 <.001

4 Figure 4(f3)[b] I p = a.t3 + b.t2 + c.t + d 3 −0.008 0.150 − 0.124 −5.326 0.730 11 .065

5 Figure 4(f3)[r] I p = a∗ t + b 3 0.279 −2.458 0.633 8 .092

6 Figure 5(b) I p = a.t3 + b. t2 + c.t + d 1–3 0.001 −0.023 0.238 −0.207 0.445 34 .008

7 I p = a∗ Tamb + b 1 0.006 11.606 0.543 13 .055

8 I p = a∗ Tamb + b 2 0.039 −0.756 0.513 13 .073

9 I p = a∗ Ln(Tamb) + b 3 2.343 −7.248 0.503 13 .080

10 I p = a∗ Tamb + b 1–3 0.058 −1.174 0.550 34 <.001

[19, 31]; some of the workers continued foraging as late
as 18:30 h. In July, the worker foraging period of H. ligatus
started and peaked after two weeks. It is known [19, 31]
that foragers undertake fewer, longer foraging bouts or more
numerous, shorter ones. Average handling time, flight time,
and round trip time were consistently negatively correlated
with the number of bouts per day. Foragers that have a higher
foraging rate tended to take shorter bouts [19, 31].

In the pleometrotic halictine species such as H. scabiosae
foraging is achieved by the smaller females, the auxiliaries,
while the bigger egg-laying female (Figure 1(b)), the queen,
generally guards the nest at the entrance [10, 12]; this may
occur in up to 75% of the nests, even in the matrifilial
phase. We frequently observed at H. scabiosae nests that the
guard bee blocked the entrance against homing individuals
which potentially could have been own nest members [10,
12]. Such aggressiveness displayed by queens is supposed to
increase with parasite pressure and leads to nest founding
by the smaller females which may successively usurp nests
of unrelated halictine species in close vicinity [10].

4.2. The Trade-off between Foraging and Becoming Infested. It
is a common view that insects use temperature to determine
the “time of season” [32]. Temperature is an important factor
for bees to control activity rates, but it does not control all
aspects of life; different species, of both foragers and food
sources, are geared differently to rising temperatures [33].
Regarding the decision of the bees to emerge in the morning
for the first foraging flight, it has been demonstrated
[17] for halictide (H. rubicundus) and anthophoride bees
(Anthophora plumipes) that they depend on a certain nest
tunnel temperature just inside the entrance. Similarly, the
foragers of other halictine bees (e.g., H. confusus and H.
ligatus) opened their burrows soon after sunrise, when
the soil temperature 2.5 cm below the surface was about
18◦C [34]. In this paper we investigated how temperature
controls activity rates of H. scabiosae. We tested whether
foraging rates over daytime obeyed one of the following two
rules: Rule A defines that the current ambient temperature

conditions trigger the current foraging activities. The other,
nonalternative, rule B defines that the foraging activities over
daytime are determined by the temperature conditions in
the morning. The correlation between ambient temperature
and foraging activity in the course of the experiment with
different weather conditions resulted in a weak correlation
(Table 1: line 11). This clearly demonstrates that foraging
activity is apparently too complex to propose a mere
dependency of ambient temperature according to rule A.
However, the pre-noon aspect of foraging, when considered
independently of the foraging activity later on the day,
correlated significantly with ambient temperature (Table 1:
line 12). Pre-noon foraging activity was strongly correlated
with the initial morning temperatures (Figure 6(a)), thus
obeying rule B. However, this is restricted particularly to a
single time window before noon in which the foraging rate
complied with the morning temperature aspect (Figure 6), in
the same time period when foraging activity was the greatest.
The important point here is that in H. scabiosae this match
between the aspect of morning temperature and foraging
was even stronger than the match between the aspect of
morning temperature and the ambient temperature at any
time of the day. With other words, the morning temperature
aspect was a rather weak predictor of the temperature over
the day, because in the model the correlation did not exceed
in the model the critical level of Pm = .05 after 10:00 h
(Figure 6(d)), at least not for nest temperatures above 15◦C.
This finding let us assume that the bees control their daily
activity cycle by the temperature relations in the morning,
in particular in the main foraging period in the morning
and not later. Interestingly, the model was rather robust to
changes of the virtually defined reference, which was the
temperature inside the nest, and delivered similar results for
the range of nest temperatures between 12◦C up to 19◦C
(Figures 6(a) and 6(b)).

The question arises of why H. scabiosae reduces foraging
in the early afternoon. We observed that the match between
foraging activity and the aspect of morning temperature
became less significant just after the peak of foraging before
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noon. This means that the bees control their afternoon
activities by other principles. One of the proximate aspects of
reducing foraging is the fact that food sources may degrade
in the course of the day. The pollen offer could diminish
over daytime [35] although it hardly changes in its residual
attractiveness throughout the day. It is more likely that
the foraging bees become conditioned to terminating their
foraging bouts by a possible shortage of nectar secretion in
the afternoon. The second proximate cause for the pre-noon
foraging peak activity could be linked with the fact that the
bees have to cope with their nest parasites. Following this
argument, this temporal activity pattern would constitute a
further line of defence [21] against parasite pressure. This
surmise is strongly supported by the fact that the bees not
only guard their nest as good as they can throughout the
day (Figure 1) but start to close up their entrances just in
the period after their midday foraging peak (Figures 4(e) and
7(a)). Therefore, it is plausible to consider the decrease in the
foraging rate in the early afternoon (Figures 4(c), 4(d), and
6(a)) as a response not only to degrading nectar sources but
also to increasing parasite pressure.

4.3. The Parasite View: When Is the Best Time for Infesting
the Host? In this paper the activities of nest parasites are
compared with those of their hosts, H. scabiosae. Their
tendency to infest bee nests was estimated by their impact
per nest and 30 minutes observation interval. The activity
patterns of the nest parasites showed significant correlations
with daytime and with the current ambient temperature
(Table 2, Figure 5(b)), which corresponds to rule A that the
current ambient temperature conditions trigger the current
activities. Additionally, they exhibit two short peaks with
a probability of matching of Pm > .05 (Figure 6(b)). The
first peak occurred before noon, in the same period when
the bees were maximally active in foraging, and the second
peak was observed in the early afternoon when the bees had
already terminated their foraging, and some of the nests of
the experimental batches had already closed their entrance
holes. Thus, it seems that the nest parasites also correspond
with rule B, although much weaker than H. scabiosae did.

4.4. Anticyclicity between Host and Parasite Activity. In
summary, the diurnal activity patterns of bees and their nest
parasites display different strategies. The bees control their
foraging activity by aspects of the morning temperature,
while they decrease their activities outside of the nest in
the early afternoon, independent of the rules A or B. The
nest parasites’ activities are primarily controlled by daytime
and ambient temperature, which confirms to rule A. They
additionally displayed two short-time windows in which they
acted as if guided by rule B; in the first, shorter, activity
window they obviously synchronized themselves with the
activities of their hosts; the second window in the noon
is seemingly broader. However, the data cannot indicate
whether the parasites follow rule B on their own or through
pursuing the pre-noon activity patterns of the bees. In any
case, the findings confirm that the strategies of nest parasites
differ from those of their hosts. The nest parasites strive

to increase the infestation rate over the day. In response
to parasite pressure, the bees mainly tend to decrease their
activities outside of the nest and to close the nests in the early
afternoon. The nest parasites would still have the chance to
visit a few open and unguarded nests of H. scabiosae in the
afternoon, but they also experience that even in one and the
same habitat the formation of host chains changes during
daytime [36].
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Bumble bees are important pollinators of crops and other plants. However, many aspects of their basic biology remain relatively
unexplored. For example, one important and unusual natural history feature in bumble bees is the massive size variation seen
between workers of the same nest. This size polymorphism may be an adaptation for division of labor, colony economics, or
be nonadaptive. It was also suggested that perhaps this variation allows for niche specialization in workers foraging at different
temperatures: larger bees might be better suited to forage at cooler temperatures and smaller bees might be better suited to forage
at warmer temperatures. This we tested here using a large, enclosed growth chamber, where we were able to regulate the ambient
temperature. We found no significant effect of ambient or nest temperature on the average size of bees flying to and foraging from
a suspended feeder. Instead, bees of all sizes successfully flew and foraged between 16◦C and 36◦C. Thus, large bees foraged even
at very hot temperatures, which we thought might cause overheating. Size variation therefore could not be explained in terms of
niche specialization for foragers at different temperatures.

1. Introduction

Although a plant might be fertilized by a variety of organ-
isms, bumble bees (Bombus spp.) possess many features to
make them one of the most essential of crop pollinators [1–
3]. Like some other bees, developing larvae are fed pollen
as a protein source [4, 5], which necessitates their foragers
visiting a large number of flowers to collect resources.
Bumble bee foragers exchange information at flowers to
improve foraging efficiency [6–10] and can also recruit
nestmates to profitable types of food sources by transferring
information about presence [11–14], quality [15, 16], and
scent [14, 17] in the nest, although contrary to honey bees
[18], the location of food sources is not communicated [14].
However, in contrast to many other bee species, bumble
bees, with their larger size and plentiful insulation, are much
hardier and faster pollinators [3, 19–21] and able to fly even
in cold and wet conditions, down to temperatures of 5◦C
[22] or even lower (Bombus polaris, where workers are quite
large, is capable of foraging at near freezing temperatures:

[23–26]). Lastly, bumble bees are a relatively large genus
compared to honey bees, thus providing many different types
and sizes of foragers, able to handle a variety of floral styles
and shapes [3, 27]. All of this results in bumble bees visiting
many flowers, facilitating the effective transfer of pollen.
However, despite their economic importance, bumble bees
remain a relatively unstudied insect pollinator compared to
honey bees.

One important and unusual feature in bumble bees is
that highly related worker sisters from the same colony will
display as much as a 10-fold difference in mass (Figure 1;
[3, 28]). Larger workers emerge from the center of the
nest, where larvae receive more intense care due to high
density of nurses [29, 30]. Body size predicts worker task
allocation: larger bees tend to forage and smaller bees tend
to be nurses [29, 31–33]. Is worker polymorphism therefore
an adaptation for division of labor? Larger bees do perform
better as foragers [34, 35], alsoreviewed in [32, 36]. However,
specialization is generally weak in bumble bees [37], and it
is not clear that small bees are particularly suited as nurses
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Figure 1: Bumble bees (here: Bombus impatiens) may display as
much as 10-fold difference in mass between workers in the same
nest, even though they are full sisters.

[38] (and Dornhaus, unpublished data). On the other hand,
smaller workers may require less investment to produce and
may be more robust to starvation [36]. The production of
polymorphic workers may thus be a colony-level adaptation
to increase colony efficiency or robustness. In addition,
having workers of different sizes may also be an adaptation
to foraging, akin to niche partitioning. For example, workers
of different sizes may be ideally suited for flowers of differing
corolla depths [39]. Alternatively, workers of different sizes
may be suited to different temperatures at which the colony
needs to forage. This is what we test here.

Bumble bees are cold-hardy foragers, especially com-
pared to most bee species that are smaller. Their native range
includes temperate, alpine, and even arctic zones [3, 40].
Nevertheless, thermoregulation is important even in most
ectotherms [41], and a bumble bee’s flight muscles must be
warmed to at least 30◦C before flight is possible [3, 42–44].
Bumble bees, like some other insects, are capable of a type
of endothermy that is achieved by rapid muscle contractions
[19, 45–48]. Bumble bee body temperature may also be
influenced by external factors like the ambient temperature
and the quality of their food [42]. If ambient temperature
is less than body temperature, the bumble bee will be
susceptible to heat loss. Since body size affects the surface
area-to-volume ratio, to which heat loss is related, this may
prevent smaller bees from achieving flight temperature in
colder weather [49–51]. On the other hand, while larger bees
are better thermoregulators [52], they may be susceptible
to overheating during flight [53]. This is because metabolic
heat is not transferred to the environment as quickly in
larger organisms. The maximum thoracic temperature that
bumble bees can tolerate is 42◦–44◦C [43, 54]. The dramatic
intracolony variation in worker body size may thus be linked
to different bees’ abilities to forage at variable temperatures.
If bumble bee size variation is an adaptation for foraging
that allows for specialization, then larger workers should
specialize in foraging at cooler temperatures and smaller
workers should fly at hotter temperatures. Indeed, if workers

from different bumble bee species are compared, those from
colder climates are often larger [50]. However, in the same
study, it was also shown that both “large” and “small”
workers of Bombus terrestris (exact body sizes were not
measured) could be collected in the field at all temperatures
between 18◦ and 33◦C [50].

Here we test whether ambient and nest temperatures
determine which workers are allocated to foraging in the
bumble bee (Bombus impatiens). To test this hypothesis,
we systematically manipulated ambient temperatures in
a large, enclosed flight chamber and observed marked
foragers of known size who accessed a suspended feeder. We
predicted that larger foragers would tend to forage in cooler
temperatures and, conversely, smaller foragers would tend to
forage in warmer temperatures.

2. Materials and Methods

2.1. Study Organism and Experimental Setup. We obtained 2
bumble bee colonies (B. impatiens; colonies 1 and 2) from
Koppert Biological Systems (Romulus, MI). At the start of
the experiment, colonies were queenright with typically 20–
30 workers with brood; over the course of the experiment,
colonies grew to a size of over 100 workers. We housed
colonies in Plexiglas boxes (22 × 22 × 11 cm) with screened
ventilation holes and an opening over the top through which
we directly delivered pollen each day of the experiment. The
nest boxes were placed inside a large drink cooler (61× 33×
37 cm) to simulate typical ground nesting (i.e., insulated)
conditions. In this way, the nest box was kept in the dark;
however, the foraging arena was on a 12 : 12 light: dark
cycle. A petri dish of water, which we refilled daily, was placed
inside the nest box as well. Each nest box was then connected
to a separate foraging arena (58 × 36 × 40 cm) by plastic
tubing. Inside the foraging arena, feeders were placed on
platforms (8 × 8 × 10 cm) suspended from the mesh top
of the arena, which required the bees to fly instead of walk
to the food. We placed the entire experimental setup inside
a growth chamber, which allowed us to regulate precisely
the ambient temperature, while also measuring the nest
temperature.

2.2. Data Collection. Before the experiment began, we
marked a subset of worker bees by gluing unique number
identification tags (“Opalithplättchen”) to their thorax.
Although tagged workers were chosen at random, we pulled
bees from the foraging area of the nest box to assure that
tagged bees were potential foragers. We continued to tag
bees throughout the experiment to maintain a population of
tagged bees for observation. The tags did not interfere with
normal bee behavior or flight. Data were collected 5 days a
week. Each morning, we would make sure that at least 25%
of the honeypots in the nest contained honey; this provided a
standardization of worker motivation and recruitment [16].
If less than 25% of the pots were full, we would fill some of
the pots with sugary solution (“BeeHappy”) by syringe. The
growth chamber temperature was set to the experimental
ambient temperature setting for that day at 9:00 hours. In
this way, the chamber was heated or cooled to the specified
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temperature, which we verified by thermometers set both
inside and outside the nest. Typically the nest box, insulated
by the cooler, would not heat or cool as much as the room
itself, which simulates natural conditions. The experimental
ambient temperature was set between 16◦C and 36◦C. We
randomized the order of experimental temperatures in 5◦C
increments (16, 21, 26, 31, 36◦C). Colonies were monitored
for stress at extreme high and low temperatures, even though
the cooler provided a measure of insulation. We chose 36◦

as the maximum temperature because above it colonies
showed signs of high stress, with many workers fanning and
beginning to abandon brood. Below 16◦C, very few or no
bees foraged in our setup.

At 12:30, the chamber had always reached the desired
temperature, and we placed feeders on the suspended
platforms. Feeders were filled with sugary solution, which
was always of the same concentration and quality (BeeHappy,
Koppert Biological Systems, 1 : 1 diluted with water), as
these factors influence the thoracic temperature of the bees
[42]. We began data collection at 13:00. This allowed time
for the bees to discover the food and initiate foraging [16].
For 90 minutes, we recorded the identity of any bee who
successfully foraged (extended proboscis) at the feeders.
Foraging at the suspended platforms required flight, which
required sufficient heat with which to activate flight muscles.
On 8 days, we additionally recorded for how many trips each
foraging bee returned to the feeder.

At 14:30, we stopped data collection and fed each colony
a teaspoon of pollen. Honeypots were verified as 25% full.
The growth chamber temperature was set back to 26◦C,
and any dead bees were removed and stored in the freezer.
After the experiment, we measured the thorax width of all
the worker bees with digital calipers to the nearest 0.01 mm.
Thorax width is a typical measurement of size in bumble
bees [3].

3. Results

Overall, we found that all forager body sizes were measured
at all temperatures (Figure 2). The number of trips made
per observation period decreased at higher temperatures
and was on average lower in larger foragers (defined here
as foragers over 4.75 mm thorax width, Figure 3; ANOVA,
df = 9, R2 = 0.86, ambient temperature P = .002, body
size P = .028, interaction P = .61). It is not clear why larger
bees made fewer trips; perhaps because they needed longer to
fill their crop on each visit. This result is the same if, instead
of the average number of trips across bees in the respective
category, each bee’s number of trips is entered in the analysis
separately (df = 338, R2 = 0.07, ambient temperature P =
.004, body size P = .0002, interaction P = .43).

3.1. Worker Body Size Did Not Predict Average Temperature at
Which She Foraged. Averaging the temperatures for the days
on which each bee foraged, we found no effect of body size on
foraging temperature, although there was a significant effect
of colony as well as its interaction with body size (ANOVA,
df = 80, R2 = 0.15, thorax width P = .57, colony P = .003,
interaction P = .046; Figure 4(a)). Similarly, there was no
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relationship with average temperature measured in the nest
when bees of different sizes foraged (R2 = 0.86, thorax
width P = .35, colony P < .0001, interaction P = .035;
Figure 4(b)).

3.2. Worker Body Size Did Not Correlate with Maximum
Foraging Temperature. The maximum temperature, out of
the temperatures tested by us, at which a worker would
forage seemed at first predicted by body size, with larger bees
foraging at higher maximal ambient temperatures (ANOVA,
df = 80, R2 = 0.25, thorax width P = .0009, colony P = .016,
interaction P = .0003; Figure 5(a)). However, there was the
single outlier of one bee that was only seen foraging once, at
16◦C (Figure 5(a)). Since this single trip entered the analysis
as a maximum foraging temperature of 16◦C, it strongly
affected the results. If that bee is removed from the analysis
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of maximum foraging temperature, there is no remaining
effect of body size (R2 = 0.25, thorax width P = .48,
colony P = .11, interaction P = .26). The same was true
for the relationship between body size and maximal in-nest
temperature at which the bee foraged, although there was
always an effect of colony on in-nest temperature (with the
outlier: R2 = 0.42, thorax width P = .006, colony P < .0001,
interaction P = .003; without the outlier: R2 = 0.37, thorax
width P = .80, colony P < .0001, interaction P = .64;
Figure 5(b)).

3.3. Worker Body Size Did Not Correlate with Minimum
Foraging Temperature. Neither minimum ambient nor min-
imum in-nest temperature at which a worker foraged was
predicted by its body size (ANOVA, df = 80, ambient: R2 =
0.03, thorax width P = .29, colony P = .28, interaction
P = .85; in-nest: R2 = 0.77, thorax width P = .21, colony
P < .0001, interaction P = .80; Figures 5(a) and 5(b)).

4. Discussion

We found no significant effect of ambient or nest temper-
ature on the average size of foragers flying to a suspended
feeder. Instead, bees of all sizes successfully flew and foraged
at ambient temperatures between 16◦C and 36◦C. These
results lead us to reject the hypothesis that producing small
workers may be a colony-level adaptation to foraging at
warmer temperatures in bumble bees.

Larger animals are often thought to be more prone to
overheating, because of their smaller surface to volume ratio;
on the other hand, smaller animals may suffer detrimental
heat loss. This temperature-body size relationship is thought
to pose constraints on the evolution of very large animals,
such as dinosaurs [55, 56], but it also is thought to affect
distribution and evolution of a variety of other taxa (e.g.,
mammals: [57]; birds: [58]; reptiles: [59]; insects: [41, 60,
61]). In dinosaurs specifically, larger body size was likely
associated with reduction in loss of metabolic heat as well
as heat from solar radiation to such a degree that overheating
became a risk and increased blood flow to the skin and other
adaptations to increase heat loss became necessary [56, 59],
although this may only apply strongly at body sizes of over
10 kg [56]. As a consequence of this, it has been hypothesized
that larger species tend to be found in cooler climates, and
this relationship is known as “Bergmann’s rule” [60, 62–
66]. Species may also evolve different body sizes in response
to climatic change [57]. However, evidence for “Bergmann’s
rule” remains contradictory [67, 68]. Body size-temperature
relationships are idiosyncratic in different taxa and may be
caused by indirect effects, such as precipitation or seasonality
correlating with temperature, and affecting body size across
taxa [57]. In addition, developmental regulation of body size
can be complex and vary even among related taxa [69]. Also,
body cooling by wind can significantly increase heat loss [56],
an effect that should be even more relevant in flying bees.

We were curious to see whether thermal ecology would
also affect the evolution of size polymorphism within a
species, namely, among workers of bumble bee colonies.
Across species, thermal ecology may result in niche separa-
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Figure 4: Foragers of different body sizes did not significantly differ
in the average temperatures at which they foraged (although linear
fits are shown, slopes are not significantly different from zero).
However, colonies differed significantly from each other. Shown are
(a) ambient temperature and (b) temperature measured in nest;
each data point is the average temperature across all days on which
that bee foraged (each bee foraged on average on 13.9 days), and in
total, 81 bees are shown.

tion: for example, the ability of many bumble bee species
(B. terrestris, B. pascuorum, and B. hortorum) to fly at
much cooler temperatures than honey bees can result in
temporal separation between the two families [22]; thermal
niches may also exist among ant species [70, 71]. Within
individual bumble bee colonies, larger bees were proposed
to fly at lower temperatures, so they would be expected
to fly earlier and later in the day and on colder days,
whereas smaller bees might have been more resistant to
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Figure 5: Foragers of different body sizes had similar maximum
and minimum foraging temperatures within the temperature range
studied here (up to 36◦C ambient temperature). The relationship
of thorax width and maximum foraging temperature was only
significant if the outlier (marked with an arrow) of one bee which
only made a single trip in the whole study was included. Shown
are (a) ambient temperature and (b) temperature measured in nest;
each data point is the maximum or minimum of all observations
for that bee. In total 81 bees are shown.

overheating, therefore flying at midday and on warmer days
[3]. This idea that bumble bee worker body size may predict
foraging temperature has been proposed a number of times
[3, 47, 72]. However, while it is still possible that only larger
bees can forage at extremely low temperatures (<16◦C), our
study shows that small bees do not have a higher maximal
temperature tolerance, as bees of all sizes still forage at
>36◦C. This result is consistent with as study by Peat et al.,

who also found no evidence that ambient temperature
affected the activity of workers of different sizes [50].

In summary, it is likely that overheating does not
constrain foraging activity for large bumble bees as long
as outside temperatures remain within the tolerable limits.
Flying bees may not overheat easily because of their overall
small size, cooling effects of air movement while flying,
and distance to the ground. It is also possible that bees
would have been more susceptible to overheating had they
been forced to fly longer distances than in our study. In
future studies, it would be interesting to see whether flight
distance affects forager susceptibility to overheating, and also
whether individual experience will affect the temperatures at
which bumble bee workers decide to forage. We also found
significant colony differences in the average temperature
at which workers foraged. There may thus be colony
variation in worker temperature preferences or in how well
colonies regulate in-nest temperature. However, there was
no significant interaction between colony and the body size-
maximum/minimum foraging temperature, indicating that
in neither colony large and small workers differed in the
range of temperatures at which they foraged.

In our experiment, foraging activity decreased at the
highest temperatures but had not yet completely ceased,
even when nest temperatures reached >38◦C. At these
temperatures, many bees are fanning the brood in the nest
to cool the developing larvae, which may have lower heat
tolerance [73–78]. Foraging activity may thus have decreased
because foragers were occupied with nest thermoregulation
more than because they were unable to fly at high outside
temperatures. The fact that temperatures in the nest reached
higher values than those outside opens up other interesting
questions: clearly overheating and lack of effective shedding
of metabolic heat may not be problematic at the individual
level, but may be problematic at the colony level in spite of
behaviors that regulate nest temperature in bumble bees [79–
88]. It would be interesting for future research to compare
the ventilation structures and other thermal adaptations of
nests of tropical and temperate bumble bees and of larger and
smaller colonies (as in other social insects: [89–91]).

Our study is one of a growing list of studies showing that
in bumble bees, larger workers outperform smaller workers
at many tasks, or perform equally well [32, 34, 35, 38],
although see [36, 39] for how smaller workers might possess
adaptive advantages. It is thus possible that small workers,
rather than being adapted to particular conditions or tasks,
are produced because they are less costly (both in production
and maintenance), yielding a better gain per investment for
some tasks compared to larger workers.
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I present an increment-decay model for the mechanism of bumble bees’ decision to depart from inflorescences. The probability of
departure is the consequence of a dynamic threshold level of stimuli necessary to elicit a stereotyped landing reaction. Reception
of floral nectar lowers this threshold, making the bee less likely to depart. Concurrently the threshold increases, making departure
from the inflorescence more probable. Increments to the probability of landing are an increasing, decelerating function of nectar
volume, and are worth less, in sequence, for the same amount of nectar. The model is contrasted to threshold departure rules,
which predict that bees will depart from inflorescences if the amount of nectar in the last one or two flowers visited is below a
given level. Field tests comparing the two models were performed with monkshood (Aconitum columbianum). Treated flowers
contained a descending series of nectar volumes (6 to 0 μL of 30 % sucrose solution). The more nectar that bees encountered in the
treated flowers, the more likely they were to remain within the inflorescence after subsequently visiting one to three empty flowers.
I discuss the differences between rules and mechanisms in regard to cognitive models of foraging behavior.

1. Introduction

For the majority of flowering plants, successful reproduction
depends on a mutualism with insect pollinators. As with all
such coevolved interactions, the two parties are motivated by
self-interest: the plant is provided with an efficient means
of pollen transfer, while the pollinator receives energy and
nutrients in the form of floral nectar and pollen. The
fine details of this interaction include factors such as the
number of flowers that the pollinator should visit within an
inflorescence before departing and moving to another plant
of the same species. Plants should maximize the amount
of pollen exported to the stigmas of conspecifics, while
simultaneously minimizing the level of geitonogamous self-
pollination. The pollinator, meanwhile, should behave so
as to maximize its net rate of energy gain, and should
stay within an inflorescence until it is more profitable to
depart and move to another. Pollinator departure from
inflorescences thus falls within the scope of patch departure
in foraging theory, a central sub-discipline of behavioral
ecology [1].

Evolutionary study of patch departure began with the
marginal value theorem (MVT) [2], which specifies how

foragers should exploit patches in order to maximize the
long-term net rate of energy gain. However, the MVT
itself does not specify a realistic departure rule or policy
[3, 4]. This is due to the MVT’s assumption of complete
information: the forager is in effect omniscient, know-
ing all the relevant data about a patch before entering
it. Proximal or “cognitive” models of patch departure
should produce roughly the same decisions as would the
MVT, while making realistic use of available environmental
cues.

Theoretical work has shown how information gained
while foraging within patches can be used to construct an
optimal departure policy [3, 5, 6]. A general, flexible formal-
ism makes use of Bayes’ Theorem to derive optimal departure
rules given various distributions of the number of prey
within patches [3, 7–11]. Graphical representations of several
such models are shown in Figure 1. Following Stephens and
Krebs, I refer to these models as increment-decay processes,
due to the continuous dynamics of the expected remaining
patch time [12]. These models are interesting for reasons
other than just the possibility of stochastic optimization.
Notably, the incrementing and decrementing dynamics have
neurobiological analogues, in processes such as habituation
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Figure 1: Graphical Representations of several Bayesian patch
departure rules [7, 12], for three distributions of the number of
prey within patches. The ordinate represents expected remaining
time in the patch. Solid circles represent encounters with prey. (a)
For the Poisson distribution, prey captures yield no information
and departure occurs after a fixed time independent of the number
of prey encountered. (b) For the binomial distribution, each
prey capture decrements expected remaining patch time. (c) For
the negative binomial, each prey capture increments expected
remaining patch time, but each increment in sequence is smaller.

and sensitization to stimuli. Waage [13] first suggested that
the parasitic wasp Venturia (=Nemeritis) canescens uses an
increment-decay process for searching and departing from
patches of its host.

One can see that, in outline, an increment-decay model
could describe the behavior of bumble bees or other nectari-
vores visiting multiple-flowered plants. An inflorescence can
be considered as a patch, and each encounter with a prey

(in this case, a flower that contained nectar) would affect
the expected remaining number of flowers to be visited on
the plant before departing. However, such models have only
very rarely been explored in regard to bee foraging behavior
[14–16]. The reason is that departure from inflorescences
can often be analyzed via a discrete version of the MVT that
applies to the situation of overlapping encounters, meaning
that the forager meets more than one prey at a time [17, 18].
Many plants have an inflorescence in which the flowers are
arranged vertically on a central stem, blooming sequentially
from the bottom upward. As a result, flowers near the bottom
often contain more nectar than others higher on the stem
[19]. To maximize the long-term net rate of energy gain,
bees should begin at the bottom of such an inflorescence
and work upward. At some point the diminishing amounts
of nectar in higher flowers would make it more profitable
to depart the inflorescence and move to another plant.
We should then observe that bees often depart from such
vertical inflorescences before visiting all available flowers,
and this has been observed in the field [19–22] and in the
laboratory [23]. Thus a number of authors have proposed the
following “threshold departure rule”: the bee should depart
the inflorescence when

E(S) < E(L), (1)

where E(S) (stay) is the expected profitability from the next
flower visited within the current inflorescence, and E(L)
(leave) is the expected profitability from the first flower
visited after departure [24–28].

The original threshold departure rules are now generally
thought to be too simplistic a description of patch departure
in bumble bees [1, 14, 15]. In this paper I present an
increment-decay model, similar to those that have been
proposed for parasitoids, but specifically tailored to bumble
bees. I present the results of field experiments designed to
contrast the model’s predictions with those of the threshold
departure rules.

2. The Model

The increment-decay model for patch departure presented
here was originally applied to bumble bee foraging at a
higher level, the situation in which there is patchiness in
nectar within large meadows of the relevant plant species,
but no discrete patches as such [14]; it was soon realized that
a similar model in outline could apply to departure behavior
within inflorescences.

The first assumption is that bumble bees land on
inflorescences and begin to probe the flowers for nectar if the
set of stimuli presented by the inflorescence are sufficient to
release a stereotyped behavioral pattern, hereafter called the
landing reaction [29]. In vector notation, let s be a vector
of stimulus intensities from various modalities, including
visual, olfactory, and tactile, and let w represent a vector of
weightings for each si ∈ s; the scalar product z = sTw defines
a real number z that is mapped onto a decision function f (z)
that returns the conditional probability of landing given z,
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P(Land | z). The simplest form of f (z) would be the step
function

f (z) =
⎧
⎨

⎩

1, z ≥ z∗,

0, z < z∗,
(2)

where z∗ is a threshold level necessary to evoke the landing
behavior. In (2) the response is all or none for fixed z;
modification to make the response probabilistic may easily
be done by making f (z) a sigmoid function:

f (z) = 1
1 + λ exp

(−β(z − z∗)
) . (3)

Equation (3) approaches a step function in the limit
as β → ∞. Since (2) and (3) return a conditional probability,
we may use for f (z) any function that is also a distribution
function of a random variable; thus the requirements are
that f (z) is right-continuous, is nondecreasing, approaches
0 in the limit as z → −∞, and approaches 1 in the limit as
z → ∞.

The above statements are an extremely simplified
description of a cognitive system that integrates sensory
information and initiates behavioral output. Note that the
weightings to various stimuli presented by the flowers may
include highly negative weightings, making the bee less likely
to land; such stimuli include scent marks left by other bees,
holes in nectar-robbed flowers, or marks on flower petals
made by bees’ tarsal claws. In addition, the measures of and
the weightings to these stimuli may be both dynamic and
varied among individuals. In other words, the inputs si ∈ s
and the weights wi ∈ w are not assumed to be fixed, but
may change due to learning, or may vary due to individual
differences among bees: for example, visual accuracy can vary
with bee head size [30].

The core assumption of the model is that the threshold
parameter z∗ (or equivalently, the function f (z) itself) is
a dynamic variable, continually changing with time and in
the light of recent experience. The probability that a bee will
probe the next flower or will depart the inflorescence thus
depends on how f (z) changes with time and experience.
Finding nectar causes z∗ to decrease, making the bee more
likely to probe the next flower, and thus incrementing the
expected remaining time within the inflorescence. Concur-
rently, I assume that z∗ spontaneously increases, so that
the expected remaining time within the inflorescence decays
between nectar encounters.

The second assumption is that there are maximum and
minimum values of z∗, and these are reflecting boundaries.
The minimum is automatically reflecting since z∗ increases
continually. Upon reaching its maximum, I assume that the
threshold then lowers until the next nectar encounter; if
the bee has departed the inflorescence at that point, the
probability of flower stimuli evoking the landing reaction
increases monotonically during interplant travel. Thus the
longer the distance to the next plant, the lower will be the
threshold z∗ upon encountering the next inflorescence. This
means that bees will tend to stay longer within inflorescences
the greater the average distance between plants. This is

P
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Time
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Figure 2: A graphical interpretation of the increment-decay model
for bumble bee patch departure. The conditional probability of
landing on the next flower given the weighted stimuli sum z, P(Land
| z), is plotted as a function of time. The probability declines
monotonically with time. If the bee finds nectar within a flower,
the probability increases in proportion to the nectar volume. Solid
circles represent reception of nectar, with the radius proportional
to the nectar volume. Note that for the same amount of nectar the
amount of incrementing is less in sequence, following (4) in the
text. When the threshold z∗ reaches its maximum value, it then
spontaneously decreases, increasing the landing probability during
interpatch travel (arrow).

a fundamental prediction of the MVT, here produced via a
mechanism similar to that proposed by Ollason [31].

The above assumptions can be interpreted graphically
as an increment-decay process (Figure 2). Each reception
of nectar (solid circles) decreases z∗, thus increasing the
probability of landing on the next flower, increasing the
expected remaining patch time by an amount proportional
to the volume of nectar. Concurrently, z∗ increases between
nectar encounters, meaning that the expected remaining
time within the inflorescence decays.

The dynamics of expected remaining patch time resem-
ble the potential function of McNamara [6], with several
important differences. Here the processes of decay and
increment affect a threshold response to stimuli, with the
result that the effects of nectar reception may be spread
across several discrete patches, for example, flower groupings
within the same plant or on adjacent plants [32, 33]. In
the model the decision to depart is influenced by possibly
many attributes of inflorescences besides the standing crops
of nectar. This explains, for example, the observation by Pyke
that bees stay longer within larger inflorescences of Aconitum
columbianum even when these contain no more nectar than
smaller inflorescences [19]. Larger inflorescences will have a
greater value of z, all other things being equal.

Several points should be clarified concerning the decay
process. In Figure 2 the rate of decay is constant for illustra-
tive purposes, but in general it may be nonlinear, following
an exponential or hyperbolic trajectory, for example. The
increments are shown happening instantaneously, as in other
such models (Figure 1); in reality each flower visit includes
a handling time. We may keep the convenient form shown
by assuming that the increments represent the net effect of
increase due to nectar minus decay incurred during the time
of the flower visit. This allows for the possibility that a flower
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visit may actually result in a net decrement in expected
remaining patch time, if the handling time for that flower
is long enough. In addition, the model to this point does not
explicitly specify the probability of departure from the whole
inflorescence, which may be less than 1 given that the bee
does not land (i.e., bees may reject the current flower, but stay
within the same inflorescence). The conditional probability
of departure given z may be specified by any nonnegative
function of z bounded above by 1 – P(Land | z).

Reception of energy in the form of floral nectar lowers
the threshold z∗, thus incrementing the expected remaining
patch time. In the formal Bayesian foraging models cited
above, the increments from prey capture have been constant
or limited to a small number of values [3, 8, 10]. In the
current model the “prey” is a continuous variable, an amount
of energy depending on a volume of nectar and the nectar
sugar concentration. The change in z∗ will be given by a
function φ that has as arguments the volume of nectar (given
a constant sugar concentration) and other information, such
as the order of encounter of flowers within the inflorescence.
I assume that φ = φ(V , k) is a function of at least two
arguments, the volume of nectar V in the flowers, and the
order of their encounter within the inflorescence, k. I make
the following assumptions for the form of φ(V , k):

∂φ

∂V
> 0,

∂2φ

∂V 2
< 0,

∂φ

∂k
< 0, (4)

where V is the volume of nectar and k = 1, 2, . . . n is the order
of encounter, with k = 1 being the first flower encountered
after the threshold has attained its maximum and thus
begun to decrease. The first two partial derivatives mean
that increments are an increasing and decelerating function
of the amount of nectar. This is simply the familiar Weber-
Fechner Law for the subjective scaling of stimuli (see [34–
37] for further application of the Weber Law to amount in
foraging models). The final assumption in (4) states that the
increments are a declining function of order; each increment
in sequence is worth less for the same amount of nectar, until
the threshold z∗ has reached its maximum.

The evolutionary reasons for these assumptions about
the form of φ follow from the typical distribution of nectar
standing crop within and among plants. Often there is
a highly clumped distribution, caused by differences in
secretion rates between plants or due to local search by the
bees themselves [38, 39]. Responding to occasional bonanzas
of nectar within flowers in a linear manner might cause
bees to stay much longer than would be optimal within an
inflorescence. The decline with order follows from the opti-
mal response of a Bayesian forager when there is a clumped
distribution of prey within patches. Iwasa et al. derived
optimal Bayesian policies for foragers encountering Poisson,
binomial, and negative binomial distributions of prey within
patches [7]. An overlooked feature of their equations was
that for the negative binomial distribution, which indicates
clumping of prey, each increment in sequence is less than the
previous increment until the forager has departed the patch
(Figure 1(c)). In neurobiology, this decline in the response
to stimuli with order of presentation is known as adaptation
[40].

The mathematical details in the model are important
in distinguishing it from other psychological or constrained
optimality models for patch departure. The major difference
concerns a horizon effect: the “time window” over which past
experience affects departure decisions may appear to change.
For example, decisions in one patch may be influenced by
experience in previously visited patches if the bee departed
from those earlier patches before the threshold z∗ had
reached its maximum. If the latter occurs, however, the
bee’s behavior in the current patch may appear to be a
function of the last travel distance only. This difference in
the apparent time window provides direct contrast with
threshold departure and other “run of bad luck” (ROBL)
models. In a one-flower threshold departure rule the decision
to depart at each flower is independent of experience at
previous flowers, while in the general ROBL model there
is always a specified time or number window beyond
which past experience has little or no bearing on present
decisions. Similar arguments apply to general memory
window rules of the Linear Operator Model (LINOP) or
exponentially weighted moving average (EWMA) forms [4,
41, 42]. All such models employ a weighting of events
within the time window to predict current decisions. A
heavy weighting to more recent experience can explain
the often observed strong effect of last travel distance on
patch departure [42]. However, this weighting then predicts
that foragers will rapidly adapt to changes in conditions
such as average interpatch travel time, which is usually not
the case.

The proposed model can explain the results of diverse
experiments with bumble bees. Thomson et al. observed
that bumble bees departed from empty umbels of Aralia
hispida after visiting two flowers [32]. After leaving an umbel
that had been enriched by placing 0.5 μL sucrose solution
into all 12 open flowers, the bees probed an average of
five flowers on a subsequent empty umbel before departing.
On the enriched umbels, bees visited an average 14 flowers
before departing, meaning that they revisited two flowers.
These revisited flowers presumably contained the strongly
negative stimulus of a marking pheromone, meaning that
z for recently visited flowers will be lower than that for a
simply empty flower. To be consistent with the model, other
bees arriving at such recently visited flowers would probe
fewer than two on average before departing: they would
either visit one-flower or not land on the umbel at all; this
behavior has been noted in other experiments [26, 43–45].
After departing from the enriched umbel, if the threshold
z∗ remained lowered due to the reception of nectar, there
would then be a carryover effect on the ensuing empty
umbel.

In a set of laboratory experiments with artificial umbels,
Taneyhill and Thomson observed that bumble bees probed
approximately the same number of flowers in umbels
containing either 2 or 4 μL of nectar in each of eight artificial
flowers, but fewer in umbels containing 1 μL in each flower
[33]. For the increment-decay model, this would suggest that
there was little difference in the value of φ for 2 and 4 μL
due to its decelerating form, but that the effect of 1 μL was
significantly less. When bees visited sets of three artificial



Psyche 5

umbels, one empty and the other two containing two of
the above three volumes of nectar, the numbers of flowers
probed within the empty umbels depended on both the
nectar volumes in previously visited umbels and their order
of encounter. The bees probed almost identical numbers of
flowers within empty umbels after first visiting either an
umbel filled with 2 or 4 μL in each flower, and also nearly
identical numbers after visiting umbels with both amounts in
either order. However, they probed more after a 2 than a 1 μL
umbel, and more after first a 2 and then a 1 μL umbel than
vice versa. These results were consistent with the assumption
that each increment is worth less, in sequence, for the same
value of V : the asymmetry occurs because (φ(2, k) + φ(1, k +
1)) > (φ(1, k) + φ(2, k + 1)). If 4 and 2 μL are interchange-
able, however, then (φ(4, k) + φ(2, k + 1)) = (φ(2, k) +
φ(4, k + 1)), and thus the order of presentation makes
no difference.

Cresswell also studied bumble bees foraging from ring-
like inflorescences, in wild bergamot Monarda fistulosa [26].
He obtained estimates of departure probability as a function
of nectar volume by finding the amount of nectar that
was just sufficient to make bees always stay, recording the
probability of departure from empty flowers, and drawing a
line between the two in a plot of departure probability as a
function of nectar volume. When values from this function
were used in computer simulations, the predicted numbers of
flowers visited consistently overestimated the actual numbers
visited in study plots. This can easily be explained by the
increment decay model due to its assumptions that departure
probability increases continually and that each increment
with nectar is worth less in sequence. In the stochastic
threshold departure rule, departure probabilities remain the
same at each flower for the same nectar volume.

Formal parameterizations of the model will be unique
to each experimental system. In the field, the important
flower stimuli and their relative weightings in the landing
decision can be determined by statistical techniques such as
principal components analysis, as Cresswell and Robertson
have done for Campanula rotundifolia [46]. Recently much
progress has been made in the analysis of how stimuli such
as marking pheromones affect bees’ decisions to exploit
patches, and how such reactions are blended with experience
and variation within individuals [47, 48].

The increment decay model makes several robust pre-
dictions that can be tested in comparison to the thresh-
old departure rules. A deterministic, one-flower threshold
departure rule predicts that bumble bees will always depart
an inflorescence after finding an empty flower, since the
threshold volume must be equal to or greater than zero.
The analogous stochastic rule predicts that bees will depart
after finding an empty flower with a fixed probability
independent of experience at other flowers. The increment
decay model, however, predicts that departure probability
at empty flowers will decrease with increasing nectar in
previously encountered flowers. The same arguments may
be applied to two-flower and similar departure rules. I thus
tested the two alternative models in the field, using one of the
field systems that spawned the original threshold departure
rules.

3. Methods

Field work was done in the vicinity of the Rocky Mountain
Biological Laboratory, Gothic, Colorado. The protocol for
the field experiments was to remove nectar from flowers
within plants with vertical inflorescences and to place known
amounts of sucrose solution (in all experiments I used
reagent grade sucrose, 30 g solute per 100 mL distilled water)
into flowers that bees would be likely to visit prior to the
empty flowers. Since bumble bees often forage from plants
with vertical inflorescences by starting near the bottom and
moving upward [20, 21], I placed the sucrose solution into
the bottom flowers in all experiments, and drained the
second or second and third flowers from the bottom of all
floral nectar.

The experiments reported here were done using monks-
hood, Aconitum columbianum. The monkshood inflores-
cence has dark purple, zygomorphic flowers borne on a
central spike, with two cup-shaped nectaries hidden inside a
hood-shaped cap formed by the fusion of two petals (see [49]
for illustrations of how bees forage from monkshood). This
species is well suited to tests of the threshold departure rules,
because the structure of the flower makes it difficult for bees
to sense the presence of nectar before landing and probing
the flower, and the nectar can easily be removed from the
nectaries within the flowers.

The first experiment tested one-flower threshold depar-
ture rules. I used 4 nectar treatments for the bottom flowers:
4, 2, 1, and 0 (=control) μL of 30% sucrose solution. The
largest amount was chosen because this was approximately
the highest standing crop volume found in surveys of
the study populations (sugar concentration of samples was
usually higher, generally in the range of 40% to 50% sucrose
equivalents, so the treatments actually contained less sugar).
I placed these amounts of nectar into the bottom flowers of
study plants and drained the flower above the bottom of all
the nectar. Although it would be easy to ensure that empty
flowers contained no nectar at all by removing the nectaries,
I did not do this for fear of altering the bees’ behavior. Instead
I checked the flowers for nectar every 20 minutes using 1 μL
microcapillary tubes. Hamilton dispensing microsyringes
were used to place the sucrose solution into the flowers.
Observations were made with 6 plants on each observation
day, and I used plants with at least 6 open flowers on the
inflorescence. Plants were not selected at random; rather
they were chosen from those that had nectaries in very
good condition. While the bees visiting the plants were not
marked, due to identification of caste and species it was
determined that a minimum of 6 individual bees visited the
plants.

I recorded the pattern of visitation, time of visit, caste,
and species for all bees visiting the test plants. Because I
found it difficult to accurately record data for all five nectar
amounts at the same time, each day of observation was
devoted to one nectar volume only; data for each replication
of each treatment are thus analyzed separately.

A second experiment with A. columbianum tested both
one- and two-flower threshold departure rules. I used as
nectar treatments 6, 4, 2, 1 and 0 μL 30% sucrose solution.
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Table 1: Departure patterns of bumble bees on treated inflo-
rescences of Aconitum columbianum. Four microliters of 30%
sucrose solution were placed in bottom flowers of the inflorescence,
with zero microliters (empty) in second-from-bottom flowers. The
notation in this and all subsequent tables is X , 2 standing for bees
that began by visiting the empty second flower first, without visiting
the bottom flower. 1, 2 stands for bees visiting the treated bottom
flower and then the empty second flower. Goodness of fit test for the
null hypothesis of equal probability to depart: χ2 = 4.67, P < .01.

Stay Depart Probability (Depart)

X , 2 13 6 0.32

1, 2 19 1 0.05

Table 2: Departure patterns of bumble bees on treated inflo-
rescences of Aconitum columbianum. Second replication of the
experiment with four microliters of 30% sucrose solution placed in
bottom flowers of the inflorescence, zero in second-from-bottom
flowers. Goodness of fit test for the null hypothesis of equal
probability to depart: χ2 = 5.24, P < .01.

Stay Depart Probability (Depart)

X , 2 11 5 0.31

1, 2 22 1 0.04

Table 3: Departure patterns of bumble bees on treated inflores-
cences of Aconitum columbianum. Two microliters of 30% sucrose
solution placed in bottom flowers of the inflorescence, zero in
second-from-bottom flowers. χ2 = 1.73, P > .05.

Stay Depart Probability (Depart)

X , 2 22 10 0.31

1, 2 19 3 0.15

I drained the second and third flowers from the bottom of
all nectar, and again checked these every 20 minutes using
microcapillary tubes. I used a Rainin digital dispensing pipet
to place sucrose solution into the bottom flowers. During this
experiment, I was able to gather data for all five amounts of
sucrose on each day of observation. I changed the amount
of sucrose in each study plant every two hours during each
day. Bee density in this experiment was greater than for
the first experiment; at least 10 individuals were visiting the
experimental plants.

Data from the first experiment were cast into 2× 2
contingency tables and analyzed via two-way tests of inde-
pendence, with the null hypothesis that the probability
of departure from an empty flower was independent of
previous experience (i.e., whether the bee had first visited
the treated flower). Data from the second experiment were
analyzed via an R× C contingency table test [50].

4. Results

In tests of one-flower threshold departure rules using Aconi-
tum columbianum, bumble bees’ probability of departure
from empty flowers decreased with increasing volume of
nectar in previously encountered bottom flowers (Tables
1, 2, 3, 4, 5, 6, and 7). With 4 μL of sucrose solution

Table 4: Departure patterns of bumble bees on treated inflo-
rescences of Aconitum columbianum. Second replication of two
microliters of 30% sucrose solution placed in bottom flowers of the
inflorescence, zero in second-from-bottom flowers. χ2 = 3.95, P <
.05.

Stay Depart Probability (Depart)

X , 2 31 17 0.35

1, 2 24 4 0.14

Table 5: Departure patterns of bumble bees on treated inflores-
cences of Aconitum columbianum. One microliter of 30% sucrose
solution placed in bottom flowers of the inflorescence, zero in
second-from-bottom flowers. χ2 = 0.269, P > .5.

Stay Depart Probability (Depart)

X , 2 21 5 0.19

1, 2 19 3 0.14

Table 6: Departure patterns of bumble bees on treated inflo-
rescences of Aconitum columbianum. Second replication of one
microliter of 30% sucrose solution placed in bottom flowers of
the inflorescence, zero in second-from-bottom flowers. χ2 = 3.72,
P < .06.

Stay Depart Probability (Depart)

X , 2 33 7 0.18

1, 2 31 1 0.03

Table 7: Departure patterns of bumble bees on treated inflores-
cences of Aconitum columbianum. Control treatment with zero
microliters of 30% sucrose solution in bottom flowers of the
inflorescence, and zero in second-from-bottom flowers. χ2 =
1.63, P > .1.

Stay Depart Probability (Depart)

X , 2 25 14 0.36

1, 2 10 8 0.44

in bottom flowers, the bees almost never departed after
subsequently finding the empty flower if they had first visited
the treated flower (probabilities of departure = 0.04 and
0.05 for two replicate experiments). In the control treatment
with both flowers empty, the probability of departure from
the empty second flower was greater if the bee had first
visited the treated (empty) bottom flower, as is predicted by
the increment-decay model, although the two probabilities
were not statistically different. The probability of departure
from the empty second flower, given that it was visited first,
was about 0.3 (overall P = .29, N = 220), and in each
experiment was fairly close to this value except for the two
experiments using 1 μL. Observations collected on different
days showed nearly identical patterns, except for the second
1 μL treatment.

Results of the two-flower tests (Tables 8 and 9) were in
accord with the one-flower experiments. The probabilities
of departure depended on both the amount of nectar in the
treated bottom flower and the pattern of visitation (3-way
test of independence using a log-linear model; G = 28.085
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Table 8: Departure patterns of bumble bees on treated inflores-
cences of Aconitum columbianum. Control treatment with zero
microliters of 30% sucrose solution in bottom flowers of the
inflorescence, and zero in second-from-bottom flowers (2), and
zero in third-from-bottom flowers (3). The notation in this and
Table 9 is X , 2 or 3 stands for bees that began by visiting the empty
second or third flower first, without visiting the bottom flower. X ,
2 and 3 stands for bees visiting both empty flowers first. 1, 2, or 3
stands for visiting the treated bottom flower and then the empty
second or empty third flower. 1, 2 and 3 stands for visiting the
treated bottom flower and then both the empty second and empty
third flowers.

Stay Depart Probability (Depart)

X , 2 or 3 65 27 0.29

X , 2 and 3 14 6 0.30

1, 2 or 3 20 1 0.048

1, 2 and 3 8 1 0.11

Table 9: Departure patterns of bumble bees on treated inflo-
rescences of Aconitum columbianum. The experiment used a
descending series of volumes of 30% sucrose solution, from 6 to
0 microliters, in bottom flowers of the inflorescence, with second-
from-bottom and third-from-bottom flowers empty. The notation
for visit patterns is as detailed in Table 8. Three-way log-likelihood
test of independence, G = 28.085, P < .01 for the 3-way interaction.

Stay Depart Probability (Depart)

6 μL

X , 2 or 3 38 12 0.24

X , 2 and 3 2 4 0.67

1, 2 or 3 30 0 0

1, 2 and 3 11 0 0

4 μL

X , 2 or 3 33 17 0.34

X , 2 and 3 7 2 0.22

1, 2 or 3 55 1 0.018

1, 2 and 3 33 4 0.11

2 μL

X , 2 or 3 30 17 0.36

X , 2 and 3 3 4 0.57

1, 2 or 3 38 2 0.5

1, 2 and 3 20 3 0.13

1 μL

X , 2 or 3 26 11 0.3

X , 2 and 3 7 2 0.22

1, 2 or 3 49 4 0.08

1, 2 and 3 21 3 0.125

0 μL

X , 2 or 3 97 43 0.31

X, 2 and 3 25 9 0.265

1, 2 or 3 52 13 0.20

1, 2 and 3 22 7 0.24

P < .01 for the 3-way interaction). As in the one-flower
study, the probabilities of departure from the empty second
flowers decreased with increasing amounts of sucrose placed

in the bottom flower. With 6 μL sucrose solution placed
in the bottom flower, the bees never departed after next
probing either one or two empty flowers. The probabilities
of departure from empty second or third flowers visited
first were again about 0.3, as in the one-flower experiments
(overall, P = .31, N = 324), with relatively little variation
across treatments (range, 0.24 to 0.36).

5. Discussion

The results from field experiments with Aconitum colum-
bianum strongly suggest that the bumble bees did not use
a one- or two- flower threshold departure rule. In many
cases the bees did not depart after visiting from one to three
flowers that were, to the limit of the experimental techniques,
empty of nectar. The probabilities of departure from empty
flowers were instead influenced by the amounts of nectar
in previously encountered flowers, meaning that the bees
were also not using a stochastic threshold departure rule.
When testing threshold departure rules one could continue
to advocate them with an increasing number window; in the
present case the results do not falsify a three-flower stochastic
threshold departure rule. However, this line of reasoning
could be extended indefinitely. To interpret the results of
Thomson et al. [32] in that manner, bees visiting umbels of
Aralia hispida would have to have been switching between a
two-flower and a five-flower stochastic threshold departure
rule. It seems much more parsimonious to think of expected
departure time or number as being flexible, able to vary with
time and experience.

In this paper I have presented the increment-decay
process as a general framework for understanding patch
departure in bumble bees. Such a model, in which patch
departure is considered as an observable aspect of a
dynamical system, addresses the important question of
how cognitive mechanisms of foraging behavior should be
considered in theory above the neurobiological level. The
terms “rules” and “mechanisms” are perhaps considered
interchangeable by some, yet I argue that there can be subtle
but important differences between the two. The word “rule”
often denotes the type of if-then procedure found in expert
computer systems or other such human constructs; many
such rules have been proposed in foraging theory, including
give-up time rules, fixed number rules, failure rules, and
the threshold departure rules [3, 8, 24, 51]. However, other
proposed mechanisms, such as those described in the present
paper, cannot easily be expressed in this form. An ever-
present danger in building cognitive models of behavior is
that they run the risk of assigning to the animal processes that
may account for the observations, but which may not in fact
exist. Representing mechanisms as dynamical systems may
bring the models closer to the underlying neurobiology while
sacrificing ease of understanding them in commonsense
terms.

Constructing cognitive models for patch departure
behavior in this manner (adding details of mechanism
peculiar to each organism) means that the results become
further removed from the MVT [4]. What, then, is the
purpose of the optimality models? The standard answer is



8 Psyche

that they help build intuition about the mechanisms that
one expects to find [52, 53]. The model presented in this
paper was suggested by observations of bees and by the
results of experiments. However, the approach was guided
by principles from optimality theory, in both the overall
structure of the model and in its assumptions concerning
how experiences affect the model’s dynamics. Increment-
decay processes appear to be a fortunate compromise
between the proximal and adaptationist descriptions, having
their roots in Bayesian inference while at the same time
bearing resemblance to neurobiological processes. Since they
have the potential to explain so many aspects of patch
departure [11], they should be investigated in depth for
bumble bees and other foragers.
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Colonies of the Brazilian stingless bee Plebeia remota show a reproductive diapause in autumn and winter. Therefore, they present
two distinct reproductive states, during which colony needs are putatively different. Consequently, foraging should be adapted to
the different needs. We recorded the foraging activity of two colonies for 30 days in both phases. Indeed, it presented different
patterns during the two phases. In the reproductive diapause, the resource predominantly collected by the foragers was nectar. The
majority of the bees were nectar foragers, and the peak of collecting activity occurred around noon. Instead, in the reproductive
phase, the predominantly collected resource was pollen, and the peak of activity occurred around 10:00 am. Although the majority
of the foragers were not specialized in this phase, there were a larger number of pollen foragers compared to the phase of
reproductive diapause. The temperature and relative humidity also influenced the foraging activity.

1. Introduction

Stingless bees collect several types of material on their
foraging flights. Most of these materials have vegetal origin,
as pollen, nectar, resin, latex, leaves, trichomes, fragrances,
oils, seeds, and so forth. In addition, stingless bees also collect
materials of other origins, as animal feces, clay, water, and
fungi spores, for example [1–3].

Among all these resources, pollen, and nectar are the
ones used as food [4]. In some bee species oil is also used
to provision brood cells, as in Centris (Hemisiella) tarsata [5]
and C. (H.) trigonoides [6]. The other materials can be used
for several purposes, especially construction and protection
[2, 4]. The flight activity includes waste removal, namely, to
remove garbage (detritus) from the colony, besides foraging.
The detritus comprise feces, old combs, dead bees, larval and
pupal exuvia, among others [1, 2, 7].

The foraging behavior varies seasonally throughout the
year, especially in relation to the amount of pollen collected
by the colonies. Climatic factors such as temperature, light

intensity, wind, rain, and relative humidity, as well as plant
resource availability, influence foraging. Colony internal
factors, such as population size and amount of stored food,
also influence the foraging behavior of the individual bees
and of the colony [2, 4, 8–12].

Several aspects of the flight and foraging activity of
some stingless bee species have already been studied: (i)
the influence of external and internal factors, (ii) the size
and the physiology of the bees, and (iii) the effect of
daily and seasonal patterns of availability of floral resources
on foraging. However, among the species that present
reproductive diapause, the foraging pattern and the flight
activity in relation to the phase of diapause and the phase
of oviposition by the queen were studied comparatively only
in Plebeia saiqui [13, 14].

Reproductive diapause is characterized by an interrup-
tion in cell provisioning and oviposition process (POP) in
autumn and winter [15–17]. In stingless bees the provi-
sioning and oviposition process (POP) comprises (i) the
construction of brood cells one by one, (ii) provisioning
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of them by the workers, (iii) the oviposition by the queen,
and (iv) sealing of the cells by the workers, then new cells
are started [1]. Diapause also occurs in other stingless bee
species, especially in the genus Plebeia: P. remota [15, 17], P.
droryana [18], P. julianii [19], and P. wittmanni [20] and has
also been observed in some colonies of Melipona marginata
obscurior [21]. In this phase many changes in the architecture
(i.e., construction of storage pots on the top of the pile of
old combs) of the nest and in the behavior of the queens
and workers occur, at least in P. remota [17]. In this species
even the defensive behavior of the bees is modified during
the reproductive diapause [22].

Hilário et al. [23–25] studied the influence of climatic
factors on the flight activity of P. remota, but he did not
present observations on the influence of diapause in the for-
aging and waste removal behavior for this species. The main
aim of this study was to test whether the foraging behavior
of this species varies according to the reproductive state of
the colony. More specifically we examined whether there are
differences on the type and amount of resource collected by
the bees in the different phases of reproduction and in the
removal of detritus. The influence of the temperature and
the relative humidity on this activity and the daily rhythm
of the foraging of the colonies and individual foragers were
also investigated, as the individual activities of the foragers.

2. Material and Methods

The study was carried out in the Bee Laboratory (Bioscience
Institute, University of São Paulo; 23◦33′S, 46◦43′W) in
two periods: from May 8th to July 7th 2006 (reproductive
diapause of colonies) and from November 13th 2006 to
January 24th 2007 (reproductive phase).

We used two colonies of P. remota from Cunha (23◦05′S,
44◦55′O, São Paulo State). These colonies were hived in
wooden boxes covered with glass lids and connected to the
exterior of the laboratory by a plastic tube. Outside the
building the tube was 15 cm long, so as to allow better
observation of the activity of individual bees. Four hundred
newly emerged bees were individually marked in each colony
using a color code made with paint. This color code is based
on five colors, each color representing a number, and on the
position of the dot on the thorax (Figure 1). Dots in the
center of the thorax mean 100 (white) to 500 (green). This
system allows the researcher to mark 599 bees individually by
combining the dots. For example, bee number 456 is marked
with a blue dot on the center of the thorax, a green dot on
the inner left side of the thorax, and a white dot on the
upper right side. This is a marking system modified from
Sakagami’s system [26].

The observations were made between 8:00 and 18:00
(local time), for 20 minutes per hour in each colony, for
30 days distributed throughout each phase (a minimum
of 3 times a week and maximum of 5 times a week). In
these observations we counted the number of bees entering
the colony and the number of bees taking out garbage,
and registered the type of material carried by them (nectar,
pollen, or resin). We also recorded the time and what

W R Y B G W R Y B

W R Y B G W R Y B

1 2 3 4 5 6 7 8 9

10 20 30 40 50 60 70 80 90

B: Blue
G: Green
R: Red

W: White
Y: Yellow

Figure 1: Marking system based on the position of the dots made
with paint on the thorax of the bee. The black balls represent the
thorax of the bee and the letters where the dots are made and the
color of the paint.

resource individually marked bees foraged for. It was not
possible to distinguish among bees bringing nectar, water, or
nothing. Bees entering the hive without pollen or resin on
the corbiculae were considered to bring nectar. To avoid an
over estimation of bees collecting nectar, the number of bees
removing garbage was subtracted from the number of bees
collecting nectar, since these bees do not collect resources and
come back rapidly without resources on the corbiculae, and
they had been previously counted as bees collecting nectar.

We calculated the mean and standard deviations of the
numbers of bees collecting nectar, pollen, and resin and
removing garbage per hour, as well as the minimum and
maximum numbers registered per colony. Since the datasets
did not follow a normal distribution (Shapiro-Wilk test, P <
.05), we used Mann-Whitney test to compare two groups of
data and Kruskall-Wallis test or Wilcoxon signed-rank test to
compare more than two groups [27].

We calculated the partial correlation indexes between air
temperature (◦C) and relative humidity (%) and between
these two environmental factors and nectar, pollen, and
resin collection, total number of incoming trips in the
colony and garbage removal. The controlled factors were the
relative humidity and the air temperature. We also calculated
Spearman correlation indexes between air temperature and
relative humidity, and nectar, pollen, and resin collection and
the total number of incoming trips in the colony. Weather
data were provided by the Climatology and Biogeography
Laboratory (Geography Department, Faculty of Philosophy,
Letters, Science and History, University of São Paulo) from
their experimental meteorological station at the University of
São Paulo campus. The data were provided as means of five
minutes of the temperature recordings. We used the mean
of the four mean temperatures that corresponded to the 20
minutes of observation. To compare the air temperature and
relative humidity between the two phases studied we used the
Mann-Whitney test.

The analysis of the individual behavior of foragers was
based on the activity performed (type of material collected
or garbage removal) and on the frequency they performed
it. We considered that bees that collected only one type of
resource (nectar, pollen, and resin) in 80% or more of their
flights were specialists in the collection of that resource, as
Biesmeijer and Tóth [28] did. We also observed for how
many days the marked bees foraged and their age.
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Figure 2: Total of entrances in two colonies of Plebeia remota in the reproductive phase (a) and in the diapause (b).

The foraging behavior of the colony and the individual
foragers was also analyzed using rhythm tests. We tested
whether the foraging of individual bees and of the colonies
showed an acrophase (hr:min; local time) with the Rayleigh
test (P = .05) [27]. We calculated the value of the acrophase
of the colony and of individual marked bees (when the
bee made six or more activities), the angular deviation of
the acrophases and the mean vector r, which indicates the
dispersion of the data around the acrophase; the greater
the value of r, the less dispersion of the data around the
acrophase [27].

3. Results

3.1. Foraging Patterns of Nectar, Pollen, Resin Collection, and
Garbage Removal. There were differences in the foraging
patterns between the reproductive and diapause phases.
There was a statistically significant difference between the
total number of bees collecting resources in the reproductive
phase and during diapause (colonies 1 and 2, Mann-Whitney
test, P < .05).

In both colonies the total number of bees collecting
resources in the reproductive phase increased until 9:00.
A peak of activity was found between 9:00 and 11:00.
After 11:00, the income of resources decreased until 13:00,
remaining constant for the rest of the day (Figure 2(a)).

In the diapause, the total number of foragers increased
from 8:00 to 11:00. The resource income remained constant
from 11:00 to 13:00, when it started decreasing until 18:00
(Figure 2(b)). The nectar collection pattern was similar to the
pattern of the total number of bees bringing resources to the
colony. During the reproductive phase it was nearly constant
along the day in both colonies (Figure 3(a)). From 8:00 to
11:00 it increased and remained constant until 16:00, when it
decreased slightly.

In the diapause (Figure 3(b)), the collection of this
resource increased from 8:00 to 11:00 and showed a peak
between 11:00 and 12:00 in colony 1, but in colony 2 this
peak lasted until 13:00. In general, the collection of nectar
started to decrease after this peak until cessation.

Although distinct patterns in nectar collection in the two
phases were found along the day, there was no difference
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Figure 3: Nectar collection patterns of two colonies of Plebeia remota in the reproductive phase (a) and in the diapause (b).

between the total number of bees collecting nectar in the
reproductive phase and in the diapause (Wilcoxon sign-rank
test, colony 1: P > .05; colony 2: P > .05).

The pollen collection pattern also showed differences
between the two phases (Figure 4). In the reproductive phase
the pollen collection showed a peak at the beginning of
the morning, between 8:00 and 10:00. After that, pollen
collection decreased along the day. The diapause was char-
acterized by a low number of bees bringing pollen to the
nest (Figure 4(b)). The number of bees collecting pollen
increased between 8:00 and 11:00, remaining nearly constant
for the rest of the day. There was a statistically significant
difference between the total number of bees collecting pollen
in the reproductive phase and in the diapause (Wilcoxon
sign-rank test, colony 1: P < .05; colony 2: P < .05). The
total number of bees bringing pollen to the nest in the
reproductive phase was higher than in the diapause.

Resin foraging in the reproductive phase was constant
along the day (Figure 5(a)). In the diapause, this activity was
nearly constant along the day, with exception of few periods
of time (Figure 5(b)).

There was a significant difference between the total
number of bees collecting resin in the reproductive phase
and in the diapause (Mann-Whitney test, colony 1: P < .05;
colony 2: P < .05). However, different situations occurred in
each colony. In colony 1, the total number of bees bringing
resin to the nest in the reproductive phase was higher than in
the diapause. In colony 2, the opposite was found (Figure 5).

The garbage removal in the reproductive phase and in
the diapause was concentrated at the end of the day, after
15:00 (Figure 6). In general, it increased along the day.
The total number of foragers removing garbage during the
reproductive phase was smaller than during diapause in
colony 1 (Mann-Whitney test, P < .05), but in colony 2 the
opposite was found (Mann-Whitney test, P < .05; Figure 6).

There was a difference in the number of foraging trips
for the different resources in the two phases in the two
colonies (Kruskall-Wallis test, P < .05). Nectar was always the
most collected resource (Figure 7). In the reproductive phase,
pollen was the second most collected resource (Figures 7(a)
and 7(b)). In the diapause, different situations were found
regarding pollen and resin collection. In colony 1, pollen
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Figure 4: Pollen collection patterns of two colonies of Plebeia remota in the reproductive phase (a) and in the diapause (b).

collection was greater than resin collection (Mann-Whitney
test, Z = 6.7 and P < .05; Figures 7(a) and 7(c)), however,
colony 2 had the opposite behavior (Mann-Whitney test, Z =
6.1 and P < .05; Figures 7(b) and 7(d)). Garbage removal was
more frequent when the resource (nectar, pollen, and resin)
collection decreased at the end of the day (between 16:00 and
17:00) both in the reproductive phase and in the diapause
(Figure 7).

3.2. Flight Activity and Climatic Factors. The air temperature
and the relative humidity in the reproductive phase were
different from the diapause (Mann-Whitney test, P < .00;
Table 1).

In the diapause, for colony 1 the minimum temperature
for foraging was 14.7◦C (only one entry) and for colony
2 it was 14.3◦C. No bees were observed foraging below
these temperatures. In the reproductive phase, none of the
temperatures restricted the foraging behavior.

As expected, air temperature and relative humidity were
always correlated (Table 1). In the reproductive phase and
in the diapause, the total number of incoming workers

depended on the air temperature and relative humidity
(Table 2). The flight activity depended more on the tempera-
ture in the diapause than in the reproductive phase (higher r
values). The partial correlation between the total number of
incoming trips and the relative humidity was not statistically
significant for colony 1 in the reproductive phase and for
colony 2 in the diapause (Table 2).

Nectar collection also depended on the air temperature.
However, only the partial correlation between nectar col-
lection and relative humidity in colony 1 in the diapause
were statistically significant. Nectar collection was highly
correlated with the total incoming trips in the colony
(Table 2).

Pollen collection depended on the air temperature in the
diapause, but not in the reproductive phase. In contrast, it
depended on the air relative humidity in both phases. This
activity was correlated with the total number of entrances in
the colony only in the diapause (Table 2).

In colony 1, resin collection showed a relationship with
the temperature only in the diapause. In colony 2, on the
other hand, this activity depended to a minor extend on the
temperature in both phases. The partial correlation between
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Figure 5: Resin collection patterns of two colonies of Plebeia remota in the reproductive phase (a) and in the diapause (b).

Table 1: Mean, minimum, and maximum temperatures (◦C) and relative humidity (%) during the reproductive phase and reproductive
diapause.

Colony 1 Colony 2

Reproductive phase

Temperature

Mean 24.5◦C ± 3.1◦C 24.5◦C ± 3.1◦C

Minimum 17.5◦C 17.8◦C

Maximum 32.4◦C 32.4◦C

Relative humidity

Mean 64.6% ± 15.2% 64.8% ± 15.4%

Minimum 26.3% 24.5%

Maximum 93.3% 93.3%

Reproductive diapause

Temperature

Mean 20.0◦C ± 3.2◦C 19.9◦C ± 3.2◦C

Minimum 11.3◦C 11.6◦C

Maximum 27.0◦C 26.7◦C

Relative humidity

Mean 58.0% ± 15.4% 58.2% ± 15.3%

Minimum 28.3% 27.9%

Maximum 95.2% 96.0%
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Figure 6: Garbage removal patterns of two colonies of Plebeia remota in the reproductive phase (a) and in the diapause (b).

resin collection and relative humidity was opposite in the two
colonies. In colony 1, this activity was not correlated with
relative humidity in the reproductive phase, but it depended
to a minor extent on this climatic factor in the diapause. In
colony 2, resin collection depended on the relative humidity
in the reproductive phase, but not in the diapause. Generally,
this activity was not significantly correlated with the total
number of incoming trips in the hive, with the exception in
colony 1 during the diapause (Table 2).

The partial correlation between garbage removal and
temperature was not significant only in colony 2 in the
reproductive phase. In colony 1, these two parameters
showed a negative partial correlation in the reproductive
phase. The partial correlation between garbage removal and
relative humidity was not significant only in colony 1 in the
reproductive phase. None of the partial correlations between
this activity and the total number of incoming trips in the
colony was statistically significant (Table 2).

3.3. Individual Activity of Foragers and Colony Rhythm. In
the reproductive phase only eight (2%) marked workers

(from the ones we observed) in colony 1 and six (1.5%) in
colony 2 were observed while foraging (entering and exiting
the colony). In the reproductive diapause, 131 (32.75%)
and 32 (8%) marked bees were observed in colonies 1
and 2, respectively. Additional marked bees were observed
exiting the colony; however they were not considered in the
analyses because we do not know what foraging activity they
performed.

Marked bees contributed little to nectar, pollen, and resin
collecting during the reproductive phase and reproductive
diapause (Table 3).

We observed no marked bees removing garbage from
colonies 1 and 2 in the reproductive phase. In the repro-
ductive diapause, we observed only one marked bee in each
colony performing this activity. In colony 1, this bee was
responsible for only one removal flight (0.04%), but in
colony 2, the observed bee was responsible for 7.21% of the
removal flights.

We also verified if the marked bees were specialized
(nectar, pollen, or resin foragers) or not. In the reproductive
phase in colony 1, 50% of the marked bees were nectar
foragers (37.5% collected only nectar and 12.5% collected
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Figure 7: Mean percentage of Plebeia remota bees collecting nectar, pollen, and resin and removing garbage. Reproductive phase: (a) colony
1; (b) colony 2. Diapause: (c) colony 1; (d) colony 2.
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Table 2: Partial correlations (rab,c, where a and b are the correlated variables and c the controlled variable) between nectar (N), pollen (P),
resin (R), garbage (G), and total number of incoming trips (TE) and temperature (T) and relative humidity (RH); and Spearman correlations
(rab, where a and b are the correlated variables) between temperature (T) and relative humidity (RH), and between nectar (N), pollen (P),
resin (R), garbage (G), and total number of incoming trips (TE) in the reproductive phase and in the diapause, in colonies 1 and 2 of Plebeia
remota.

Colony 1 Colony 2

rreproductive phase rdiapause rreproductive phase rdiapause

rTRH −0.7287∗ −0.8993∗ −0.7236∗ −0.8969∗

rNT ,RH 0.2824∗ 0.4135∗ 0.2823∗ 0.2188∗

rN RH,T −0.0505ns 0.1553∗ 0.0294ns 0.0846ns

rN TE 0.8346∗ 0.9895∗ 0.7543∗ 0.9923∗

rPT ,RH −0.0511ns 0.3584∗ −0.0106ns 0.3319∗

rP RH,T 0.1368∗ 0.2957∗ 0.1243∗ 0.2470∗

rP TE 0.5005ns 0.6942∗ 0.6429ns 0.7468∗

rR T,RH 0.0996ns 0.4580∗ 0.1697∗ 0.1862∗

rR RH,T −0.0261ns 0.1565∗ 0.2750∗ 0.0742ns

rR TE 0.3524ns 0.7751∗ −0.0116ns 0.5223ns

rG T,RH −0.1854∗ 0.2460∗ 0.0478ns 0.2256∗

rG RH,T −0.0979ns 0.0546∗ 0.1513∗ 0.1749∗

rG TE −0.0183ns 0.6354ns 0.2903ns 0.5973ns

rTE T ,RH 0.1914∗ 0.4539∗ 0.1816∗ 0.2512∗

rTE RH,T 0.0279ns 0.1734∗ 0.1588∗ 0.1152ns

∗
statistically significant (P < .05); nsnot statistically significant (P > .05).

Table 3: Total number of incoming trips of nectar, pollen, and resin and the percentage of marked bees that performed these activities
during the reproductive phase and reproductive diapause in colonies 1 and 2 of Plebeia remota.

Colony 1 Colony 2

Total number of
incoming trips

% of marked bees
performing the
activity

Total number of
incoming trips

% of marked bees
performing the
activity

Reproductive phase
Nectar 12332 0.30 15364 0.06

Pollen 4406 0.36 8483 0.32

Resin 466 0 627 0

Reproductive diapause
Nectar 22316 8.0 17291 2.76

Pollen 974 5.85 472 0.21

Resin 349 1.72 1114 0.09

also pollen), 25% pollen foragers, and 25% were non-
specialized (collected nectar and pollen). In colony 2, 66.7%
of the marked bees were pollen foragers and 33.3% were non-
specialized (collected nectar and pollen).

In the reproductive phase, 94.6% of the marked bees were
nectar foragers in colony 1 (86.2% collected only nectar and
8.4% collected also pollen or resin) and 96.9% in colony 2
(87.5% collected only nectar and 9.4% collected also pollen),
respectively. In colony 1, 1.5% of the marked bees were pollen
foragers in this phase and the rest was not specialized. In
colony 2, 3.1% of the marked bees were specialized in garbage
removal.

The period of time that a marked bee foraged for
was variable. In the reproductive phase foragers of colony
1 collected nectar for an average of 2.2 days (standard
deviation: 1.5 days; n = 6; maximum: four days) and
pollen for 1.4 days (standard deviation: 0.9 days; n = 5;

maximum: three days). The mean number of days that the
bees foraged (collected any resource or removed garbage)
was 2.3 (standard deviation: 2.1 days; n = 8; maximum: six
days). In colony 2 we observed only two nectar foragers; one
foraged for two days and the other for three. The bees foraged
for pollen for an average of 2.7 days (standard deviation: 1.6
days; n = 6; maximum: five days). The mean number of
days that the bees foraged (collected any resource or removed
garbage) was 3.3 (standard deviation: 2.3 days; n = 6;
maximum: six days).

In the reproductive diapause, foragers of colony 1 col-
lected nectar for an average of 3.3 days (standard deviation:
3.5 days; n = 126; maximum: 16 days), pollen for 1.9 days
(standard deviation: 1.1 days; n = 16; maximum: 4 days)
and resin for 1.3 days (standard deviation: 0.5 days; n = 4;
maximum: 2 days). The mean number of days that the bees
foraged (collected any resource or removed garbage) was 3.4
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Figure 8: Acrophases with their respectives angular deviations
(y axis) and mean ages with their respectives standard deviations
(x axis) of nectar and pollen foraging and exit of marked bees
of colony 1 of Plebeia remota, in the reproductive phase (a) and
reproductive diapause (b).

(standard deviation: 3.6 days; n = 131; maximum: 16 days).
In colony 2, the foragers collected nectar for an average of
4.4 days (standard deviation: 3.6 days; n = 31; maximum: 13
days). We observed only two pollen foragers; one foraged for
one day and the other for two. Only one bee collected resin
and did it for one day. Another marked bee removed garbage
from the colony for five days. The mean number of days that
the bees foraged (collected any resource or removed garbage)
was 4.5 (standard deviation: 3.5 days; n = 32; maximum: 13
days).

Although a great variability was observed as to age of
marked bees, the foragers of the reproductive diapause were
older than the foragers from the reproductive phase (Figures
8 and 9, Table 4) in both colonies.

Acrophases were detected in nectar, pollen, and exit
of marked bees (Table 4). These acrophases occurred in
different times in the reproductive phase and diapause, with
the exception of nectar collection (Figures 8 and 9, Table 4).
The acrophase of pollen collection occurred earlier in the
reproductive phase (Table 4), but the variation around it
(angular deviation) was similar between the two phases
(Table 4).
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Figure 9: Acrophases with their respectives angular deviations
(y axis) and mean ages with their respectives standard deviations
(x axis) of nectar and pollen foraging and exit of marked bees
of colony 2 of Plebeia remota, in the reproductive phase (a) and
reproductive diapause (b).

We compared the foraging of marked bees with the
colony foraging (marked and nonmarked bees observed).
The acrophase of the marked foragers was within the interval
of the acrophases of the colony foraging activity (Table 5).
This indicated that the foraging activity of the marked bees is
representative of the foraging activity of the colony.

3.4. Other Behavioral Observations. We observed the occur-
rence of nectar transfer between a forager and other bee that
was in the tube. This behavior was not quantified, because
it was not the aim of the observations, but tropholaxis was
seen many times in the entrance tube. Sometimes the forager
did tropholaxis with other bee in the tube as soon as it
arrived and left the tube immediately. Hence, there is task
partitioning in nectar collection in P. remota.

The garbage removal is also a task that is partitioned
among workers of P. remota. We observed that one or two
workers remained in the tube carrying a pellet of garbage
with their mandibles. These workers passed the pellet to
other workers that were in the entrance tube. Those caught
the pellet with their first pair of legs, hold it with their
mandibles and then flew out of the colony. Many times an
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Table 4: Acrophases (Ac; hr:min) and angular deviations (AD; hr:min), mean ages (MA; days), standard deviations (SD; days), minimum
(MinA) and maximum ages (MaxA), mean vectors (r), number of activities (NA), and number of marked bees observed (Nobs) in the nectar
(N) and pollen (P) foraging (F) and in the exit (E) of the marked bees of colonies 1 and 2 of Plebeia remota, in the reproductive diapause
(RD) and reproductive phase (RP).

F Ac ± AD MA ± SD MinA MaxA r NA Nobs

Colony 1

RD
E 12:04 ± 02:02 67,3 ± 14,8 42 105 0,856 1469 129

N 12:17 ± 02:05 65,4 ± 12,4 42 95 0,851 1791 128

P 11:45 ± 1:51 73,1 ± 14,6 50 101 0,882 58 16

RP
E 10:57 ± 02:23 57,5 ± 9,5 38 73 0,804 42 9

N 12:19 ± 02:32 59,2 ± 10,0 44 78 0,779 37 6

P 11:05 ± 02:14 57,3 ± 7,7 48 70 0,827 16 5

Colony 2

RD
E 12:04 ± 01:55 80,8 ± 13,9 55 107 0,874 455 32

N 12:26 ± 01:59 81,5 ± 13,9 55 107 0,864 481 32

P 12:30 ± 01:41 75,0 ± 6,1 68 79 0,903 6 2

RP
E 10:21 ± 02:15 63,6 ± 12,9 43 79 0,825 27 5

N 12:37 ± 02:37 67,6 ± 12,8 45 76 0,763 10 2

P 09:52 ± 01:49 67,9 ± 12,9 43 90 0,885 27 6

Table 5: Acrophases (Ac) and angular deviations (AD) of the total number of bees collecting nectar and pollen, and of the marked bees of
colonies 1 and 2 of Plebeia remota, in the reproductive phase and diapause.

Phase Resource Bees Ac ± AD

Colony 1

Reproductive phase

Nectar
Colony 12:28 ± 02:39

Marked 12:19 ± 02:32

Pollen
Colony 10:11 ± 02:00

Marked 11:05 ± 02:14

Reproductive diapause

Nectar
Colony 12:32 ± 02:01

Marked 12:17 ± 02:05

Pollen
Colony 12:25 ± 02:04

Marked 11:45 ± 01:51

Colony 2

Reproductive phase

Nectar
Colony 12:32 ± 02:39

Marked 12:37 ± 02:37

Pollen
Colony 10:17 ± 02:04

Marked 09:52 ± 01:49

Reproductive diapause

Nectar
Colony 12:38 ± 2:05

Marked 12:26 ± 01:59

Pollen
Colony 12:10 ± 01:51

Marked 12:30 ± 01:41

incoming forager caught the pellet from a worker and flew
out of the colony immediately. Sometimes the worker that
holds the pellet could resist and not give the pellet to the
other bee. In this case, they pulled the pellet like in “tug
of war” (rope pulling) or the worker ran away from the
other bee that tried to catch the pellet while the other chased
her.

4. Discussion

The foraging pattern of the reproductive phase was different
from the one found in the diapause. Although we found
some differences between times of the day, the foraging
activity of the bees, during the reproductive phase, was
nearly constant. Nevertheless, this activity in the diapause
was more concentrated in the middle of the day, as already

found by Imperatriz-Fonseca et al. [29] and Hilário [23]. The
foraging pattern of P. saiqui, another species that presents
diapause, was also different in the two phases (Table 4).
These differences may be caused by environmental factors,
probably temperature, as discussed later. Another factor that
can influence the foraging activity of bees is the variation in
the quantity and quality of food resources between days or
seasons [2].

In the reproductive phase, the nectar collection was
nearly constant along the day, as well as the general foraging
pattern of the colonies. This is expected because most of
the foraging activity of the colonies was of nectar bringing
foragers. Other stingless bee species also present this pattern
(Table 6). In the reproductive diapause, nectar was collected
more in the middle of the day (11:00–13:00). Another bee
species also showed this peak of nectar collection (Table 6).
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Table 6: Peaks of the different foraging activities of different species of stingless bees (Meliponini) that present or do not present reproductive
diapause.

Species
Reproductive

diapause
General

foraging peak
Nectar foraging

peak
Pollen foraging

peak
Resin foraging

peak
Detritus
removal

Reference

Tetragonisca
angustula

No — None —
End of morn-
ing/beginning
of afternoon

— [27]

Melipona fasciata No —
Middle of the

day
—

Beginning of
morning/after

15:00
— [27]

Melipona beecheii No —
Middle of the

day
—

Beginning of
morning/after

15:00
— [27]

Melipona favosa No —
Middle of the

day
— — — [27]

Melipona bicolor
bicolor

No — —
Begining of

morning
End of

afternoon
End of

afternoon
[28]

Melipona scutellaris No — None
Beginning of

morning
None Morning [29]

Melipona marginata
obscurior

No —
Middle of the

day
— — — [30]

Melipona asilvai No —
Middle of the

day
— — — [31]

Meliponula
ferruginea

No — None — — Morning [32]

Meliponula nebulata No — None — — Morning [32]

Plebeia pugnax No
Middle of the

day
Beginning of

morning
None

S:
11:00–13:00

W/A:
15:00–17:00

[5, 33]

Plebeia saiqui Yes
RP: 11:00-12:00
RD: 13:00-14:00

—
RP: beginning

of morning
RD: none

— — [11, 12]

Plebeia remota Yes
RP: none RP: none;

RP: beginning
of morning None

End of
afternoon

This study

RD: around
12:00

RD:
11:00–13:00

RD: no

Removal of detritus from the colonies occurred mainly
at the end of the afternoon. We did not find a pattern in
relation to the number of foragers performing this activity
in the different colony phases (reproductive and diapause),
because each colony behaved in a different way. This activity
might be influenced more by the internal conditions than by
external factors, like season of the year and climatic factors.
Souza et al. [34] found a positive correlation between nectar
and pollen income and garbage removal, and suggested that
the growth of the colony influences directly the amount of
garbage produced by the colonies. The peak of this activity
occurs at different times of the day in different species
(Table 6). The resin foraging is also different in distinct
species (Table 6). In P. remota this activity occurred along the
day, in both phases.

Besides the distinct daily foraging patterns between the
reproductive period and diapause, we observed differential
foraging efforts according to the resource, a new finding

for the species studied. A similar number of bees bringing
nectar to the colony was observed in the two phases, but
the percentage of nectar in relation to the other resources
collected was higher in the diapause. This might be a
reflection of the differential allocation of foragers among
different tasks. In the diapause the number of bees collecting
pollen was lower compared to the reproductive phase, so
the foragers concentrate their activity in nectar collection.
On the other hand, nectar is the sugar source that provides
energy for the bees. During diapause bees stay still inside
the colony [17], but a large quantity of this resource may
be needed when all colonies’ activities restart. Although we
did not quantify, we observed an increase in the number
of storage pots with honey in the diapause and we did
not observe pollen stored in the colonies. However, this
increase in nectar storage may occur due to the decrease in
consumption by the bees. In this phase there is a decrease in
the colonies’ population over time, since after the emergency
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of all the remaining brood, no bees will emerge until the end
of the reproductive diapause and the development of the first
brood when the reproductive phase begins again.

Nectar could also be needed in greater quantity during
diapause because of thermoregulation. Apis mellifera indi-
viduals can maintain their corporal temperature when they
have sugar in their crop [35]. We do not know whether this is
true for P. remota or not, but if it is, honey is more needed
during diapause, when it is colder (autumn and winter).
These hypotheses need to be tested. Also it is possible that
bees need nectar as a source of energy to forage [36].

We observed quantitative differences in pollen collection
of the two phases. A greater number of incomes of this
resource was observed in the reproductive phase and the
percentage of bees doing this activity increased in relation
to the other resources, although nectar incomes made the
greatest percentage of the incomes in both phases. This
difference in the number of bees foraging for pollen was also
observed in P. saiqui [13].

Most bees rely on pollen as the main source of nitrogen
and it is collected mainly to feed the larvae [3]. In A. mellifera,
the quantity of brood and stored pollen influences the pollen
foraging [37]. This might be the case of P. remota. In the
diapause there is no cell construction and provisioning of
these cells for queen oviposition. This might influence the
decision of the foragers, as a higher percentage of pollen
foragers was found in the reproductive phase.

Furthermore, there is the possibility that, as in A.
mellifera [38], winter bees eat less pollen than summer
bees. Hrassnigg and Crailsheim [39] state that A. mellifera
workers respond to different quantities of brood adjusting
their behavior and physiology, eating more or less pollen
and altering their flight activity. The authors state that this
allows that the winter bees live longer and work when there
is brood in the colony again. This reduced need for pollen in
P. remota during diapause may influence the pollen foraging
in this species in a similar way that happens in honey bees
and maybe this mechanism of regulating the life span is also
present in this species, whereas the bees lived longer in the
reproductive diapause, which occurs in winter.

Another similarity between P. remota and P. saiqui pollen
foraging was the daily peak of this activity in the reproductive
phase. In both species it occurred in the begining of the
morning until 10 am, when it started to decrease until the
end of the day [13]. In other stingless bee species a peak
of pollen collection also occurred in the beginning of the
morning (examples: M. scutellaris [13]; M. bicolor bicolor
[10]; P. pugnax [7]).

Climatic factors such as air temperature and relative
humidity influence the flight activity of bees, along internal
conditions of the colony. The differences found in air
temperature and relative humidity between the two phases
may be one of the reasons of the distinct patterns observed
in the colonies of P. remota. Generally, the flight activity
of stingless bees is positively correlated with the air tem-
perature and negatively correlated with relative humidity
(P. saiqui [13]; M. marginata obscurior [33, 40]; M. asilvai
[34]; Meliponula ferruginea and Meliponula nebulata [34];
Tetragonisca angustula [41]; M. marginata marginata [40]).

The same relationship was found by Hilário [23] for
P. remota. However, we found weak relationships between
these climatic factors and the different foraging activities of
P. remota, when they were significant. This might be due to
the type of analyses we made. We used partial correlation
to describe these relationships. Partial correlation statistically
corrects for the effect of a third variable which influences the
variables involved in the original correlation [27]. We wanted
to evaluate the effect of air temperature and relative humidity
in the flight activity of P. remota, but these two climatic
factors are highly correlated and with simple correlation it
is not possible separate the effects of air temperature and
relative humidity on this activity.

As Hilário [23], we found weaker relationships in
summer (reproductive phase) than in winter (diapause).
This might be because in the summer bees forage along
the day (all temperatures registered), but in winter this
activity occurs mainly in the middle of the day, when the
temperatures are higher. Other climatic factors as wind [24]
and rain [25] are also responsible for shaping the flight
activity of the colonies.

The air temperature is a constraining factor. Bees must
warm up before going out for foraging and waste removing.
The minimum temperature that occurred during observa-
tions was in the diapause: 11.3◦C for colony 1 and 11.6◦C
for colony 2. Flight activity was observed under 14.7◦C
for colony 1 and under 14.3◦C for colony 2, indicating
that temperatures under 14◦C limits the flight activity of
P. remota. This temperature is lower than the temperature
found by Imperatriz-Fonseca et al. [29] (16◦C, but not in
winter). However, Hilário [23] observed flight activity under
10.2◦C, indicating that the restraining temperature for the
flight activity of this species is around 10◦C. Other species
from these genera presented similar low temperatures for
foraging (P. pugnax: 14◦C [7]; P. saiqui: 11◦C [14]).

Kleinert-Giovannini and Imperatriz-Fonseca [40]
observed that even under optimal climatic conditions
for the flight activity of M. marginata marginata and M.
marginata obscurior a decrease in this activity can occur,
which indicates that there is a daily rhythm in it under
favorable environmental conditions.

P. remota, as other eusocial bee species, presents an age
dependent division of labor (age polyethism). Foraging is the
final stage of the life of a worker and it begins around 30
days of life [13]. Van Benthem et al. [15] observed 46% of the
marked workers performing foraging in autumn and winter.
In this study, a similar percentage of bees (32.75%) in colony
1 was observed performing this activity, though in colony
2 a lower percentage (8%) was observed. The percentage
of observed marked bees varies among studies (M. bicolor
bicolor, 60% [42]; Scaptotrigona postica, 40% [43]; Friesella
sp, 34% [44]; M. compressipes fasciculata, 88.3% [45]).

The age that the workers of P. remota became foragers
varied from 43 to 90 days in the reproductive phase and from
42 to 107 days in the reproductive diapause. Van Benthem
et al. [15] observed foragers of 30 to 87 days of age in
the reproductive diapause, similar to our observations. The
difference in the age of foragers of the two phases might be
a reflection of the differential longevity of the bees in these
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phases, as they live longer, they start foraging later. P. remota
winter bees live from 25 to 100% more than summer bees
[15]. P. droryana workers were also observed for more than
100 days in the reproductive diapause and began to forage
after 35 days of age [18].

In general Melipona species start to forage earlier than P.
remota (M. compressipes fasciculata: 15 to 85 days of age [45];
M. beecheii: 16 to over 60 days of age [28]). S. postica workers
became foragers on 20 to 60 days of age [43] and Friesella
workers on 17 to 41 days of age [44].

M. beecheii nectar foragers foraged for three days (from
two to four days) [28]. Generally, P. remota foragers collected
nectar for a similar number of days in the reproductive phase
and diapause, but the variation (up to 13 days, colony 2) in
the reproductive diapause was greater than in this Melipona
species. The pollen and resin foraging was performed in a
shorter period when compared to M. beecheii [28]. Based
on the previous studies and our results (M. bicolor bicolor:
around 6 days [42]; M. compressipes fasciculata: mean of 10
days [44]; S. postica: 3 to 7 days [43]), in general stingless bee
foragers perform their activities for less than 10 days.

In stingless bees, the foraging of the colony is based on
the individual decision of the workers. Each has to decide
when to start or to stop foraging. These decisions are taken
using intrinsic information, as genetic information, memory,
development and hormones, and extrinsic information,
which comes from inside the colony (stored resources,
information from other forager, odors, among others) or
outside (flower availability and competition, for example)
[9–11]. Although there are no studies on the influence of
these factors on the foraging of P. remota, these factors might
influence this activity in this species as well. Besides, the
absence of the provisioning and oviposition process, one
of the extrinsic information from inside the colony, shall
be a key factor in the organization of this behavior in the
reproductive diapause, as in this phase there are behavioral
changes in the behavior of workers [17, 22] and, as we
observed, of the foragers, noticed despite the difference in the
proportion of nectar and pollen foragers between the phases.

Diel rhythms were found in the foraging behavior of the
P. remota colonies, and when we compared the acrophase of
nectar collection detected in this study with the acrophase of
flight activity detected by Hilário [23], they are very similar.
M. bicolor also present daily rhythms in flight activity [30].
Scaptotrigona aff depilis [46], and Apis mellifera [47] also
present circadian rhythms, as the studies were done under
controlled environmental conditions.

The nectar foraging is a partitioned task in P. remota, as
in other stingless bee species (Melipona beecheii [29, 48], M.
fasciata, M. favosa, Tetragonisca angustula [30], Trigona nigra,
Plebeia frontalis, Scaptotrigona pectoralis and Nannotrigona
perilampoides [48]). We also observed task partitioning in
garbage removal, but it is almost unknown in stingless bees.
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