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Abstract

Pollinators are declining worldwide and possible underlying causes include disease, inva-
sive pest species and large scale land use changes resulting in habitat loss and degrada-
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composition in Succisa pratensis Moench and This nutrient pollution has been shown to affect pollinators through the loss of nectar and
increased larval mortality of its pollinator Bombus 1 1en-providing plant species. However, it may also affect pollinators through altering the
terrestris L.. PLoS ONE 12(4): e0175160. https:/ . . . . . .
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cose and pollen fructose levels were lower in fertilized plants as compared to control plants.
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Copyright: ©2017 Ceulemans et al. This is an open  colonies visiting control plants. Our results suggest that the fitness of bumblebees can be
access article distributed under the terms of the negatively affected by changes in their food quality following nutrient pollution. If similar pat-
Creative Commons Attribution License, which . . . L L

terns hold for other plant and pollinator species, this may have far reaching implications for

permits unrestricted use, distribution, and
reproduction in any medium, provided the original  the maintenance of pollination ecosystem services, as nutrient pollution continues to rise

author and source are credited. worldwide.

Accepted: March 21, 2017
Published: April 13, 2017

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: Tobias Ceulemans holds a postdoctoral

fellowship of the Research Foundation Flanders Introduction

(FWO). This work was funded by FWO. The

funders had no role in study design, data collection ~ Pollinators, particularly bees, are keystone species by providing vital pollination services to

and analysis, decision to publish, or preparationof ~ wild plant species, and also deliver a key ecosystem service through maintaining agricultural

PLOS ONE | https://doi.org/10.1371/journal.pone.0175160 April 13,2017 1/15


https://doi.org/10.1371/journal.pone.0175160
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0175160&domain=pdf&date_stamp=2017-04-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0175160&domain=pdf&date_stamp=2017-04-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0175160&domain=pdf&date_stamp=2017-04-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0175160&domain=pdf&date_stamp=2017-04-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0175160&domain=pdf&date_stamp=2017-04-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0175160&domain=pdf&date_stamp=2017-04-13
https://doi.org/10.1371/journal.pone.0175160
https://doi.org/10.1371/journal.pone.0175160
http://creativecommons.org/licenses/by/4.0/

@° PLOS | ONE

Effect of nutrient enrichment on floral resources of bumblebees

the manuscript. There was no additional external
funding received for this study.

Competing interests: The authors have declared
that no competing interests exist.

productivity, with up to 75% of all crops worldwide depending on pollination [1, 2, 3, 4]. This
ecosystem service amounts to an estimated €153 billion of global annual economic value in
2005 [5]. Given the importance for both natural and agricultural ecosystems, there is an ever-
growing concern with respect to the worldwide decline of both wild and domesticated bee pol-
linators such as the honey bee (Apis mellifera) and several bumblebees (Bombus species) [6, 7,
8]. It is increasingly realized that this would have important ecological and economic ramifica-
tions, including the decline of wild plant diversity followed by decreasing ecosystem stability,
and decreasing crop production followed by global food insecurity [3, 4].

Many studies have identified drivers behind the global pollinator decline, including the loss
of genetic diversity in pollinator populations following habitat loss, the spread of introduced
alien pathogens, the wide-spread use of pesticides, and climate change [3, 9]. One of the most
important contributing factors identified so far, is the loss of floral resources in landscapes
with increasingly intensive land use [3, 9]. The loss of plant diversity may cause a cascade effect
resulting in the decline and extinction of pollinators which are dependent on a sufficient sup-
ply of pollen and nectar as essential dietary requirements. Particularly in agricultural land-
scapes, observational evidence is mounting that floral rewards are declining in both
abundance and diversity, which is paralleled by declines of both pollinators and insect-polli-
nated wild plant species [6, 8, 10]. Therefore, current environmental strategies to mitigate pol-
linator loss advocate enhancing floral resource abundance, for example through agro-
environmental schemes focusing on sowing nectar and pollen-rich flower mixtures in field
margins [9, 11]. However, whereas the primary focus now lays on increasing the quantity of
food, providing sufficient food quality may be equally, or perhaps even more important for the
conservation of pollinator populations.

Food quality of floral resources is primarily contingent upon the sugar and amino acid
composition of nectar and pollen, which is known to greatly vary within plant species [12, 13].
The quality of nectar and pollen can be influenced by altered environmental conditions. One
of the most important environmental factors that can affect nutritional quality of floral
rewards is soil nutrient availability, as it can greatly alter plant physiological activities and
growth of plant tissue [14]. Importantly in this respect, nutrient pollution of natural and semi-
natural ecosystems constitutes one of the most important components of global change world-
wide [15]. This is reflected by an approximate 100% and 400% increase of reactive nitrogen
and phosphorus fluxes, respectively, in global nutrient cycles [16, 17]. Nutrient pollution may
directly affect pollinators through the loss of plant species diversity that is commonly associ-
ated with increased nitrogen deposition [18, 19, 20] and increased soil phosphorus availability
[21, 22]. However, while loss of plant diversity results in reduced food quantity, which is being
unraveled by a growing number of studies as discussed above, little is known regarding the
effects of reduced food quality following nutrient pollution. Nevertheless, there is scant evi-
dence that food quality may deteriorate under nutrient pollution and that, in response, pollina-
tors actively change their foraging behavior [13, 23]. For instance, nectar composition of
individuals of the orchid Gymnadenia conopsea that were growing on more fertile soils con-
tained lower nectar amino acid diversity through an increase in relative abundance of glycine
and serine [24]. This was further experimentally corroborated by a fertilization experiment,
showing similar changes in nectar amino acid content and higher self-pollination in fertilized
plants [13].

From this evidence, it is clear that nutrient pollution could have an important impact on
floral resource quality and subsequently on plant pollinators. This is more than an academic
issue as most environmental strategies aim at increasing pollinator food resource availability
in agricultural landscapes that are traditionally high in nutrients, possibly undermining the
ultimate goal of mitigating pollinator decline. In this proof-of-concept study, we used an
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experimental mesocosm-based approach to evaluate the effects of nutrient enrichment on nec-
tar and pollen chemical composition and subsequently on pollinator fitness. Our model spe-
cies were the grassland plant species Succisa pratensis Moench and the bumblebee Bormbus
terrestris L. The specific objectives of this study were to i) investigate the effects of fertilization
on nectar and pollen amino acid and sugar composition; and ii) determine the subsequent
effect on colony size and larval mortality of bumblebees visiting the flowers of these fertilized
plants.

Materials and methods
Study species: Bombus terrestris L.

Bombus terrestris L. (buff-tailed bumblebee) is a common bumblebee species in temperate
areas across the globe and is found as a native pollinator throughout continental Europe and
its adjacent areas [25]. It has been used as a pollinator in agriculture from the early 20 century
on to improve seed set of red clover (Trifolium pratense L.) [26]. Systematic domestication,
however, only started in 1988 in Belgium and the Netherlands and this species is now used
worldwide for crop pollination [27, 28]. It is a short-tongued bumblebee and is considered to
be a generalist, as it is able to collect floral rewards from many plant species in a large variety
of habitats. Characteristics facilitating this generalist behavior include ecological flexibility, a
relatively early seasonal emergence (mainly of queens), long mean foraging distances, buzz-
pollination behavior, and nectar robbing [29].

Study species: Succisa pratensis Moench

Succisa pratensis Moench (Devil’s bit scabious) is a perennial rosette herb with a short vertical
rhizome [30]. It flowers in August and September producing one to 21 flower heads on up to
ten different flowering stems of 20 to 80 cm. Every flower head consists of 70-110 of violet
four-lobed tube flowers [31]. Reproduction usually occurs sexually through the production of
seeds, but vegetative propagation can happen sporadically by the formation of side rosettes
[30, 32]. S. pratensis is found throughout the temperate zones of Eurasia in nutrient poor grass-
lands (both acidic and calcareous), heathlands, unfertilized hay meadows and calcareous fens
[30]. Although remaining a relatively common species, changes in land use, habitat fragmenta-
tion and habitat degradation, have caused a decrease of the distribution area by 74% since
1935 [33]. The remaining populations are usually small and isolated and particularly vulnera-
ble to nitrogen and phosphorus enrichment [34, 35]. Although S. pratensis is self-compatible,
outcrossing promotes seed set and cross-fertilization is mediated primarily by bees and bum-
blebees (including B. terrestris) and hoverflies. As the species flowers relatively late, it is an
important source of nectar and pollen for many insects right before winter [34].

Experimental design

The experiment was conducted in a greenhouse with average temperatures of 24.36 + 5.12°C,
relative humidity of 61.10 £ 30.75% and light intensity averaged over daytime of 106.04 +
53.95 W/m. Mesocosms were constructed using bugdorms (60x60x60cm; BugDorm Store,
Taiwan) containing a single colony of B. terrestris and three commercially available flowering
S. pratensis individuals (Ecoflora, Belgium). We ensured that the number of flowers was
equal per mesocosm. We obtained commercially available, four-week-old hives of B. terrestris
contained in cardboard boxes equipped with equal amounts of sugar water in attached con-
tainers and see-through tops so the colonies could be easily observed (Biobest, Westerlo, Bel-
gium). Experimental treatments involved i) a control, in which plants were supplied with
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500mL of a solution of 13.9g NaCl per liter of de-ionized water (pH 6) and ii) a fertilized
treatment in which plants were supplied with 500mL of a solution containing 28.3g NH,NO;
per liter and 16.4mL concentrated H;PO, per liter, buffered at pH 6 with 13mL of 50%
NaOH. Nutrient solutions were added to the plants four weeks prior to flowering and the
start of the experiment. Throughout the experiment, fertilized plants further received a nutri-
ent solution consisting of 0.25 g1 KNO; and 0.028 g 1" KH,PO, and control plants a solu-
tion of 0.2 g 1" KCl via a continuous flow mechanism, delivering 300 ml per day. Fertilization
levels were calculated to represent nutrient enrichment levels comparable to semi-natural
grasslands under nitrogen and phosphorus pollution of adjacent fertilized agricultural fields
[21]. Each treatment was replicated in 17 mesocosms and the mesocosms were placed in the
greenhouse in randomized block design. All mesocosms were also provided with equal
amounts of water in a petri dish and commercially available pollen (Weyn’s Honing, Bel-
gium) to ensure that the colonies were supplied with enough food. At the end of the experi-
ment, the weight of consumed commercial pollen, consumed sugar water and the number of
honeypots in the colonies was recorded per mesocosm and was not significantly different
between treatments (S1 Table). Finally, we observed foraging behavior in each mesocosm to
assess whether the bumblebees mainly collected pollen and nectar from the available S. pra-
tensis flowers rather than from the available commercial pollen. In all mesocosms, bumble-
bees preferred visiting the flowers.

We observed the colonies through the see-trough lid weekly by opening the cardboard
boxes after sunset to minimally disturb the colony, as the workers had returned to the hive for
the night. We counted the number of living workers in the colonies and recorded the number
of dead larvae in the hive as proxy for colony stress levels and colony fitness [36]. To account
for the difference in number of bumblebee workers between colonies at the start of the experi-
ment, we used the proportion of living workers relative to the number of living workers in the
first week in further statistical analyses. This was calculated by dividing the number of living
workers per colony in a given week by the number of living workers in that colony in the first
week times 100. Finally, we also documented the date of queen death, as this precedes rapid
colony collapse [37]. To reduce counting error, we used high resolution photographs of the
colonies.

Two weeks after the start of the experiment, we harvested nectar and pollen. We took
bulked nectar samples from five flowers in the most recently opened flower heads of a single
plant by pipetting 10 pl of 50% azide water up and down in the flower five times, totaling 50 uL
of bulked nectar extract. Azide is a biocide and stops microbial activity that can alter floral nec-
tar composition [38]. Furthermore, we sampled pollen by collecting anthers with visible pollen
grains. All samples were stored in Eppendorf tubes at -20°C until further analysis. After 9
weeks the experiment was ended and we put the hives in the freezer at -20°C for 24h to sacri-
fice remaining living life stages and then counted the number of full and empty honeypots.
These were weighed after being dried for 24h at 50°C, to assess food quantity per colony.
Finally, the total weight of the containers with sugar water was determined to assess how much
was consumed during the experiment.

Laboratory analyses

We analyzed nectar and pollen amino acid and sugar composition with a HPAEC-PAD on an
ICS3000 chromatography system (Dionex, Sunnyvale, CA, USA). Pollen sugars and amino
acids were analyzed on an extract of 1.1 pg of pollen in 150 pL of HPLC water heated at 99°C
for 10 minutes. Of all samples, 30 uL of nectar or pollen extract was run over dowex, eluting 6
times with 30 uL of HPLC water, prior to further analyses. Samples of both treatments were
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analyzed in a randomized order. Analysis and detection was carried out at 32°C with a flow
rate of 250 uL per min.

Sugar analysis was performed by injecting 15 pL of diluted sample on a Guard CarboPac
PA 100 column (2 x 50 mm; Dionex) in series with an analytical CarboPac PA 100 column (2 x
250 mm; Dionex). Sugars were eluted in 90 mM NaOH, with an increasing NaAc-gradient
over time. From minute 0 to minute 6, the NaAc-concentration increased linearly from 0 mM
to 10 mM. Next, from minute 10 to minute 16, the NaAc-concentration increased linearly
from 10 mM to 100 mM. Finally, the concentration increased linearly from 100 mM to 175
mM from minute 16 up to minute 26. The columns were then regenerated with 500 mM NaAc
for 1 minute and equilibrated with 90 mM NaOH for 9 minutes before the next run started.

Amino acid analyses started by injecting 15 pL of diluted sample on an AminoPac PA 10
column (2 x 50 mm; Dionex) in series with an analytical AminoPac PA 10 column (2 x 250
mm; Dionex). Amino acids were eluted in 50 mM NaOH for 13.8 min. Then, from 13.8 to 17.8
minutes, the NaOH concentration increased concavely from 50 to 80 mM. Next, from minute
17.8 to minute 25.8, the NaOH concentration decreased concavely from 80 to 60 mM, while
the sodium acetate concentration increased concavely from 0 mM to 400 mM. Finally, the lat-
ter concentrations were kept constant from minute 25.8 up to minute 41.8. The columns were
then regenerated with 125 mM NaOH and 500 mM sodium acetate for 1 minute and equili-
brated with 50 mM NaOH for 10 minutes before the next run started.

Retention times of both sugars and amino acids were calibrated every four samples by
injecting a mixture with standard sugars or amino acids with known concentrations. The
concentrations of the different sugars and amino acids in each analyzed sample were esti-
mated by comparing the area under the chromatogram peaks with standards using Chrome-
leon software (Dionex, Sunnyvale, CA, USA). In general, individual sugar and amino acid
composition is less variable than its concentration, meaning that their relative contribution
may be of greater biological importance [14, 24]. Therefore, we use proportions of amino
acids and sugars, rather than their absolute concentrations, in all further analyses. Propor-
tions were calculated as the concentration of a particular amino acid or sugar divided by the
total concentration of amino acids and sugars in the sample times 100. Absolute concentra-
tions of individual amino acids and sugars are included in S3 and S5 Tables, respectively.

Statistical analyses

We analyzed the effect of treatment on amino acid and sugar composition of nectar and pollen
between treatments using permutational multivariate ANOVAs (PERMANOVA), after verify-
ing the assumption of homogeneous multivariate dispersions (999 permutations; vegan pack-
age, adonis function, R) [39]. If a significant difference in composition between groups was
found, we compared differences in individual amino acids and sugars between treatments
post-hoc through Wilcoxon signed-rank tests using Bonferroni corrections to correct for mul-
tiple testing. Furthermore, we performed non-metric multidimensional scaling (NMDS) on
the amino acid and sugar composition matrices through Bray-Curtis distances (vegan package,
R). Afterwards, we fitted treatment as an explaining variable on these ordination, testing sig-
nificance using environmental fit (envfit function, 1000 permutations; vegan package, R).
Next, we analyzed the effect of treatment (fertilized vs. control plants) and week of recording
on the proportion of living workers and the number of dead larvae by means of generalized
linear model with repeated measures in SPSS v. 20 using a binomial and Poisson distribution
respectively. When the assumption of sphericity was violated we corrected with Greenhouse-
Geisser, Huynh-Felft, and Lower-bound corrections. Finally, we analyzed time of queen death
between treatments through a right-censored, Weibull-distributed survival analysis.
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Results

The nectar produced by fertilized and control plants differed significantly in amino acid con-
centration, with control plants having a higher total absolute amino acid concentration in
their nectar (S3 Table). NMDS analysis followed by environmental fit showed a significant dif-
ference between control and fertilized treatments of the amino acid composition of the nectar
(R*=0.067, P = 0.021; Fig 1), confirmed by PERMANOVA analysis (F = 6.46, R* = 0.057,

P =0.002). Post-hoc testing with Bonferroni corrections show significantly higher proportion
of alanine and glycine and lower proportions of asparagine and glutamine in the nectar of con-
trol plants as opposed to fertilized plants (Fig 2, S2 Table). NMDS analysis followed by envi-
ronmental fit of the sugar composition in the nectar revealed marginally significant differences
between treatments (R? = 0.20, P = 0.066) and similar results were obtained through PERMA-
NOVA analysis (F = 2.91, R* = 0.10, P = 0.064). Post hoc analysis showed that these differences
can be attributed to a marginally significant higher glucose concentration in nectar of control
plants (P = 0.081; Fig 3, S5 Table).

Unlike the nectar analysis, the total absolute amino acid concentration in pollen produced
by fertilized plants was significantly higher than in pollen of control plants (S3 Table). Simi-
larly, however, NMDS analysis followed by environmental fit showed a significant difference
between control and fertilized treatments of the amino acid composition of the pollen (R* =
0.32, P < 0.001; Fig 1), confirmed by PERMANOVA analysis (F = 6.99, R = 0.084, P <
0.001). Post-hoc testing with Bonferroni corrections show significantly higher proportion of
arginine, glycine, ornithine and threonine and lower proportions of asparagine in the pollen
of control plants as opposed to fertilized plants (Fig 2, S2 Table). NMDS analysis followed by
environmental fit of the sugar composition in the pollen revealed a significant difference
between treatments (R? = 0.13, P = 0.003). Similar results were obtained via PERMANOVA
analysis (F = 6.33, R> = 0.076, P < 0.001). Post-hoc testing indicated that there is significantly
more fructose (P = 0.002) and less glucose (P = 0.012) in the pollen of control plants (Fig 3,

S5 Table).
0,4
Nectar amino acids Pollen amino acids
® O 0 i [ © le)
. O
- le) Y feS > [ J
‘ o® Doe0 0 0 o ¢ 0 o o
o® e o o K X
o g % T ° e 20 °
b Pe0° O o o © o IR e S, %

0,0} 08% o o 5 I op - 00 O0® o o
o Q o od © 0. O ¢ o °
% LA ) Qo o0Q ® o ° e g o e © e ©
) O #p000Cg Ce e 6 o o i
= .b o o O o 8
= [ ] (0] ([ ]

o )
02 ° 0® O ° r o ®
o e L
o) o °
o
-0,4 - o
O Control o
® Fertilized
-06 1 L L 1 1 1 1 1 1 ! 1 Il
0,6 0,4 0,2 0,0 0,2 0,4 06 -06 0,4 -0,2 0,0 0,2 0,4 0,6
NMDS 1 NMDS 1
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(envfit function, 1000 permutations; vegan package, R) showed a significant difference between control and fertilized treatments of the amino acid
composition of the nectar (R = 0.067, P=0.021) and of the pollen (R? = 0.32, P< 0.001).
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Fig 2. Proportions of amino acids in the nectar and pollen produced by fertilized (black) and control (blank) plants. Significance of the differences
between the fertilization and control treatment were determined through Wilcoxon signed-rank tests using Bonferroni corrections to correct for multiple
testing (*** P<0.001; ** P<0.01; * P<0.05).

https://doi.org/10.1371/journal.pone.0175160.9002

We found a significant positive effect of fertilization and week of recording on the number
of dead larvae in the colonies (Fig 4, Table 1). Although sphericity was violated, results after
Greenhouse-Geisser, Huynh-Felft, and Lower-bound corrections remained significant
(Table 1). We also found a significant effect of the interaction between fertilization and week
of recording on the proportion of living workers, indicating lower numbers in the first six
weeks of the experiment in the mesocosms with fertilized plants (Fig 5). However, here too,

60
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50 3
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Proportion of total concentration of sugars (%)
w
=

Fructose Glucose Sucrose Fructose Glucose Sucrose

Fig 3. Proportion of sugars in the nectar and pollen of fertilized (black) and control (blank) plants. Significance of the differences between the
fertilization and control treatment were determined through Wilcoxon signed-rank tests using Bonferroni corrections to correct for multiple testing
(** P<0.01; * P<0.05; (*) P<0.09).

https://doi.org/10.1371/journal.pone.0175160.9003
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Fig 4. Larval mortality recorded each week of the experiment in colonies visiting control plants (blank) and fertilized plants (black). Generalized
linear modeling with repeated measures showed a significant effect of fertilization (F = 6.18, P=0.025) and week (F = 15.92, P< 0.001). There was no
significant interaction between week and fertilization treatment (F = 1.76, P=0.13).

https://doi.org/10.1371/journal.pone.0175160.g004

sphericity was violated and the more conservative corrections returned only marginally signifi-
cant results (P < 0.1, Table 2). In the survival model analyzing the effect of the fertilization
treatment on the time of death of the queens, the chance of queen survival through time did
not differ between treatments (x> = 952.84, P = 0.69). The mean time of death in the fertilized

Table 1. Results of the generalized linear model with repeated measures testing for the effect of fertilization and week of recording and their inter-
action factor on the number of dead larvae. Where the assumption of sphericity was violated, corrected statistics are displayed in increasing order of con-

servativity. *** P<0.001, ** P<0.01, * P<0.05.

Effect Correction used

Fertilization None

Week None
Greenhouse-Geisser
Huynh-Feldt

Lower-bound
Fertilization * Week None

https://doi.org/10.1371/journal.pone.0175160.t001

F

6.18
15.92
15.92
15.92
15.92

1.76

P

0.025 *
<0.001***
<0.001 ***
<0.001 ***
<0.001 ***

0.13
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Fig 5. Proportion of living workers recorded each week of the experiment in colonies visiting control plants
(blank) and fertilized plants (black). The proportion was calculated as the ratio of living workers to the number of
living workers in the first reference week (= 100%). Generalized linear modeling with repeated measures showed no
significant effect of fertilization (F = 1.82, P=0.20), a significant effect of week (F = 238.83, P<0.001) and a significant
interaction between week and fertilizan treatment (F = 2.50, P=0.025).

https://doi.org/10.1371/journal.pone.0175160.9005

treatment was modelled to be 7.04 + 0.57 weeks and 6.74 + 0.53 weeks in the control treatment.

The assumption of non-systematic deviance was fulfilled.

Discussion

We found that fertilization of S. pratensis was associated with a change in nectar and pollen
amino acid and sugar composition. Colonies of B. terrestris that subsequently used these plants

Table 2. Results of the generalized linear model with repeated measures testing for the effect of fertilization and week of recording and their inter-
action factor on the proportion of living workers. Proportion of living workers in any given week is expressed as a percentage of the number of workers in
the first week. Where the assumption of sphericity was violated, corrected statistics are displayed in increasing order of conservativity. *** £ < 0.001,

** P<0.01,* P<0.05, (*) P<0.1.

Effect Correction used

Fertilization None

Week None
Greenhouse-Geisser
Huynh-Feldt
Lower-bound

Fertilization * Week None
Greenhouse-Geisser
Huynh-Feldt
Lower-bound

https://doi.org/10.1371/journal.pone.0175160.t002

1.82
238.83
238.83
238.83
238.83

2.50

2.50

2.50

2.50

P

0.20
<0.001 ***
<0.001 ***
<0.001 ***
<0.001 ***

0.021 *

0.091 (*)

0.079 (*)

0.14
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as food source showed more dead larvae and less living workers in their hives as opposed to
colonies visiting control plants. Our results could not be attributed to differences in food quan-
tity, as we found no differences in resource use of colonies visiting fertilized or control plants.
Therefore, these negative effects are likely related to changes in food quality of the floral nectar
and pollen resources. Resource quality is usually assessed through analyses of amino acids and
sugars, as bees primarily use sugary nectar as energy source and pollen as source of essential
amino acids [23]. For instance, honeybees prefer pollen rich in essential amino acids [40] and
pollen quality has been shown to be important for larval growth in bees [41]. Furthermore, for
social bees such as B. terrestris with short brood developmental times, high-quality pollen is
essential to guarantee the survivorship of the colony [42]. The higher proportion of asparagine
in the nectar of our fertilized plants may be associated with differences in the nutritional value
of the pollen and nectar as this amino acid is shown to inhibit labellar chemosensory cells of
flies, and food sources with asparagine have been shown to be avoided by several bee species
[43]. We also found a lower proportion of glycine in both the pollen and nectar of fertilized
plants. Glycine is known to be an attractive amino acid that elicits a feeding response in honey-
bees, as well as improves their learning performance [44]. Furthermore, we found higher pro-
portions of three essential amino acids in the pollen of control plants (arginine, ornithine and
threonine) and of one non-essential in their nectar (alanine). Finally, we found (marginally)
lower proportions of glucose in the nectar of fertilized plants and less pollen fructose, both
important energy sources and preferred over sucrose by short-tongued bees like B. terrestris
[45, 46, 47].

However, contrary to the expectation of lower food quality of floral resources produced by
fertilized plants, we found a higher total concentration of amino acids in the pollen of fertilized
plants, consistent with reports of a higher concentration of amino acids following nitrogen fer-
tilization [23]. However, concentration of amino acids is usually highly variable, depending on
a variety of daily fluctuating environmental conditions such as solar irradiation and air and
soil humidity, suggesting that relative proportions of specific amino acids may be of greater
importance to food quality [14, 24]. Nevertheless, also contradictory in this respect, we found
a higher proportion of glutamine in nectar, an important amino acid as energy substrate for
flight and in the nitrogen metabolism [14]. Yet, the higher proportion of arginine in the pollen
of control plants, despite being an essential amino acid, are also not necessarily indicators of
higher quality, as this amino acid was found to be avoided by the stingless bee Melipona fuligi-
nosa [48] and it has been shown to inhibit chemosensory cells of flies [49]. Furthermore,
although glucose is a preferred sugar source over sucrose, we found significantly less glucose
in the pollen of control plants.

It is possible that a lower proportion of glutamine in nectar of control plants and less glu-
cose in their pollen, which appears in conflict with higher food quality, may only have a limited
impact as pollen, not nectar, is the main source of amino acids and nectar, not pollen, is the
main source of sugars [50]. It should also be noted that bees may not discriminate between dif-
ferences in food quality, but are rather guided by other floral cues such as odor, presence of
other essential nutrients, phago-stimulants, defensive metabolites, and phago-deterrents;
which may also explain why they sometimes readily collect toxic pollen [51, 52, 23]. For
instance, Hoover et al. [13] showed that bumblebees were more attracted to a nectar solution
mimicking nectar of plants under nitrogen fertilization, despite a twenty percent reduction in
survival rate of individual workers compared to workers fed by control nectar solutions.
Therefore, elucidating the precise effect of amino acid and sugar composition of pollen and
nectar on pollinator health and fitness merits further research. Furthermore, other compo-
nents in pollen and nectar may also affect bees, including secondary metabolites such as
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alkaloids and phenols which can affect the attractiveness of nectar, and phytosterols, which
play an essential role in bee hormone synthesis, gene expression and cell membrane function
[53, 54, 55]. Unfortunately, little is known regarding the environmental effect on the concen-
tration of these components in pollen and nectar and we cannot exclude in this study that
changes in these components following plant fertilization contribute to the observed higher
larval mortality. Nevertheless, our results are in line with the results of Hoover et al. [13], who
found a higher mortality of bumblebee workers feeding on a controlled synthetic amino acid
and sugar solution mimicking that of fertilized plants, free from the possible confounding
effects of secondary metabolites.

Although the difference in number of dead larvae between colonies visiting fertilized as
opposed to control plants was clear, we found only little differences in number of living work-
ers throughout the experiment, and no differences in queen survival chances. As we started the
experiment with bumblebee colonies already containing a certain number of workers reared
in optimal conditions, the onset and impact of the negative influence of our treatments may
have been delayed and reduced. This was particularly clear for the difference in number of liv-
ing workers that was highest between the third and sixth week of the experiment. The absence
of a difference in the last two weeks of the experiment (week 7 and 8) was expected because the
average life span of a B. terrestris colony spans approximately three months and the colonies
were already four weeks old at the start of the experiment [56]. Therefore, the negative effect of
fertilization we found, may become more pronounced when studying newly emerged queens,
possibly disrupting a successful foundation of a colony.

In conclusion, our results may have far-reaching implications for conservation of pollina-
tors and maintenance of sufficient pollination ecosystem services in an era of ever-increasing
nutrient pollution of natural and semi-natural habitats worldwide [17, 57]. Indeed, current
research seems biased towards investigating the effects of fewer food resources in a landscape
under nutrient pollution due to the loss of plant species of nutrient poor habitats (food quan-
tity). Our research provides one of the first indications that the remaining food resources in
these landscapes may also be of lower quality, possibly adding to negative environmental pres-
sure on pollinator populations. This impinges on conservation strategies, as most of them aim
at increasing pollinator food resource availability in agricultural landscapes, traditionally high
in nutrients, undermining the ultimate goal of mitigating pollinator decline because of lower
nutritional quality of the added resources. In this respect, our results indicate that maintaining
a sufficient number of nutrient poor habitats in landscapes may be crucial for the conservation
of pollinators. Particularly in landscapes increasingly filled with detrimental pressures on polli-
nator fitness including pathogens, pesticides, and decreased floral resources, serious decline of
food quality may be a crucial component to understand and mitigate the susceptibility of polli-
nators worldwide.
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