
Pollen nutrients better explain bumblebee colony
development than pollen diversity

ROMAIN MOERMAN,1,2 MARYSE VANDERPLANCK,2

DENIS FOURNIER,1 ANNE-LAURE JACQUEMART3 and
DENIS MICHEZ2 1Evolutionary Biology and Ecology, Universit�e Libre de Bruxelles, Brussels, Belgium,
2Research Institute for Biosciences, Laboratory of Zoology, University of Mons, Mons, Belgium and 3Earth and Life

Institute, Catholic University of Louvain, Louvain-la-Neuve, Belgium

Abstract. 1. Bumblebees are valuable pollinators of numerous wild and culti-
vated plants. They can forage on variable pollen resources. As some pollen spe-
cies lack particular nutrients or have global low nutritional quality, it has been
suggested that bumblebees mix their pollen incomes to ensure a global balanced
diet. The hypothesis that a mixed pollen diet better supports bumblebee colony
development than a single pollen diet has been poorly explored.

2. We compared the impact of mono-, di- and trifloral diets on microcolony
development of Bombus terrestris using three pollen resources with different
nutrient contents (Cytisus scoparius, Erica sp. and Sorbus aucuparia) as well as
their mixes. Nine parameters (e.g. pollen efficacy: total weight of larvae/total
weight of pollen collection) were used to compare the microcolony perfor-
mances. Moreover, we measured the influence of the pollen diversity and nutri-
tional composition on relevant parameters.

3. We showed that microcolonies can potentially better develop on mixed
pollen diets, but single pollen diet can also be as good as mixed pollen diet.
Moreover, the sterol concentration appeared as a key factor to establish the
impact of a pollen diet on the bumblebee colony development.

4. This study reveals that diverse pollen diet does not necessary equate with
good colony development and supports the importance of selecting floral
resources by considering their nutrient contents for bee conservation manage-
ment.
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Introduction

The conservation of pollinators has been a major issue
during the last decades (Goulson et al., 2015). This raises
concerns not only for the diversity of pollinator species
(e.g. 20 000 bee species, the main group of pollinators;

Michener, 2007) but also for over 87% of flowering plants
that are animal pollinated (Ollerton et al., 2011). In fact,
pollinator conservation is essential for flowering plant

reproduction and in a broader sense for the stability of

ecosystems, including agricultural ecosystems (Potts et al.,
2010).

Bumblebees (Bombus spp., Apidae, Hymenoptera) are
abundant pollinators in temperate ecosystems including
that of crops (Corbet, 1991; Dias et al., 1999). Unfortu-
nately, bumblebees are drastically declining in Europe

(Carvalheiro et al., 2013; Nieto et al., 2014), North Amer-
ica (Cameron et al., 2011) and Asia (Williams & Osborne,
2009), which compromises the provided ecosystem ser-

vices. A variety of specific or global threats have been
described such as habitat destruction, decrease of both
floral resources quantity and diversity, pesticides, diseases

and climate change (Inouye, 2007; Williams et al., 2008;
Goulson et al., 2015; Kerr et al., 2015). The relative
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importance of these factors and their potential interac-
tions are still under debate (Potts et al., 2010). More
experimental studies are needed to better evaluate the
threats to bumblebees and to propose mitigation strategies

(Nieto et al., 2014; Vaudo et al., 2015). Herein, we devel-
oped a study addressing the importance of mixed pollen
diet quality for bumblebee colony growth. This question

is of crucial interest in simplified ecosystems such as agri-
cultural areas, where monocultures provide from a
restricted set to a single pollen type.

Bumblebee diets depend entirely on floral resources (i.e.
pollen and nectar) foraged from a wide range of plant
species from different families (e.g. Kleijn & Raemakers,

2008). The nutritional content of pollen (i.e. proteins,
amino acids, sterols and vitamins) may differ greatly from
one plant species to another (e.g. Roulston et al., 2000;
Di Pasquale et al., 2013; Vanderplanck et al., 2014).

Unfortunately, we know little about the different nutri-
tional requirements of bee species (Vaudo et al., 2016).
The variations in chemical compositions appear to influ-

ence colony development (Tase€ı & Aupinel, 2008a; Van-
derplanck et al., 2014; Kamper et al., 2016). For example,
bumblebee larval development is slower when fed with

pollen containing a lower amino acid content (Moerman
et al., 2015). Bumblebees are not helpless when facing this
variability as they are apparently able to discriminate
flowers with different pollen chemistry. They preferentially

forage on species providing pollen with higher protein
and essential amino acid content (Hanley et al., 2008;
Leonhardt & Bl€uthgen, 2012; Ruedenauer et al., 2015;

Somme et al., 2015; Kriesell et al., 2016) and with a pre-
cise range of protein/lipid ratio (Vaudo et al., 2016). In
addition, they can display pollen mixing behaviour at

individual level (e.g. Somme et al., 2015). This strategy
ensures optimal nutritional requirements because mixed
pollen diets (i.e. pollen diets including more than one

plant species) can mitigate the lack of nutrients or the
presence of toxic chemicals in a monofloral diet (Arnold
et al., 2014; Eckhardt et al., 2014). Therefore, we may
expect that mixed pollen diets are more suitable than

monofloral diets. This has been demonstrated in the
immune system of the honeybee (Apis mellifera L.) (Alaux
et al., 2010) and their tolerance of parasites (Di Pasquale

et al., 2013). As far as we know, the relative quality of
mixed pollen diets for bumblebee colony development
compared to monofloral diets remains poorly understood

(Baloglu & Gurel, 2015) while this question is crucial for
designing mitigation strategies for bumblebee conservation
(i.e. selection in the diversity and quality of managed host
plants). In this study we compared the development of

Bombus terrestris L. microcolonies (i.e. queenless colonies)
fed monofloral diets from Cytisus scoparius, Erica sp. or
Sorbus aucuparia to the development of microcolonies fed

their di- and trifloral equivalent diets (i.e. double and tri-
ple combinations of these three plant species). Addition-
ally, we tested the relation between pollen nutrient profile

(e.g. total amino acids, essential amino acids and sterols)
and developmental parameters. Based on the generalist

behaviour of B. terrestris and the pollen preferences of
bumblebees, we hypothesised that a mix of pollen diets
from resources of high nutritive value will positively
impact bumblebee colony development.

Material and methods

Pollen sources

We considered pollen diets previously described from
wild populations of bumblebees in heathlands and bogs
(Belgium) based on palynological analyses of worker

pollen loads (Mayer et al., 2012). The authors had iden-
tified three major pollen resources: C. scoparius (Faba-
ceae), S. aucuparia (Rosaceae) and Vaccinium uliginosum
(Ericaceae). We additionally considered pollen from

Salix caprea and Cistus sp. as positive and negative ref-
erences, respectively, to monitor microcolony develop-
ment during the experiment (see below). These two

pollen diets were previously, respectively, described as
favourable and unfavourable resources for B. terrestris
colony growth (Vanderplanck et al., 2014). The sterol

content (composition and concentration) and amino acid
concentrations of these five pollen resources differ but
they all contain the full spectrum of essential amino
acids (Table 1; Vanderplanck et al., 2014) and support

colony development (G�enissel et al., 2002; Tase€ı &
Aupinel, 2008a; Vanderplanck et al., 2014; Moerman
et al., 2015).

Diets were prepared using honeybee pollen loads sup-
plied by hives with pollen traps in areas where the target
plants were in bloom and dominant. Unfortunately, it

was impossible to collect pollen from V. uliginosum, which
is unattractive to worker honeybees. A commercial blend
(i.e. ‘Pollenenergie’ blend) with dominant Erica sp. pollen

was used as an alternative. As Erica and Vaccinium
belong to the same plant family, they were expected to
display similar pollen protein content (Roulston et al.,
2000). In the same manner, no significant difference has

been detected in the sterol composition between the two
genera (the three major sterol compounds were the same:
@5-avenastrol, @7-avenasterol and b-sitosterol; M. R.

Moerman, unpublished data).
Worker honeybees forage on pollen from various

resources but each worker individually specialises usually

in one pollen resource (e.g. Leonhardt & Bl€uthgen, 2012),
making a monofloral pollen load. As the target pollen
species may be differentiated based on their colour, we
stored five single pollen batches by removing all non-tar-

get pollen loads based on this criterion. We double-
checked the uniqueness of the plant species composition
of the final five pollen blends by analysing the pollen

grain morphology under a light microscope (Leitz at
9400 magnification) to compare with a reference library
(Moore et al., 1991) and floral pollen collected from the

targeted plants. Lastly, di- and trifloral pollen batches
were produced by mixing the single pollen batches as
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follows: (i) S. aucuparia/Erica sp. (50/50, w/w), (ii) S.
aucuparia/C. scoparius (50/50, w/w), (iii) Erica sp./C. sco-
parius (50/50, w/w) and (iv) S. aucuparia/Erica sp./C. sco-
parius (30/30/30, w/w/w).

The nine pollen diets (two controls, three mono-, three
di- and one trifloral) were prepared using the same ratio
of mass pollen with inverted sugar syrup (Biogluc; Biob-

est, Westerlo, Belgium) (90% and 10% w/w respectively)
to obtain pollen pastes that are easier to manipulate than
fresh pollen. These pollen pastes were weighed and stored

at �20 °C before being provided to the microcolonies.
Using previous results of Vanderplanck et al. (2014)

(Table 1), the total sterol concentration, the total amino

acid concentration and the essential amino acid concen-
tration were calculated for the mixed pollen diets as the
mean of single pollen diet contents.

Microcolony rearing

Seven microcolonies per diet were reared in a dark
room at 26–28 °C and 65% relative humidity. One micro-
colony consisted of four 2-day-old worker B. terrestris

from the same colony (Biobest bvba, Westerlo, Belgium)
placed in plastic boxes (10 9 16 9 16 cm) and fed ad libi-
tum with inverted sugar syrup (Biogluc) and pollen paste
during a 12-day period following the first egg laid. Bioas-

says of queenless microcolonies of B. terrestris have been
approved for testing the nutritive value of pollen diets
and can be extrapolated to a queenright colony (Tasei &

Aupinel, 2008b). The pollen paste was changed every
2 days to avoid a potential decrease in the nutritive value
and to calculate the pollen collection by the workers (dif-

ference of paste weight before and after the 2 days).

Preliminary test did not reveal any significant evaporation
of the syrup from pollen paste in 2 days in experimental
conditions.
Performance on diet was assessed using several parame-

ters adapted from Tase€ı and Aupinel (2008a): (i) number
and fresh weight of isolated larvae (last stage before pupa-
tion), (ii) number of ejected larvae, (iii) pollen collection

(i.e. amount of pollen consumed and stored) (fresh mat-
ter), (iv) worker mortality and (v) syrup collection (i.e.
amount of syrup consumed and stored). Using these

parameters, pollen efficacy was calculated by dividing the
total weight of larvae by the total weight of pollen collec-
tion. This parameter was used for the first time by Tase€ı
and Aupinel (2008a) and later by Vanderplanck et al.
(2014) to evaluate the diet quality of bumblebees.
To estimate the impact of mixed pollen diet (i.e. pollen

mixing) on B. terrestris microcolony development, we

additionally determined the theoretical values of develop-
mental parameters (i.e. pollen efficacy, weight of isolated
larvae and total larvae number) for the di- and trifloral

diets as the mean of their monofloral components (e.g.
mean results of C. scoparius pollen diet and S. aucuparia
monofloral diets as the theoretical results of the C. scopar-

ius/S. aucuparia difloral diet). We compared these theoret-
ical values to the observed values.

Statistical analysis

The rearing parameters between the different diets were

compared using one-way analyses of variance (one-way
ANOVAs) after checking for normality (Shapiro test on
residuals) and homoscedasticity (Bartlett test) assump-

tions. When violation(s) occurred even after log-

Table 1. Chemical content of the three monofloral diets and the two controls (n = 3 per group).

Diets

Total amino acid

concentration (mg/g

in lyophilised matter)

Essential amino

acid concentration (mg/g

in lyophilised matter)

Total sterol

concentration

(mg/g in lyophilised

matter) The most abundant sterols

Cistus sp. 135.3 � 5.9 (D) 59.4 � 2.3 (D) 2.47 (A) 24Methylencholesterol/campesterol

b-sitosterol
d5-avenasterol

Cytisus scoparius 300.7 � 23.4 (A) 146.2 � 11.5 (A) 2.46 � 1.1 (A) 24Methylencholesterol/campesterol

b-sitosterol
d5-avenasterol

Erica sp.* 135.3 � 8.6 (D) 66.8 � 4.1 (D) 7.36 � 2.17 (AB) b-sitosterol
d5-avenasterol
d7-avenasterol

Salix caprea 186.5 � 9.6 (C) 96.1 � 5.4 (C) 5.33 � 1.05 (AB) 24Methylencholesterol/campesterol

b-sitosterol
d5-avenasterol

Sorbus aucuparia 235.5 � 4.6 (B) 111.6 � 2.5 (B) 9.64 � 1.68 (B) 24Methylencholesterol/campesterol

b-sitosterol
d5-avenasterol

Different bold, uppercase letters indicate significant difference among diets (post hoc tests, P < 0.05) (according to Vanderplanck et al., 2014).
*Identified as Calluna sp. in Vanderplanck et al. (2014).
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transformation, data were rank-transformed (i.e. non-
parametric model). Post hoc tests (multiple pairwise com-
parisons) were conducted when a significant difference
was detected by the one-way ANOVAs. In addition, the reli-

ability of the statistical outputs was checked by perform-
ing power tests for unbalanced design. To visually assess
the differences in criteria quality among the five tested

pollens, we constructed side-by-side boxplots. Lastly, the
theoretical and observed developmental parameters for
the di- and trifloral diets were compared using Student

t-tests (after checking for normality with the Shapiro test)
to underline the potential impact of pollen mixing.
Correlation test was performed between the different

colony performance parameters to establish non-correlat-
ing variables. The results were visualised on a correlogram
(corrplot package and function). Moreover, linear regres-
sions were performed with non-correlated colony parame-

ters and nutritional value for each diets (e.g. total amino
acids, essential amino acids and total sterol concentra-
tion).

All data visualisation and analyses were performed in R
version 2.2.1 with Sciviews R Console (version 0.9.2) (R
Core Team, 2013).

Results

Development of microcolonies

Microcolonies fed with the positive control diet (i.e.

Salix sp.) produced a significantly higher total weight of
isolated larvae (2.78 � 0.91 g) than microcolonies fed
with the negative control diet (i.e. Cistus sp.)

(0.93 � 0.6 g) (t = �5.2, P < 0.001). Additionally, pollen
efficacy (i.e. total weight of isolated larvae/total weight of
pollen collection) of the Salix monofloral diet (0.77 � 0.2)

was significantly higher than that of the Cistus monofloral
diet (0.24 � 0.17) (t = �5.9, P < 0.001).
The number of larvae did not depend on the diet (iso-

lated larvae, F8,50 = 1.58, P = 0.156, power = 0.63; ejected

larvae, rank-transformed, F8,50 = 1.14, P = 0.355,
power = 0.47). By contrast, the total weight of isolated
larvae was significantly different depending on the diet

(F8,50 = 10.37, P < 0.001, power = 1). Microcolonies fed
with the Erica sp. monofloral diet (2.52 � 0.55 g) pro-
duced the lowest weight of isolated larvae (0.93 � 0.6 g),

whereas microcolonies reared on the C. scoparius
monofloral diet produced the highest weight of isolated
larvae (3.76 � 0.74 g). Multiple pairwise comparisons
revealed that the detected differences were not related to

the pollen diversity of the diet (Table S1). Worker mortal-
ity was observed in only two microcolonies fed the C. sco-
parius monofloral diet (i.e. one of the four workers was

found dead in each of these two microcolonies) (rank-
transformed data, F8,50 = 2.81, P = 0.012, power = 0.90)
(Table S1).

There were significant differences among the diets in
terms of pollen and syrup collection (pollen, F8,50 = 6.66,

P < 0.001, power = 1; syrup, F8,50 = 6.25; P < 0.001,
power = 1). The main differences, however, did not
depend on the pollen diversity of the diets, as the
monofloral diets showed similar values to the mixed diets

(Table S1). Workers in microcolonies fed with the Erica
sp. monofloral diet collected the highest amount of syrup
(64.17 � 3.58 ml) while the lowest amount was collected

by workers in microcolonies fed with the C. scoparius
monofloral diet (53.67 � 6.57 ml).
There was a significant difference in pollen efficacy

between the diets (F8,50 = 24.45, P < 0.001, power = 1):
the Erica sp. monofloral diet displayed the lowest efficacy
(0.65 � 0.1) and the C. scoparius/S. aucuparia difloral diet

displayed the highest efficacy (1.16 � 0.18) (Fig. 1).

Impact of mixed pollen diet

In microcolonies fed with difloral diets, the observed
developmental results were not significantly different from

the theoretical results, with the exception being the weight
of isolated larvae in microcolonies fed with the S. aucu-
paria/Erica sp. difloral diet (t = �3.4, P = 0.01) with value

lower than expected. Interestingly, the observed efficacy
of the trifloral diet (C. scoparius/Erica sp./S. aucuparia)
(1.07 � 0.08) was significantly higher than the theoretical
efficacy (0.9) (t = 4.8, P = 0.003) (Table 2).

Correlation between rearing parameters

Some of the seven rearing parameters were correlated:
pollen efficacy was positively correlated with the number

of larvae (rp = 0.56; P = 0.025) and the weight of larvae
(rp = 0.87; P < 0.001) but negatively correlated with the
syrup collection (rp = �0.55; P = 0.014) (Fig 2, Table S2).

Moreover, syrup collection was negatively correlated with
the weight of larvae (rp = �0.61; P = 0.003) and the num-
ber of larvae (rp = �0.24; P = 0.049). As predictable, the
weight of larvae and the number of larvae were positively

correlated (rp = 0.71; P = 0.006).

Influence of nutrient contents on the colony development

We performed linear regressions between the non-corre-

late rearing parameters (total pollen collection, worker
mortality, number of ejected larvae and pollen efficacy)
and the concentration of three pollen nutrients (amino
acids, essential amino acids and sterols) (Table 3 and

Table S2). The pollen efficacy was highly influenced (R-
squared = 0.74) by the nutrient content (F3,55 = 53.6;
P < 0.001) and especially by sterol concentration

(P < 0.001) and the essential amino acid concentration
(P = 0.005). To a lesser extent (R-squared = 0.38), the
total pollen collection was influenced by the nutrient con-

tent (F3,55 = 11.1; P < 0.001) and by the total sterol con-
centration (P = 0.011). In the same way (R-
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squared = 0.18), the worker mortality was influenced by
the chemical content (F3,55 = 4.07; P < 0.011) and particu-
larly the sterol concentration (P = 0.034).

Discussion

Mixed pollen diet and nutrient content of pollen

Our results confirm that the pollen of Fabaceae (C. sco-

parius) and Rosaceae (Sorbus aucuparia) constitute suit-
able resources for B. terrestris (Tase€ı & Aupinel, 2008a;
Vanderplanck et al., 2014). Moreover, the impact of pol-

len nutrients (e.g. sterol concentration) on the colony
development was also corroborated by our bioassays
(Tase€ı & Aupinel, 2008a; Vanderplanck et al., 2014;

Moerman et al., 2015). In previous work, the role played
by amino acids content on bumblebee colony growth and
foraging behaviour was underlined (Moerman et al., 2015;
Kriesell et al., 2016). Linear regressions (Table 3) suggest

that the essential amino acid concentration is correlated
with the pollen efficacy and consequently to the bumble-
bee colony development. Moreover, correlation test

reveals that pollen efficacy is positively correlated with the
number and the weight of larvae (Fig. 2, Table S2); it
would be predictable that nutrient contents influence the

larval growth. Because they play an essential role in hor-
mone synthesis, gene expression and cell membrane func-
tion (Behmer & Nest, 2003), sterols are probably key

nutrients for the growth of the bumblebee larvae. Protein/
lipid ratio was pointed by Vaudo et al. (2016) to drive bee
pollen-foraging behaviour. Our results suggest that both

Fig. 1. Pollen efficacy of microcolonies fed different pollen diets. Uppercase letters indicate significant difference between diets (post hoc

tests, P < 0.05). Medians are given in box plots and outliers are marked with circles. Pollen diet codes: A = C. scoparius/S. aucuparia diflo-

ral diet, B = C. scoparius monofloral diet, C = C. scoparius/S. aucuparia/Erica sp. trifloral diet, D = Sorbus aucuparia diet, E = C. scopar-

ius/Erica sp. difloral diet, F = S. aucuparia/Erica sp. difloral diet, G = Salix sp. monofloral diet, H = Erica sp. monofloral diet and

I = Cistus sp. monofloral diet.

Table 2. Comparison of observed (obs., n = 7) and theoretical (th.) developmental parameters of microcolonies fed on di- and trifloral diets.

C. scoparius/S. aucuparia C. scoparius/Erica sp. S. aucuparia/Erica sp.

C. scoparius/S. aucuparia/

Erica sp.

Parameters Obs. Th. Stat. Obs. Th. Stat. Obs. Th. Stat. Obs. Th. Stat.

Pollen

efficacy

1.2 � 0.8 1.1 t = 0.8

P = 0.44

0.9 � 0.1 0.9 t = 1.8

P = 0.12

0.9 � 0.2 0.8 t = 1.7

P = 0.15

1.1 � 0.1 0.9 t = 4.8

P = 0.003

Number of

isolated

larvae

13.8 � 4.7 11.2 t = 1.37

P = 0.23

10.3 � 3.1 11.3 t = �0.8

P = 0.45

10.1 � 2.7 9.4 t = 0.68

P = 0.52

10.4 � 3.3 10.7 t = �0.5

P = 0.63

Weight of

isolated

larvae (g)

3.4 � 0.6 3.4 t = 0.18

P = 0.87

3.1 � 0.6 3.1 t = �0.03

P = 0.98

2.3 � 0.3 2.8 t = �3.4

P = 0.01

3.1 � 0.4 3.1 t = 0.08

P = 0.94

Theoretical values were considered the mean value of the observed monofloral diets. Student t-tests (Stat.) were conducted on pollen

efficacy (total weight of larvae/total weight of pollen collection), number of isolated larvae and weight of isolated larvae. Observed data

are presented as mean � SD. Significant results are indicated in bold.
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components (e.g. sterols concentration and essential
amino acid concentration) probably have major influence
on bumblebee colony development.

Our findings demonstrate that microcolonies of B. ter-
restris can potentially develop significantly better when
fed di- or trifloral diets compared to those fed monofloral

diets depending of the nutrient contents of the pollen
found in the diet. In fact, microcolonies provided with
monofloral diets containing suitable nutritive values (e.g.

C. scoparius and S. aucuparia) produced larger larvae than
microcolonies fed difloral diets containing unsuitable
nutritive content (i.e. mixes containing Erica sp. pollen).
These bioassays on B. terrestris reflect those performed on

honeybees (Alaux et al., 2010; Di Pasquale et al., 2013),
corroborating the fact that di- and trifloral diets are not
generally better than monofloral diets.

Overall, the effect of pollen mixing on colony develop-
ment seems to be related to the composition of each diet
and to the originality of the combination. The pollen effi-

cacy of the trifloral pollen diet was higher than expected
(Table 2). This result is probably linked to more suitable
nutrient combination (e.g. amino acid and sterol profiles)

of the three pollen included in the diet (see Table 1). The
weight of larvae from microcolonies fed on difloral pollen
diets of S. aucuparia and Erica sp. was lower than

expected (Table 2). The concentration of nutrients is not
particularly low (see Table 1) but the specific presence of
the d7-avenasterol in Erica sp. pollen potentially explains
the negative effect of the combination (Rasmont et al.,

2005).

Diet quality and floral choices of bumblebees

Different studies have shown that host plant specialisa-
tion allows the workers to forage more efficiently on the

resource (e.g. Laverty & Plowright, 1988). Based on this
ecological advantage, evolution to host plant specialisa-
tion should be promoted in bumblebees. Most of bumble-

bee species forage on multiple hosts (i.e. generalist
behaviour) even at individual level (e.g. Brian, 1952; Free,
1970; Kleijn & Raemakers, 2008; Leonhardt & Bl€uthgen,
2012; Somme et al., 2015). It is then expected that gener-
alist behaviour provides some alternative evolutionary
advantages for bumblebees.

One foreseen advantage of diet mixing is dilution of the
potential toxicity of a monofloral diet (Eckhardt et al.,
2014). Our bioassays corroborate this hypothesis because
the pollen of C. scoparius induced worker mortality when

provided as monofloral diet, probably because of the
quinolizidine alkaloids (Sundararajan & Koduru, 2014),
but not when blended in a di- or trifloral diet (i.e. alkaloid

dilution). Such mixing behaviour could be a global strat-
egy for generalist bees as has been described for many
herbivorous insects (e.g. Bernays & Bright, 1993).

Resource quality is not the only factor that drives floral
choices in bumblebees. Although different studies have
shown that bumblebees tend to forage on resources with
high amino acid content (Leonhardt & Bl€uthgen, 2012;

Somme et al., 2015; Kriesell et al., 2016), the main for-
aged resource in the Upper Ardennes (i.e. V. uliginosum)
belongs to Ericaceae (Mayer et al., 2012), whose pollen

has a relatively less concentrated amino acid content and
is on the whole less suitable for bumblebees (Vander-
planck et al., 2014). This unexpected floral choice is prob-

ably led by the density of ericaceous species in this
ecosystem (i.e. heathlands) because worker bumblebees
increase their visits to dense floral patches (Waser, 1986;

Kunin & Iwasa, 1996; Kamper et al., 2016).
The floral choices of bumblebees are therefore a com-

plex process involving multiple inputs probably including
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is proportional to the correlation index.

Table 3. Linear regressions with non-correlating colony parameters and nutritional value for each diets.

Parameters F stat. P-value R-squared

Sterols

(P-value)

AA

(P-value)

EAA

(P-value)

Total pollen collection (g) F3,55 = 11.1 < 0.001 0.38 0.011 0.811 0.432

Worker mortality F3,55 = 4.07 0.011 0.18 0.034 0.976 0.787

Ejected larvae F3,55 = 1.46 0.23 0.07 0.54 0.311 0.411

Pollen efficacy (g/g) F3,55 = 53.6 <0.001 0.74 <0.001 0.127 0.005

Significant results are indicated in bold.
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the accessibility and availability of resources (e.g. floral
morphology and population density) as well as their
chemical composition (e.g. primary and secondary
metabolites).

Bumblebee food resources management

The optimisation of mitigation strategies to conserve
plant and pollinator diversities is one of the key chal-

lenges for ecologists in the 21st century (Mayer et al.,
2011). As low diversity of wild floral resources was noted
as a major cause of bee decline (Biesmeijer et al., 2006;

Goulson et al., 2015), one of the main actions in many
recent bee conservation strategies is promoting a high
diversity of resources via agro-environmental schemes
(Dicks et al., 2013) but with only low consideration for

the floral resource quality (Dicks et al., 2015; Vaudo
et al., 2015). Field studies have questioned this strategy
by showing that pollinator diversity is not always posi-

tively influenced by the plant diversity proposed in agro-
environment schemes (Wood et al., 2015). Our results
additionally reveal that, more than pollen diversity, the

pollen chemical composition is a key factor for bumblebee
development and should be considered with great atten-
tion in the near future for their conservation. In this
manner, the efficiency of conservation strategies might be

related to the target plant species included in agro-envir-
onment measures than to their diversity (i.e. number of
species). We suggest that nutrient content of resources

should be a priority investigation in habitat management
for bumblebees to sparingly select plant resources. More-
over, because different insect species are known to have

different nutritional targets (Behmer, 2009), more investi-
gations are needed concerning other bumblebee species
than B. terrestris.

Acknowledgements

We thank Marius Gilbert for helping in the statistical
analyses. We warmly acknowledge reviewers for providing
original ideas that improved early version of the manu-

script. This research was supported by grants from the
‘Fonds de la Recherche Fondamentale et Collective’
(FRFC 2.4613.12, Web impact project; Belgium) and the

Belgian Science Policy (BELSPO, project BR/132/A1/
BELBEES). Maryse Vanderplanck is a F.R.S.-FNRS
postdoctoral researcher.

Supporting Information

Additional Supporting Information may be found in the online
version of this article under the DOI reference: doi: 10.1111/
icad.12213:

Table S1. Parameters of microcolonies performance for
the nine diets (n = 7 microcolonies). Data are presented as

mean � SD. Uppercase letters indicate significant differ-
ences among diets (post-hoc tests, P < 0.05).
Table S2. Parameters of microcolonies performance for

the nine diets (n = 7 microcolonies). Data are presented as

mean � SD. Uppercase letters indicate significant differ-
ences among diets (post-hoc tests, P < 0.05).

References

Alaux, C., Ducloz, F., Crauser, D. & Le Conte, Y. (2010) Diet

effect on honeybee immunocompetences. Biology Letters, 6,

562–565.
Arnold, S.E.J., Idrovo, M.E.P., Arias, L.J.L., Belmain, S.R. &

Stevenson, P.C. (2014) Herbivore defence compounds occur in

pollen and reduce Bumblebee colony fitness. Journal of Chemi-

cal Ecology, 40, 878–881.
Baloglu, G.H. & Gurel, F. (2015) The effects of pollen protein

content on colony development of the bumble, Bombus ter-

restris L. Journal of Apicultural Science, 59, 83–88.
Behmer, S.T. (2009) Insect herbivore nutrient regulation. Annual

Review of Entomology, 54, 165–187.
Behmer, S.T. & Nest, W.D. (2003) Insect sterol nutrition and

physiology: a global overview. Advances in Insect Physiology,

31, 1–72.
Bernays, E.A. & Bright, K.L. (1993) Mechanisms of dietary mix-

ing in grasshoppers - A review. Comparative Biochemistry and

Physiology, 104, 125–131.
Biesmeijer, J.-C., Roberts, S.P.M., Reemer, M., Ohlem€uller, R.,

Edwards, M., Peeters, T., Schaffers, A.P., Potts, S.G., Kleuk-

ers, R., Thomas, C.D., Settele, J. & Kunin, W.E. (2006) Paral-

lel declines in pollinators and insect-pollinated plants in Britain

and the Netherlands. Science, 313, 351–354.
Brian, A.D. (1952) Division of labour and foraging in Bombus

agrorum Fabricius. Journal of Animal Ecology, 21, 223–240.
Cameron, S.A., Lozier, J.D., Strange, J.P., Koch, J.B., Cordes,

N., Solter, L.F. & Griswold, T.L. (2011) Patterns of wide-

spread decline in North American bumble bees. Proceedings of

the National Academy of Sciences of the United States of Amer-

ica, 108, 662–667.
Carvalheiro, L.G., Kunin, W., Keil, P., Aguirre-Guti�errez, J.,

Ellis, W.N., Fox, R., Groom, Q., Hennekens, S., Landuyt, W.,

Maes, D., Meutter, F., Michez, D., Rasmont, P., Ode, P.,

Potts, S.G., Reemer, M., Roberts, S.P.M., Schamin�ee, J., Wal-

lisDeVries, M.F. & Biesmeijer, J.C. (2013) Species richness

declines and biotic homogenization have slowed down for NW-

European pollinators and plants. Ecology Letters, 16, 870–878.
Corbet, S.A. (1991) Bees and the pollination of crops and wild

flowers in the European community. Bee World, 72, 47–59.
Di Pasquale, G., Salignon, M., Le Conte, Y., Belzunces, L.P.,

Decourtye, A., Kretzschmar, A., Suchail, S., Brunet, J.L. &

Alaux, C. (2013) Influence of pollen nutrition on Honey bee

health: do pollen quality and diversity matter? PLoS ONE, 8,

e72016. doi:10.137/journal.pone.0072016.

Dias, B.S.F., Raw, A. & Imperatri-Fonseca, V.L. (1999) Interna-

tional pollinators initiative: the Sao Paulo declaration on polli-

nators. Report on the recommendations of the workshop on

the conservation and sustainable use of pollinators in agricul-

ture with emphasis on bees. Brazilian Ministry of the Environ-

ment, Brazil.

Dicks, L.V., Abrahams, A., Atkinson, J., Biesmeijer, J., Bourn,

N., Brown, C., Brown, M.J., Carvell, C., Connolly, C.,

� 2017 The Royal Entomological Society, Insect Conservation and Diversity

Pollen diet and bumblebee colony development 7

http://dx.doi.org/10.137/journal.pone.0072016


Cresswell, J.E., Croft, P., Darvill, B., De Zylva, P., Effingham,

P., Fountain, M., Goggin, A., Harding, D., Harding, T., Hart-

field, C., Heard., MS., Heathcote, R., Heaver, D., Holland, J.,

Howe, M., Hughes, B., Huxley, T., Kunin, W.E., Little, J.,

Mason, C., Memmott, J., Osborne, J., Pankhurst, T., Paxton,

R.J., Pocock, M.J.O., Potts, S.G., Power, E.F., Raine, N.E.,

Ranelagh, E., Roberts, S., Saunders, R., Smith, K., Smith,

R.M., Sutton, P., Tilley, L.A.N., Tinsley, A., Tonhasca, A.,

Vanbergen, A.J., Webster, S., Wilson, A. & Sutherland, W.J.

(2013) Identifying key knowledge needs for evidence-based con-

servation of wild insect pollinators: a collaborative cross-sec-

toral exercise. Insect Conservation and Diversity, 6, 435–446.
Dicks, L.V., Baude, M., Roberts, S.M.P., Green, M. & Carvell,

C. (2015) How much flower-rich habitat is enough for wild pol-

linators? Answering a key policy question with incomplete

knowledge. Ecological Entomology, 40, 22–25.
Eckhardt, M., Haider, M., Dorn, S. & Muller, A. (2014) Pollen

mixing in pollen generalist solitary bees: a possible strategy to

complement or mitigate unfavourable pollen properties? Jour-

nal of Animal Ecology, 83, 588–597.
Free, J.B. (1970) The flower constancy of bumblebees. Journal of

Animal Ecology, 39, 395–402.
G�enissel, A., Aupinel, P., Bressan, C., Tase€ı, J.N. & Chevrier, C.

(2002) Influence of pollen origin on performance of Bombus

terrestris micro-colonies. Entomologia Experimentalis et Appli-

cata, 104, 329–336.
Goulson, D., Nicholls, E., Rotheray, E. & Botias, C. (2015)

Qualifying pollinator decline evidence - response. Science, 348,

982.

Hanley, M.E., Franco, M., Pichon, S., Darvill, B. & Goulson, D.

(2008) Breeding system, pollinator choice and variation in pol-

len quality in British herbaceous plants. Functional Ecology, 22,

592–598.
Inouye, D.W. (2007) The value of bees. Biological conservation,

140, 198–199.
Kamper, W., Werner, P.K., Hilpert, A., Westphal, C., Blutghen,

N., Eltz, T. & Leonhardt, S.D. (2016) How landscape, pollen

intake and pollen quality affect colony growth in Bombus ter-

restris. Landscape Ecology, doi:10.1007/s10980-016-0395-5.

Kerr, J.T., Pindar, A., Galpern, P., Packer, L., Potts, S.G.,

Roberts, S.M., Rasmont, P., Schweiger, O., Colla, S.R.,

Richardson, L.L., Wagner, D.L., Gall, L.F., Sikes, D.S. & Pan-

toja, A. (2015) Climate change impacts on bumblebees con-

verge across continent. Science, 349, 177–180.
Kleijn, D. & Raemakers, I. (2008) A retrospective analysis of pol-

len host plant use by stable and declining bumble bee species.

Ecology, 89, 1811–1823.
Kriesell, L., Hilpert, A. & Leonhardt, S. (2016) Different but the

same: bumblebee species collect pollen of different plant

sources but similar amino acid profiles. Apidologie, doi:10.1007/

s13592-016-0454-6.

Kunin, W. & Iwasa, Y. (1996) Pollinator foraging strategies in

mixed floral arrays: density effects and floral constancy. Theo-

retical Population Biology, 49, 232–263.
Laverty, T.M. & Plowright, R.C. (1988) Flower handling by

bumblebees: a comparison of specialists and generalists. Animal

Behaviour, 36, 733–740.
Leonhardt, S.D. & Bl€uthgen, N. (2012) The same, but different:

pollen foraging in honeybee and bumblebee colonies. Apidolo-

gie, 43, 449–464.
Mayer, C., Michez, D., Chyzy, A., Bredat, E. & Jacquemart, A.-L.

(2012) The abundance and pollen foraging behaviour of bum-

ble bees in relation to population size of whortleberry

(Vaccinium uliginosum). PLoS ONE, 7, doi:10.1371/journal.

pone.0050353.

Mayer, C., Adler, L., Armbruster, W.S., Dafni, A., Eardley, C.,

Huang, S.Q., Kevan, P.G., Ollerton, J., Packer, L., Ssymank,

A., Stout, J. C. & Potts, S. (2011) Pollination ecology in the

21st century: key questions for future research. Journal of Polli-

nation Ecology, 3, 8–23.
Michener, C.D. (2007) The Bees of the World. Johns Hopkins

University Press, Baltimore, Maryland.

Moerman, R., Vanderplanck, M., Roger, N., Decl�eves, S.,

Wathelet, B., Rasmont, P., Fournier, D. & Michez, D. (2015)

Growth rate of bumblebee larvae is related to pollen amino

acids. Journal of Economic Entomology, 109, 25–30.
Moore, P.D., Webb, J.A. & Collinson, M.E. (1991) Pollen Analy-

sis. Blackwell Scientific Publication, Oxford, UK.

Nieto, A., Roberts, S.P.M., Kemp, J., Rasmont, P., Kuhlmann,

M., Garc�ıa Criado, M., Biesmeijer, J.C., Bogusch, P., Dathe,

H.H., De la R�ua, P., De Meulemeester, T., Dehon, M.,

Dewulf, A., Ortiz-S�anchez, F.J., Lhomme, P., Pauly, A.,

Potts, S.G., Praz, C., Quaranta, M., Radchenko, V.G.,

Scheuchl, E., Smit, J., Straka, J., Terzo, M., Tomozii, B.,

Window, J. & Michez, D. (2014) European Red List of bees.

Publication Office of the European Union, Luxembourg City,

Luxembourg.

Ollerton, J., Winfree, R. & Tarrant, S. (2011) How many flower-

ing plants are pollinated by animals? Oikos, 120, 321–326.
Potts, S.G., Biesmeijer, J.C., Kremen, C., Neumann, P., Sch-

weiger, O. & Kunin, W.E. (2010) Global pollinator declines:

trends, impacts and drivers. Trends in Ecology and Evolution,

25, 345–353.
R Core Team (2013) R: A Language and Environment for Statisti-

cal Computing. R Foundation for Statistical Computing,

Vienna, Austria. <http://www.R-project.org/>. 15th Novem-

ber 2015.

Rasmont, P., Regali, A., Ings, T.C., Lognay, G., Baudart, E.,

Marlier, M., Delcarte, E., Viville, P., Marot, C., Falmagne, P.,

Verhaeghe, J.C. & Chittka, L. (2005) Analysis of pollen and

nectar of Arbutus unedo as a food source for Bombus terrestris

(Hymenoptera: Apidae). Journal of Economic Entomology, 98,

656–663.
Roulston, T.H., Cane, J.H. & Buchmann, S.L. (2000) What gov-

erns protein content of pollen: pollinator preferences, pollen-

pistil interaction, or phylogeny? Ecological Monographs, 70,

617–643.
Ruedenauer, F.A., Spaethe, J. & Leonhardt, S.D. (2015) How to

know which food is good for you: bumblebees use taste to dis-

criminate between different concentrations of food differing in

nutrient content. The Journal of Experimental Biology, 218,

2233–2240.
Somme, L., Vanderplanck, M., Michez, D., Lombaerde, I., Moer-

man, R., Wathelet, B., Wattiez, R., Lognay, G. & Jacqemart,

A.-L. (2015) Pollen and nectar quality drive major and minor

floral choices of bumble bees. Apidologie, 46, 92–106.
Sundararajan, R. & Koduru, R. (2014) Cytisus scoparius: a

review of ethnomedical information. Indo American Journal of

Pharmaceutical Research, 4, 2151–2169.
Tasei, J.N. & Aupinel, P. (2008b) Validation of a method using

queenless Bombus terrestris micro-colonies for testing the nutri-

tive value of commercial pollen mixes by comparison with

queenright colonies. Journal of Economic Entomology, 101,

1737–1742.
Tase€ı, J.N. & Aupinel, P. (2008a) Nutritive value of 15 single pol-

lens and pollen mixes tested on larvae produced by bumble bee

� 2017 The Royal Entomological Society, Insect Conservation and Diversity

8 Romain Moerman et al.

http://dx.doi.org/10.1007/s10980-016-0395-5
http://dx.doi.org/10.1007/s13592-016-0454-6
http://dx.doi.org/10.1007/s13592-016-0454-6
http://dx.doi.org/10.1371/journal.pone.0050353
http://dx.doi.org/10.1371/journal.pone.0050353
http://www.R-project.org/


workers (Bombus terrestris, Hymenoptera: Apidae). Apidologie,

39, 397–409.
Vanderplanck, M., Moerman, R., Rasmont, P., Lognay, G.,

Wathelet, B., Wattiez, R. & Michez, D. (2014) How does pol-

len chemistry impact development and feeding behavior of

polylectic bees? PLoS ONE, 9, e86209. doi:10.1371/journal.

pone.0086209.

Vaudo, A., Patch, H.M., Mortensen, D.A., Tooker, J.F. & Gro-

zinger, M. (2016) Macronutrient ratios in pollen shape bumble

bee (Bombus impatiens) foraging strategies and floral prefer-

ences. Proceedings of the National Academy of Sciences, doi:10.

1073/pnas.1606101113.

Vaudo, A., Tooker, J., Grozinger, C. & Patch, H. (2015) Bee

nutrition and floral resource restoration. Current Opinion in

Insect Science, 10, 133–141.

Waser, N.M. (1986) Flower constancy: definition, cause, and

measurement. American Naturalist, 127, 593–603.
Williams, P.H., Colla, S. & Xie, Z. (2008) Bumblebee vulnerabil-

ity: common correlates of winners and losers across three conti-

nents. Conservation Biology, 23, 931–940.
Williams, P.H. & Osborne, J.L. (2009) Bumblebee vulnerability

and conservation world-wide. Apidologie, 40, 367–387.
Wood, T., Holland, J. & Goulson, D. (2015) Pollinator-friendly

management does not increase the diversity of farmland bees

and wasps. Biological Conservation, 187, 120–126.

Accepted 1 December 2016

Editor/associate editor: Karsten Schonrogge

� 2017 The Royal Entomological Society, Insect Conservation and Diversity

Pollen diet and bumblebee colony development 9

http://dx.doi.org/10.1371/journal.pone.0086209
http://dx.doi.org/10.1371/journal.pone.0086209
http://dx.doi.org/10.1073/pnas.1606101113
http://dx.doi.org/10.1073/pnas.1606101113

