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Abstract

The way pollinators gather resources may play a key role for buffering their population

declines. Social pollinators like bumblebees could adjust their foraging after significant work-

force reductions to keep provisions to the colony optimal, especially in terms of pollen diver-

sity and quantity. To test what effects a workforce reduction causes on the foraging for

pollen, commercially-acquired colonies of the bumblebee Bombus terrestris were allowed to

forage in the field and they were experimentally manipulated by removing half the number of

workers. For each bumblebee, the pollen pellets were taxonomically identified with DNA

metabarcoding of the ITS2 region followed by a statistical filtering based on ROC curves to

filter out underrepresented OTUs. Video cameras and network analyses were employed to

investigate changes in foraging strategies and behaviour. After filtering out the false-posi-

tives, HTS metabarcoding yielded a high plant diversity in the pollen pellets; for plant identity

and pollen quantity traits no differences emerged between samples from treated and from

control colonies, suggesting that plant choice was influenced mainly by external factors

such as the plant phenology. The colonies responded to the removal of 50% of their workers

by increasing the foraging activity of the remaining workers, while only negligible changes

were found in diet breadth and indices describing the structure of the pollen transport net-

work. Therefore, a consistency in the bumblebees’ feeding strategies emerges in the short

term despite the lowered workforce.

Introduction

Social pollinators, such as bumblebees, are subjected to multiple stressors that ultimately cause

population reductions. These declining trends are mostly due to climate change [1,2] and sev-

eral “pollinator-unfriendly” practices related to agriculture (i.e., the use of monocultures, the

use of harmful agrochemicals [3,4], and the use of synthetic fertilisers causing both shifts in the
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vegetation and disappearing of flowers the bees forage on [5]). Moreover, land use change [6],

the lack of flower diversity [7] (e.g. overgrazing or frequent mowing [8]), the reduction of nat-

ural ecosystems nearby fields [9], the spread of parasites and diseases [10], and the overwhelm-

ing competition from domesticated bees [11,12] also impact the dynamics of bumblebees and

other pollinators’ populations. Several of these factors may lead to a significant reduction of

workforce in a colony with important implications in the short term (feeding the developing

larvae [13]) and in the long term (colony fitness [14]).

Gathering sufficient and appropriate resources is a key nutritional aspect for stabilizing pol-

linator populations [15–18], and could be severely disrupted by reduction of the number of

workers in colonies of social pollinators. For example, task allocation could be modified

between workers in a colony after a drop in workforce size [19]. However, it is not known how

drops in the extent of the foraging workforce could modify selectivity for resources and forag-

ing effort of pollinators. Two main expectations could be drawn specifically regarding changes

in the foraging, after a workforce reduction. Firstly, the remaining workers could increase

their foraging activity to maintain the total amount of resources brought to the nest. This

expectation could result either from the individual bumblebees making more foraging trips or

from a colony allocating a higher number of workers to the task of foraging. These are sup-

ported by studies showing that the removing half of the bumblebees workforce can alter task

allocation in the colony [20] and also that the rate of larval feeding by the workers is increased

inside the nest [13]. Thus, a similar compensation could also be expected in relation to the for-

aging activity outside the nest. Secondly, a change in the composition of resources collected by

individual workers could occur in response to a shift in competitive interactions. According to

the Optimal Foraging Theory [21,22], selectivity for resources is influenced not only by their

energetic value but also by competitive interactions, as a higher density of foragers causes

faster depletion of the resources and triggers a wider diet breadth in the foragers as a conse-

quence (i.e. density-dependent mechanisms [23,24]). On the other hand, a significant loss of

workforce in a social pollinator colony could decrease the competition for resources in the

vicinity of the nest and the remaining workers would then be predicted to become more selec-

tive and focus on the most rewarding plants. To our knowledge, this hypothesis has not yet

been tested in the field, but laboratory experiments showed that individual bumblebees adjust

their selectivity according to the level of intra-specific competition and to changes in colony

size [23,25]. Both expected responses, i.e. increased foraging activity and changes in resource

selectivity, could lead to maintaining the resource intake by the pollinator’s colony after the

workforce reduction.

In the case of pollen collected by pollinators, studying insect-plant interactions is compli-

cated by several methodological aspects. In addition to the direct observation of an insect’s

behaviour [26], the analysis of pollen on an insect’s body can reveal the interactions that hap-

pened during a pollinator’s trip and can also yield the rarest interactions that normally remain

undetected during observational surveys [27,28]. Yet, morphology-based identification of pol-

len lacks a uniform discriminatory power and requires great taxonomical knowledge [29–31].

However, the potential benefits of pollen studies highlight the need to improve methods that

are alternative to the morphological analyses. In this context, DNA-based approaches, such as

DNA barcoding and DNA metabarcoding, represent a reliable alternative [32,33]. In other

words, by using integrative approaches (e.g. DNA metabarcoding applied to ecological ques-

tions), methodological issues with pollen identification can be overcome and the interactions

and the resource usage by declining pollinators can be explored in more depth.

Here, we tested the expectations listed above about changes in foraging due to colony work-

force reduction by experimentally inducing a sudden decline in the colony size of commercial

colonies of the bumblebee Bombus terrestris (Linnaeus, 1758). We focused on bumblebees,
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because they are among the most effective pollinators [34], native to several regions of the

world (while honeybees are often domesticated [35]) with several species in population decline

[1,10], and, they depend on the habitat they live in because the colonies need a high amount of

resources for fitness [2]. In this study, we intended to recreate a situation of workforce loss due

to natural or human-based environmental conditions, by removing half of the workforce.

Such a removal is supported by studies showing that a colony’s workforce can face reductions

up to 50% due to several stressors, such as pathogens and parasites[36,37], or pesticides[38], or

the combination of pesticide exposure and poor nutrition[39]. We explored the foraging

behaviour before and after the manipulation with video recordings and also compared

resource utilization based on pollen identification with a DNA metabarcoding approach. Our

specific aims were to investigate the effect of an experimental reduction of the bumblebees’

workforce by focusing on short-term responses (i) in the foraging strategies of individuals and

in the associated bumblebee-plant networks, (ii) in the foraging rate per unit of time, and (iii)

in the diversity of the collected plants and in plant’s traits of pollen production. This experi-

ment has the potential of providing new insights into the ways social pollinators respond to

environmental disturbances (e.g. causing decline as those indicated above) by interacting with

plant resources within the context of pollination ecosystem services.

Material and methods

Study area, experimental set-up, and sample collections

The experiment was conducted in a meadow near Český Krumlov, 18 km southwest of České

Budějovice (Czech Republic, 48˚49’30.52" N, 14˚19’4.02" E), that belongs to a 62 ha natural

area located at an altitude of 600 m a.s.l. and consists of forest, isolated trees, and shrubs, while

a portion is covered by species rich calcareous grasslands managed by occasional extensive

grazing. Around this zone, a mosaic of agricultural areas and urban settlements occurs. The

study site is part of a publicly accessible area where sample collections are allowed (with the

exception of species protected by law). The experiment and the collection of samples were car-

ried out on sunny days without strong wind or rain, in summer 2016.

Four commercial colonies of the bumblebee Bombus terrestris were bought from a private

company (Koppert s.r.o., Nove Zamky) and were placed in pairs at the study site at a distance

from each other of about 500 m in order to capture possible minor changes in floristic compo-

sition. All colonies were marked and placed in the field under shade to prevent overheating.

The number of used colonies lies within the range used in other studies about bumblebees for-

aging [40–43]. In each pair, a colony was used as a control, and it was not treated during the

length of the experiment, while a second colony was used to apply a treatment of diminishing

the worker population, which in practice consisted of manually removing 50% of the workers

relative to the number of workers present in the period before removal in that colony. This

removal threshold was inspired by studies reporting mortalities or worker losses up to 50%

with respect to control colonies due to multiple stressors (see [36,38,39]). For removing the

workers, as we used nest boxes with a way-in and a way-out holes, the way-in was left open for

an entire afternoon so that workers could return to the nest but none could leave it, and then

the nest was completely closed during the following night. Early in the next morning, light

anaesthetization with CO2 was applied to the nest for a very short time, workers were counted

and half of the worker amount was removed from the nest.

Four days after placing the colonies in the field, the workers’ pollen pellets were collected

from the corbiculae of the legs just before entering the nest and after light anaesthetization

with CO2 [44] (the workers were afterwards released outside their nest to avoid immediate

complications for the larvae related to workers being anesthetized [45]). The pollen of 18
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bumblebee workers for each nest were surveyed before workforce halving (“before” phase,

6th-11th July). In the period after removing the workers (“after” phase, 20th-23rd July), pollen

pellets of 18 workers for each colony were collected in the same way as the “before” period (17

workers for one of the nests). There was a low chance of resampling individual bees, given the

large size of the colonies that were used: there were an average of 160 workers before removal.

The number of samples collected was similar to other studies on DNA metabarcoding of pol-

len [46,47]. Pellets were collected with sterile tweezers and placed in Eppendorf tubes, marked

with codes and stored in a freezer at -20˚C. The number of samples included in the analyses

provided a plant diversity per nest that was estimated to be 83% and 78% of the asymptotic

plant diversity of each treated nest as shown by the Chao2 estimator calculated by the iNEXT

package of R with incidence data (±4 species in nest 1 and ±4.8 species in nest 2).

Local botanists provided an accurate check-list of the flowering plant species at the study

area (i.e., 112 plant species, see S1 Table). Those species that were not available in public nucle-

otide databases (i.e., NCBI and BOLD) were sampled (i.e., 54 plant species, one or two young

leafs each, stored at −20˚C) to create a complete DNA barcoding reference dataset. Reference

ITS2 sequences for the remaining species were directly retrieved from GenBank NCBI prior to

accurate validation of the accessions (i.e., availability of voucher details and complete overlap-

ping with the DNA barcoding region sequenced in the bumblebees’ pollen pellets). Overall,

the final reference dataset encompassed 1196 ITS2 sequences.

DNA analyses and taxonomical assignments

Reference ITS2 DNA barcodes for the sampled plant species were obtained as described in

[48] and deposited in EMBL GeneBank under the accessions reported in S1 Table.

The pollen samples were analysed as described in S1 Appendix. In brief, one pollen pellet

for each bumblebee was grinded and the DNA was extracted according to standard protocols.

A HTS (High-throughput sequencing) DNA metabarcoding approach was used to analyse

these DNA extracts, by targeting the nuclear internal transcribed spacer 2 region (ITS2)

[32,33,49] with S2F and S3R primer [50]; before amplification, DNA extracts concentration

was normalized by means of quantitative real-time PCR as described in [51]; amplification was

performed with PCR, and Index PCR and library sequencing were performed through the Illu-

mina MiSeq. The raw reads were paired, pre-processed and filtered according to the standard

bioinformatics pipeline and OTUs (Operational Taxonomic Unit) were obtained by clustering

reads with a 99% sequence identity; these OTUs were assigned to a plant species or to a genus

[52]. All details on sample preparation, sequencing, bioinformatic analysis and taxonomical

assignment are described in S1 Appendix.

Selection of OTUs

Sorting false positives from data produced with DNA metabarcoding has been recently under-

lined [53]. In order to exclude false-positive OTUs from the dataset, the ROC (Receiver Oper-

ating Characteristic) framework was used to quantify a trade-off of acceptance or rejection of

OTUs within the analyzed pollen samples. The ROC framework assesses the true positive rate

and the true negative rate of a test [54], based on the Youden index. This approach can

improve the reliability of OTU assignments by establishing defensible thresholds for rejection

or acceptance [55]. This is a well-accepted methodology for threshold detection, since it is

used in several biological fields, including DNA- and environmental DNA-based studies

[55,56].

In the samples of this study, some OTUs were represented with only a very low number of

reads. This would hint at the presence of false positives. Therefore, in order to find reliable
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thresholds, we followed the suggestions of [55] which employs ROC curves instead of arbi-

trarily cut-off values for excluding OTUs from the samples.

Specifically for each sample independently, a categorical variable “negative” was assigned to

the OTUs with 0 number of DNA reads and “positive” was assigned to the OTU with reads

>0. A GLM (Generalized linear regression) with an overdispersed Poisson distribution (quasi-

poisson) was performed independently on each sample in order to estimate the distribution of

reads related to positives and negatives; the amount of reads per OTU was the response vari-

able and "positive" or "negative" was the predictor variable. On the values estimated by the

regressions, the pROC package [57] in the R environment [58] was used to estimate the per-

sample cutting threshold and thus to identify which OTUs were false positives. Those OTUs

with a number of reads below the estimated thresholds were excluded from the dataset and

considered as false positives. The resulting dataset was used in the following analyses (S2 Table

and S1 Dataset).

Networks of foraging

For each nest and at each experimental phase (time “before” and “after” removal of workers),

i-sp matrices representing the interactions of individual bumblebees and plant species were

analysed to investigate changes in the foraging strategies by means of networks analyses (data

in S1 Dataset), an approach equivalent to what used in [59,60]. Network analysis is an efficient

way of studying interactions, because, rather than focusing uniquely on diversity and richness,

it employs a set of indices with a clear ecological interpretation aimed at describing the net-

work of interactions among organisms: it highlights who interact with whom, the interaction

overlaps with other species/individuals of the same trophic level, the competition and speciali-

zations patterns [61]. Network analyses are very practical because they can explore patterns

based on interactions of multiple individuals (network level indices) or can be focused on the

level of single individuals (individual level indices). In our study, both binary and quantitative

matrices were used, because different aspects are accounted for; The binary ones are useful for

studying network structures where all links are equal (as they are based on the presence and

absence of interactions), while in the quantitative ones, the links have different weights accord-

ing to the intensity of each interaction (e.g. interaction frequency, transferred biomass, etc).

Firstly, we tested several node-level indices (where a “node” is either a foraging bumblebee

or a plant species). Specialization was investigated using: (a) the “degree”, that is the number

of plant species found in a pollen pellet; (b) RR, the “resource range”, that estimates the frac-

tion of used resources to the total available[62] and is computed here as 1 � R� r
R� 1

, where R is the

available resources (= plants) and r is the used plants; (c) PG, the “proportional generality”, is

the quantitative diversity of consumers in relation to the potential resources; it is computed as

the ratio between the power of the quantitative Shannon diversity H for consumers p and that

for the abundances of resources q: eHp=eHq ; (d) PDI, the “Paired Difference Index”, is the quan-

titative counterpart of RR and it compares the strongest quantitative interaction with all

remaining interactions [63]; it characterizes the decay of performance as drift from the optimal

resource; it is calculated here as 1 �

XR

i¼2
ðPmax� PiÞ

R� 1
, where Pmax is the maximum of all quantitative

interactions, Pi is the quantity of interaction with the i plant, and R is the number of available

resources (= plants); (e) d’ index, which is a measure of specialization based on niche overlap

among nodes[64] and is calculated as
XR

j¼1
ðp0ij ln

p0ij
qj
Þ, where R is the number of resources, p0ij is a

species’ i interaction with partner j as proportion of the sum of interactions of i, qj is the sum

of interactions of partner j divided by the total of all interactions. In addition, we studied the

importance of plant species in the foraging network with the (f) “closeness centrality”, which
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indicates how a plant is near the core of the interactions based on the path lengths of the net-

work; CC ¼ R� 1X

i:i6¼v
dðv;iÞ

, where R is the available plants and d(v,i) is the geodesic distance

between plant v and i [65]. Indexes (a), (b), and (f) are calculated from the binary interaction

matrices (presence or absence of a plant in a sample), while indexes (c), (d), and (e) are based

on the quantitative interaction matrix including the number of DNA reads of a certain plant

species in a pollen pellet. Using DNA reads as a proxy of a quantitative amount of pollen was

decently supported in Bell et al. (2018) and was already applied to networks in Pornon et al.

(2017); these indexes include normalizations by matrix total.

For testing changes in these node-level indexes, each one was analysed with generalized lin-

ear mixed-effect models with library lme4 [66] in the R environment with a given index as

response variable, and the experimental phase (“before”, “after” workers removal), whether the

colonies were treated or control (T./C.) and the interaction between experimental phase and

T./C. as predictor variables. The nest identity was the random intercept. Poisson distribution

or Gamma distribution with the log link function were used, depending on the response

variable.

Secondly, to test whether the entire bumblebee-plant networks changed after the treatment,

the interaction matrices included either binary interaction matrices or the count data of the

DNA reads, such as in [28], standardized by the total of the matrix. For each nest, the network

structure was studied by focusing on several aspects of networks. Firstly, the proportion of real-

ized interactions was studied with (a) Link density LD [67], which is a quantitative measure of

the proportion of realized interactions weighted by interaction diversity and is computed as

LD ¼ 1

2

Xs

j¼1

bj:

b: :
2Hq þ

Xs

i¼1

b:j
b: :

2Hp

� �
, where s is the number of species in the networks, b is the total

sum of the matrix, bj is the sum of the interactions of bumblebees j and b.j is the sum of the

interactions of plant i, Hq is calculated as �
Xs

j¼1

bj

bj:
log2

bj

bj:
with bj as an interaction (and similarly

for plants Hp and plant species i); (b) Connectance C [67], which is the proportion of realized

links in the network and is calculated as C ¼ L
I�J, L is the number of interactions, I, and J is the

number of plant and animal species, respectively, and can vary from 0 to a maximum of 1. In

addition, how resources are distributed among nodes was investigated with the nestedness

index, so that in a nested network the generalist pool interacts with both specialists and general-

ists. It was calculated as (c) Nestedness based on Overlap and Decreasing Fill (NODF) and (d)

the weighted counterpart WNODF[68], is based on decreasing fill and on paired overlap on the

matrix. Between pairs of columns and pairs of rows, it detects the degree of nestedness Np by

comparing the marginal totals and the proportion of filled matrix cells located at the same posi-

tion. Thus, for a matrix with i plants and j bumblebees, ODF ¼
X

tNp= iði� 1Þ

2

� �
þ

jðj� 1Þ

2

� �. It ranges

from 0 to 100 (fully nested). Moreover, the tendency of the network to divide into compart-

ments, with implications for resource accessibility and competition, was calculated as (e) Modu-

larity Q, and (f) the quantitative counterpart Qw, computed by the algoritm DIRTLPAwb+ [69];

Q is computed as 1

m

Xr

i¼1

Xc

j¼1
Aij �

kidj

m

� �

dðgi; hjÞ, where Aij is the interaction matrix of r rows and c

columns, m is the number of links, k is the node degree for a plant with label h, and d is the

node degree for a bumblebee with label g, while the Kronecker function dðgi; hjÞ is 1 if nodes i
and j belong to same module or 0 otherwise. Q and Qw range from 0 to its maximum of 1. Net-

work-level specialization was also investigated. A niche-overlap measure of specialization of net-

work-level interactions was studied with (g) Interaction Diversity H0
2
. It is computed as

Xr

i¼1

Xc

j¼1
ðpij � lnpijÞ, with r and c referring to rows and columns of the interaction matrix between

a plant species i and pollinator species j, and pij is the proportion of the number of interactions
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in relation to the respective row total. Its possible maximum and minimum are obtained from

the distribution of interaction totals of the matrix and used to normalize the index to vary

between 0 and 1 (perfect specialisation) [64]. Specialization was also studied with (f) Generality

and (g) Vulnerability indexes, that are the mean effective numbers of partners, that is of plants

for bumblebees (Generality G) and of bumblebees for plants (Vulnerability V), weighted by the

marginal totals; they are calculated as 1

l=s

Xs

j¼1
bij, where a node i is interacting with a node j, and

bij is the sum of quantitative interactions between i and j, and the total number of links in the

network is l and that of nodes is s [67].

Changes in these indices of network structure were tested by means of random permuta-

tions of the data, which test whether the difference between the observed networks is signifi-

cant with respect to random expectations. To reach this goal, the interactions (matrix cells) of

both networks were swapped randomly between the two networks (“before”, “after”), follow-

ing [70,71], for 10000 times for each of the two networks. After each swap, the value of the dif-

ference was recalculated. The statistical significance was obtained by comparing the observed

difference to the distribution of differences from the random permutations.

The node and the network indices were calculated with the packages bipartite [72] and

vegan [73] in R.

Rate of workers leaving the nest

All colonies (treated and control) were recorded with video cameras (Canon Legria HFR56)

for a sample of three hours during a day during the experimental phases before removing

workers and after removing workers. The camera was placed near the entrance of the nests, so

that the number of leaving and of returning workers could be counted.

For testing changes in the foraging rate, the number of workers leaving during each 20 min-

ute interval time was used as response variable (a total of 39 time units were used) in general-

ized linear mixed-effect models with library lme4 in the R environment. The experimental

phase was the predictor variable (i.e., the period “before” and “after” worker removal), and the

nest identity was the random intercept. Poisson distribution with the log link function was

used. A statistical offset term with the number of workers leaving the control nests per 20 min-

ute time was included in the analyses due to the assumptions of the Poisson distribution, but it

is considered equivalent to dividing the number of leavings in the treated colonies in a given

unit of time by the number of leavings in the control colonies in the same time unit; this was

performed in order to account for variations of foraging rate independent from the treatment.

Plant diversity in the pollen pellets

To investigate changes in plant species composition in the pollen samples during the experi-

mental time, a PER-MANOVA (Permutational Multivariate Analysis of Variance Using Dis-

tance Matrices) was used with the function adonis in the vegan package in R. Samples-per-

plants matrices with presence / absence of a given plant in a given sample was considered the

response variable, while the experimental phase (“before” and “after” workers removal), nest

identity (nests 1 to 4), whether the colonies were treated or control (T./C.) and the interaction

between experimental phase and T./C. were predictor variables.

Traits of pollen production

Values of the plant trait of pollen production (“pollen quantity”) were assigned to both used

and unused plants flowering at the study area during the experimental time (S1 and S2 Tables).

These values were extracted from [74], which ranks plants from low (“P0”) to high (“P5”) levels
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of pollen quantity in several European plant species. Specifically, this ranking is based on the

amount of pollen produced by the plant species, it is coherent with other rank-based pollen

databases (see [75]) and it also is incorporated in the plant trait databases provided by the TR8
package for R [76]. FThe probability of collecting pollen of a species was analyzed using logistic

regression (generalized linear mixed-effect models) with presence/absence of a plant in a sam-

ple for a given colony as a response variable; the experimental phase (“before” and “after”

workers removal), the (numerical) pollen quantity, whether the colonies were treated or con-

trol (“T./C.”), the interaction between experimental phase and pollen quantity and T./C. were

the predictors; the nest identity was the a random intercept. The binomial distribution and

logit as link function were used. The lme4 package for R was employed. Confidence intervals

were estimated with 1000 bootstrapping using the function bootMer.

Results

Sequencing, filtering, and taxonomic assignment of pollen loads

Illumina sequencing of pollen samples yielded 18,473,760 raw reads. After pair-ending and

quality filtering, 5,600,000 reads were included in the dataset, and they were clustered in 167

OTUs, 51 of which showed high similarity with fungi accessions and were excluded from the

dataset. The remaining OTUs were assigned to 44 plant taxa and specifically 90 OTUs (53.9%)

to the species level and 26 OTUs (15.5%) to the genus level. The ROC filtering excluded 25

additional OTUs (at least 10 plant species) and a total of 72,361 reads were removed from the

dataset with a mean of 36 reads per sample (with across sample st. dev. of 101 reads and a

range of 0–1214 reads) which corresponds to an average of cutting thresholds across samples

of 2.28% of the reads. Therefore, the filtered list of plant species encompassed 34 taxa (91.2%

with species identity) with a mean of 2.25 taxa per sample, st. dev. = 1.54, min. 1 and max. 10

(S2 Table and S1 Dataset), corresponding to 3,392,081 total reads.

Ten taxa in the post-ROC dataset were not initially included in the floral checklist. Mono-

floral pollen pellets were 37% (53 samples), while 63% (90 samples) were polyfloral (44 pollen

samples of two plant taxa, 46 samples of more than two taxa).

Pollen plant diversity, node- and network-level responses to the treatment

Taxa composition of the pollen samples changed over the study period (S1 Fig). In particular,

the experimental phase (before/after workforce reduction) predicted the plant identity of the

pollen samples better than the nest identity, although both variables were significant (Table 1);

conversely, no significant differences were found between treated and control colonies.

The node level network analyses in the phase before removal revealed that Degree and PG

were low but the plant’s Closeness Centrality was high and PDI and RR were both low, while

Table 1. Results from a PER-MANOVA statistics testing the effect of the experimental phase (before and after

workers removal), nest identity (nest 1 to 4) and T./C. (treated and control colonies) in the presence/absence of

plant species in the pollen pellet samples. Significant results are highlighted in bold.

Variable Df R2 p

Experimental phase 1 0.104 <0.001

T./C. 1 0.007 0.325

Nest Id. 2 0.064 <0.001

Experimental phase x T./C. 1 0.005 0.583

Residuals 137 0.821

Total 142 1

https://doi.org/10.1371/journal.pone.0224037.t001
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d’ spanned over a wide range of the specialization-generalization gradient (Fig 1). Changes

after treatment were generally not significant (Table 2 and Fig 1); only the PG index increased

after workers removal (βafter− βbefore = 0.241, p< 0.05) while it did not differ between treated

and control colonies and the interaction between treated/control colonies and experimental

phase were not significant predictors (Table 2 and Fig 1).

Fig 1. Node-level network indices describing aspects of foraging by individual bumblebees and their change during the experiment:

(a) Degree, (b) RR: Resource Range, (c) PG: Proportional Generality, (d) PDI: Paired Difference Index, (e) d’: Complementary

specialization, (f) CC: Closeness Centrality for plants (see methods). “N.S” signifies not statistically significant and the statistical

outputs of the GLMMs are in Table 2.

https://doi.org/10.1371/journal.pone.0224037.g001
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The binary indexes of the network-level analyses didn’t change significantly after treatment

in the treated colonies. On the other hand, only two of the quantitative indexes (i.e., the Link

Density and Vulnerability of plants) changed significantly over the study period (Table 3 and

Fig 2).

Rate of workers leaving nest

After removing the workforce, the proportion of workers leaving the treated nests relative to

the control nests’ foraging rate increased (Fig 3, the trend without the proportion to control’s

foraging is in S2 Fig). Specifically, the treatment was a significant predictor of the number of

workers leaving in the GLMM with an offset of the control’s leavings (βafter− βbefore = 0.40,

likelihood ratio test χ2 = 14.945, df = 1, p< 0.001).

Pollen quantity

Collection probability of individual plant species significantly depended on the interaction of

the experimental phase with pollen quantity, as shown in Table 4 and Fig 4. While collection

Table 2. Node—level indices tested for significant changes after halving the colony workforce by likelihood-ratio test of GLMM models with interaction between

experimental phase (Before vs After) and T./C. (Treated vs Control colony). Statistical significance is highlighted in bold.

Type Experimental phase x T./C. T./C. Experimental phase

(a) Degree Binary χ2 = 0.442, df = 1, p = 0.506 χ2 = 0.043, df = 1, p = 0.835 χ2 = 0.202, df = 1, p = 0.652

(b) RR, Resource range Binary χ2 = 0.192, df = 1, p = 0.662 χ2 = 0.044, df = 1, p = 0. 834 χ2 = 0.920, df = 1, p = 0. 337

(c) PG, Proportional generality Quantitative χ2 = 0.177, df = 1, p = 0.674 χ2 = 0.041, df = 1, p = 0.840 χ2 = 5.438, df = 1, p = 0.012

(d) PDI, Paired Difference Index Quantitative χ2 = 0.466, df = 1, p = 0.495 χ2 = 0.218, df = 1, p = 0.640 χ2 = 0.048, df = 1, p = 0.826

(e) d’, Complementary specialization Quantitative χ2 = 0.001, df = 1, p = 0.993 χ2 = 0.389, df = 1, p = 0.533 χ2 = 0.408, df = 1, p = 0.523

(f) Plants’ Closeness Centrality Binary χ2 = 3.427, df = 1, p = 0.064 χ2 = 0.001, df = 1, p = 0.985 χ2 = 0.214, df = 1, p = 0.644

https://doi.org/10.1371/journal.pone.0224037.t002

Table 3. Network indices tested for change during the experimental phases (before and after the worker removal) by 10000 random permutational swaps of interac-

tions between the networks before and after the treatment. Statistical significance is highlighted in bold. N1 and N2 indicate the treated nest’s identity.

Type Before After p p in control

Link Density Quantitative N1 = 3 1.87 0.006 0.335

N2 = 2.94 5.57 0.043 0.224

Connectance Binary N1 = 0.17 0.15 0.221 0.05

N2 = 0.25 0.25 1 0.677

NODF Binary N1 = 17.21 11.55 0.054 0.482

N2 = 7.68 7.96 0.926 0.625

Weighted NODF Quantitative N1 = 12.77 12.45 0.925 0.881

N2 = 8.33 5.18 0.613 0.96

Modularity Binary N1 = 0.42 0.5 0.09 0.581

N2 = 0.48 0.47 0.829 0.634

Weighted Modularity Quantitative N1 = 0.65 0.75 0.151 0.248

N2 = 0.68 0.26 0.015 0.046

H2’ Quantitative N1 = 0.85 0.92 0.365 0.362

N2 = 0.87 0.83 0.768 0.31

Generality Quantitative N1 = 1.67 1.47 0.388 0.089

N2 = 1.34 1.17 0.381 0.969

Vulnerability Quantitative N1 = 4.34 2.27 0.004 0.459

N2 = 4.55 9.97 0.032 0.199

https://doi.org/10.1371/journal.pone.0224037.t003
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probability was positively related to pollen quantity in the period before workforce reduction

(βbefore = 0.399, p < 0.001), the relationship was negative in the period after workforce reduc-

tion (βafter− βbefore = -0.554, p<0.001). However, this happened in both treated and control

colonies, i.e. there was no significant effect of the treatment on the relationship between pollen

quantity and collection probability (Table 4).

Discussion

Previous studies on the foraging activity of bumblebees mainly focused on altering a diet and

investigating adjustments in foraging in laboratory conditions [23,40,41]. Instead, we investi-

gated how reductions in colony size would affect the resource utilization and the foraging

behaviour of these key pollinators when free to forage in the field after a strong reduction of

workforce. This is a novel aspect because, to our knowledge, only a few studies have previously

investigated the effect of experimentally removing the bumblebees’ workforce exclusively on

colony fitness [14], on the feeding of larvae [13] and on intra-colony task allocation [20].

In our study, we have used DNA metabarcoding to identify pollen, and this approach was

reliable, because the plant list found in the pellets of our study matches other central European

surveys [77,78]. Overall, the list of 34 plants found in the pollen samples retrieved from the indi-

vidual foragers over the short time of our study highlights how polylectic bees normally rely on

Fig 2. Bumblebee-plant networks during the experimental phases of before and after the workforce removal (Treated nest 1 in panels “a”, “c”; Control nest 3 in panels “b”,

“d”, Treated nest 2 in panels “e”, “g”; Control nest 4 in panels “f”, “h”). For each network, the grey layer at the top represents individual bumblebees while the other layer

indicate plants; for each plant species a specific colour is given and codes of 4 and 3 letters of their genus and species names respectively are used but full names are

provided in the legend.

https://doi.org/10.1371/journal.pone.0224037.g002

Fig 3. Number of workers leaving their nests per time unit (20 minutes long) proportionally to the control’s

leaving during the same time units. Significance is tested with a GLMM (see methods).

https://doi.org/10.1371/journal.pone.0224037.g003
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a wide set of flowering species [30,79]. Not only was the total plant diversity large, but our

results also show that single foragers were indeed polylectic, as more than 60% of the pollen

samples recovered from the bumblebees’ foragers were polyfloral, and this is consistent with the

literature [78]. Stocking polyfloral pollen pellets in the nest is considered to be an adaptive

advantage for overcoming the among-plants variability of pollen nutritional quality [30,80].

Our results support the hypothesis that bumblebee colonies may respond to the reduction

of workforce by increasing the foraging activity of the remaining workers. We observed an

increased rate of leaving the nest in the colonies that were subjected to the workforce removal,

relative to control nests (Fig 3), which suggests an increase in the foraging effort of the colo-

nies. Such an increased foraging could either result from the single foragers making more for-

aging bouts per unit time (allocating more energy in travelling), or, result from behavioural

switching in the nest as an increase in the number of foraging workers relative to workers

doing other behavioural tasks. A link between the foraging rate and the amount of pollen

stored in the nest was found in honeybees, because they forage more frequently after reduc-

tions in the amount of stored pollen [44,81]. Similarly, the increased foraging observed in our

experiment could result either in storing a higher amount of pollen in the nest or in storing an

overall wider plant diversity, to compensate for the missing workers.

Plant choices for pollen collection were influenced by the plant’s pollen quantity as the

bumblebees preferred pollen from plants that were high-ranked in the pollen-production data-

base we have used (Fig 4) [74]. Nevertheless, in the experimental phase after workforce

removal, plants producing a lower amount of pollen prevailed in the samples but without any

emerging difference between control and treated colonies. The lack of difference between con-

trol and treated colonies indicates that this pattern is due to factors external to the colony, at

least in the short term of the timing of our experimental manipulation. Thus, slight phenologi-

cal changes of the plant assemblage at the study site determined the plant choices by the forag-

ers. That the vegetation phenological changes played a role is also supported by the fact that

the workers from all nests, both treated and control ones, collected a diversity of plants that

was different between the “before-removal” phase and the “after-removal” phase (Table 1 and

S1 Fig). Thus, it is possible that several plants shifted the status of the anthers’ maturation

while still blooming during the time of the experiment, as it is common in plants [82].

The other hypothesis, i.e. that bumblebees would change the foraging strategies, was not

observed in our data. Specifically, the node-level network indices revealed small and non-sig-

nificant changes in the level of specialism/generalism, in the number of gathered plants, in the

proportion of the available resources actually collected, and in the centrality in the plants in

the network (Table 2 and Fig 1). Similarly, the diet breadth of bumblebees did also not expand

and the bumblebee-plant network was not impacted by the workforce manipulation according

to the indices of binary networks (based on presence/absence of interactions), and there were

Table 4. Results of the likelihood ratio test of the logistic regression including the interactions between the experi-

mental phase (Before vs After), the T./C. (Treated vs Control colony) and the pollen quality.

Variable χ2 df p

Experimental phase 0.001 1 0.976

Pollen quantity 10.731 1 <0.01

T./C. 0.0251 1 0.874

Experimental phase x Pollen quantity 23.541 1 < 0.001

Experimental phase x T./C. 0.893 1 0.345

Pollen quality x T./C. 0.660 1 0.417

Experimental phase x T./C. x Pollen quality 1.517 1 0.218

https://doi.org/10.1371/journal.pone.0224037.t004
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only minor changes in some quantitative network indices related to the quantity of the

resources used by foragers (Table 3 and Fig 2). This result is particularly surprising, because it

contradicts the expectations based on density-dependent foraging that should have taken place

due to an altered intra-specific competition after the manipulation. That is, a higher abun-

dance of foraging bumblebees (as when workforce is high) can force foragers to use more

plants as a consequence of a faster depletion of the favourite resources and this implies a higher

generalisation in resource use [23]. Conversely, our study did not find higher specialisation

when foragers were few (i.e. during the “after” removal period in the treated nests). Our find-

ings are supported by other choice experiments that showed a constancy in plant usage at

higher bumblebee densities [43] as well as that higher forager density did not change bumble-

bees’ foraging behavioural traits [40]. For the fact that bumblebees are able to change behav-

iour [20], after removing workforce a given colony might have increased the fraction of

foragers relative to other behavioural tasks. Although we do not have specific data for support-

ing or not supporting this, a behavioural switch could have prevented the expected variation of

foragers density to take place after removal. The direct effect of such a behavioural switching

and more generally whether or not pollinators forage according to density dependent mecha-

nisms deserves further study in order to clarify how resources are collected in relation to for-

ager density, at least under field conditions.

This constancy in the foraging networks after workforce reduction can be explained by

some aspects of bumblebees’ biology. One possibility is that bumblebee foragers were

Fig 4. Probability of collecting pollen in relation to the traits of pollen quantity of the foraged plants during both

experimental phases (“before” and “after” workforce reduction) in the treated and control colonies. The plot

shows the estimated probabilities (lines) and the 95% confidence intervals (polygons).

https://doi.org/10.1371/journal.pone.0224037.g004
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subjected to the effects of majoring and of traplines, that means that the foragers would

keep favouring a specific plant species or a plant individual based of a superior quality of

the resources; however, this is contradicted by our results indicating that the plant diversity

for each forager significantly changed between experimental phases and in fact the foraging

routes can be readjusted quickly following changes in rewards [83,84]. Instead, a more

plausible factor causing the observed constancy is that in contrast to honeybees, the bum-

blebees are primitively eusocial which implies that colonies’ performance tends to rely

more on individual choices of single foragers than on social information [41,85] (the latter

being the case of honeybees). This results from workers of Bombus terrestris having almost

no contact with the larvae during their development [86], which could explain why some of

our expectations were not confirmed. The lack of direct feedback between larvae and for-

ager could even uncouple the foraging choices and the colony’s growth rate in the long

term, as it was clearly shown that removing workforce results in having less progeny and of

smaller size [14].

In this study, we used a relatively small number of colonies because field experiment

with bumblebee colonies are logistically challenging, but we applied a strong reduction of

workforce (50% workers removed), so we believe our study had enough power to detect the

effects of workforce reduction on bumblebee foraging. In addition, accumulation curves

revealed that an acceptable level of plant diversity was yielded from the pollen samples, so

the composition of pollen collected by the bumblebees was well characterised. Nevertheless,

we acknowledge that an experimental design that included more colonies would potentially

strengthen the results we have found, as social insects show some variation in the life-his-

tory traits, in morphology, in the stage of the colony (e.g. the foundation stage vs. the ergo-

nomic growth stage vs. the reproductive stage) and in the proportion of workers allocated

to each behavioural syndrome in the nest [87]. This variation is essentially sourced from a

combination of environment and genetics [88], and in commercial bumblebee colonies,

experts indicate, the variation can be very high (e.g., different starting masses, number of

brood, condition of brood, etc). Therefore, future experiments may include aspects not con-

sidered in our experiment, such as (a) to test several bumblebee species if possible, (b) apply

the experimental workforce reductions in more colonies in different habitats and (c) con-

sider colony-level covariates (colony mass before and during the experiment, number of

workers, brood condition) because they can modulate colony’s responses; these can provide

further support to what we have observed in our study and reveal additional novel aspects

of responses of bumblebee colonies to workforce loss.

Conclusions

By using DNA metabarcoding of pollen samples to overcome limitations of the morphological

identification, this study investigated the effect of workforce decreases on the bumblebee for-

aging dynamics, on the chosen plant’s pollen-production traits and on the foraging rate, using

an experimental manipulation in the field. Such a sudden decrease in colony size may occur

under natural conditions due to multiple stressors (e.g., pesticide exposure, parasites, and dis-

eases [39]). After applying a reduction of pollinator’s workforce, the bumblebees’ foraging

strategies and the heterogeneity of collected resources were mostly constant, except for the

increase in the colony’s foraging rate. Our results did not support the expected adaptability of

foraging in terms of collected diversity, similarly to other studies (see [89] and references

there). While the increase in foraging activity of the remaining workers maintained the intake

of pollen by the colony in the short term, it is uncertain whether this would translate into a

successful long-term recovery from the loss of workers.
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The funders had no role in conducting the research and/or during the preparation of the article.

Author Contributions

Conceptualization: Paolo Biella, Jan Klecka, Massimo Labra.

Data curation: Paolo Biella, Lorenzo Guzzetti, Anna Sandionigi.

Formal analysis: Paolo Biella, Nicola Tommasi, Asma Akter, Anna Sandionigi.

Funding acquisition: Jan Klecka, Massimo Labra.

Investigation: Paolo Biella, Asma Akter, Jan Klecka.

Methodology: Jan Klecka, Massimo Labra, Andrea Galimberti.

Project administration: Jan Klecka, Massimo Labra, Andrea Galimberti.

Supervision: Jan Klecka, Massimo Labra, Andrea Galimberti.

Visualization: Paolo Biella.

Writing – original draft: Paolo Biella, Andrea Galimberti.

Writing – review & editing: Paolo Biella, Nicola Tommasi, Asma Akter, Lorenzo Guzzetti,

Jan Klecka, Anna Sandionigi, Massimo Labra, Andrea Galimberti.

Foraging in bumblebee colonies with reduced workforce

PLOS ONE | https://doi.org/10.1371/journal.pone.0224037 November 6, 2019 16 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224037.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224037.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224037.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224037.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224037.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224037.s006
https://doi.org/10.1371/journal.pone.0224037


References
1. Kerr JT, Pindar A, Galpern P, Packer L, Potts SG, Roberts SM, et al. Climate change impacts on bum-

blebees converge across continents. Science. 2015; 349: 177–180. https://doi.org/10.1126/science.

aaa7031 PMID: 26160945

2. Biella P, Bogliani G, Cornalba M, Manino A, Neumayer J, Porporato M, et al. Distribution patterns of the

cold adapted bumblebee Bombus alpinus in the Alps and hints of an uphill shift (Insecta: Hymenoptera:

Apidae). J Insect Conserv. 2017; 21: 357–366. https://doi.org/10.1007/s10841-017-9983-1

3. Ollerton J, Erenler H, Edwards M, Crockett R. Extinctions of aculeate pollinators in Britain and the role

of large-scale agricultural changes. Science. 2014; 346: 1360–1362. https://doi.org/10.1126/science.

1257259 PMID: 25504719
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42. Leonhardt SD, Blüthgen N. The same, but different: pollen foraging in honeybee and bumblebee colo-

nies. Apidologie. 2012; 43: 449–464. https://doi.org/10.1007/s13592-011-0112-y

43. Geslin B, Baude M, Mallard F, Dajoz I. Effect of local spatial plant distribution and conspecific density on

bumble bee foraging behaviour. Ecol Entomol. 2014; 39: 334–342. https://doi.org/10.1111/een.12106

44. Pernal SF, Currie RW. The influence of pollen quality on foraging behavior in honeybees (Apis mellifera

L.). Behav Ecol Sociobiol. 2001; 51: 53–68.

Foraging in bumblebee colonies with reduced workforce

PLOS ONE | https://doi.org/10.1371/journal.pone.0224037 November 6, 2019 18 / 20

https://doi.org/10.1111/j.1365-2745.2008.01405.x
https://doi.org/10.1038/35068555
http://www.ncbi.nlm.nih.gov/pubmed/11260712
https://doi.org/10.1007/s00114-012-0964-7
http://www.ncbi.nlm.nih.gov/pubmed/22965265
https://doi.org/10.1556/168.2017.18.1.1
https://doi.org/10.1111/j.1461-0248.2009.01296.x
http://www.ncbi.nlm.nih.gov/pubmed/19379135
https://doi.org/10.1038/s41598-017-16785-5
http://www.ncbi.nlm.nih.gov/pubmed/29203872
https://doi.org/10.1371/journal.pone.0109363
https://doi.org/10.1371/journal.pone.0109363
http://www.ncbi.nlm.nih.gov/pubmed/25296114
https://doi.org/10.1016/j.biocon.2006.01.023
https://doi.org/10.1890/06-0269
http://www.ncbi.nlm.nih.gov/pubmed/17494406
https://doi.org/10.1186/s12898-015-0051-y
http://www.ncbi.nlm.nih.gov/pubmed/26194794
https://doi.org/10.1007/s11829-017-9528-2
https://doi.org/10.1111/j.1523-1739.2009.01331.x
http://www.ncbi.nlm.nih.gov/pubmed/19775273
https://doi.org/10.1034/j.1600-0706.2000.910302.x
https://doi.org/10.1034/j.1600-0706.2000.910302.x
https://doi.org/10.1007/s001140100222
https://doi.org/10.1007/s001140100222
http://www.ncbi.nlm.nih.gov/pubmed/11480702
https://doi.org/10.1038/nature11585
http://www.ncbi.nlm.nih.gov/pubmed/23086150
https://doi.org/10.1098/rspb.2017.1711
https://doi.org/10.1098/rspb.2017.1711
http://www.ncbi.nlm.nih.gov/pubmed/29263280
https://doi.org/10.1098/rspb.2010.2659
https://doi.org/10.1098/rspb.2010.2659
http://www.ncbi.nlm.nih.gov/pubmed/21288951
https://doi.org/10.1007/s00265-016-2129-8
https://doi.org/10.1007/s00265-016-2129-8
https://doi.org/10.1007/s13592-011-0112-y
https://doi.org/10.1111/een.12106
https://doi.org/10.1371/journal.pone.0224037


45. Pomeroy N, Plowright RC. Larval ejection following ${\rm CO}_{2}$ narcosis of bumble bees (Hyme-

noptera: Apidae). J Kans Entomol Soc. 1979; 52: 215–217.

46. Lucas A, Bodger O, Brosi BJ, Ford CR, Forman DW, Greig C, et al. Floral resource partitioning by indi-

viduals within generalised hoverfly pollination networks revealed by DNA metabarcoding. Sci Rep.

2018; 8: 5133. https://doi.org/10.1038/s41598-018-23103-0 PMID: 29572453

47. Gresty CEA, Clare E, Devey DS, Cowan RS, Csiba L, Malakasi P, et al. Flower preferences and pollen

transport networks for cavity-nesting solitary bees: Implications for the design of agri-environment

schemes. Ecol Evol. 2018;0. https://doi.org/10.1002/ece3.4234 PMID: 30151172

48. Mezzasalma V, Bruni I, Fontana D, Galimberti A, Magoni C, Labra M. A DNA barcoding approach for

identifying species in Amazonian traditional medicine: The case of Piri-Piri. Plant Gene. 2017; 9: 1–5.

49. Keller A, Danner N, Grimmer G, Ankenbrand von der, Ohe von der, Ohe W, et al. Evaluating multiplexed

next-generation sequencing as a method in palynology for mixed pollen samples. Plant Biol. 2015; 17:

558–566. https://doi.org/10.1111/plb.12251 PMID: 25270225

50. Chen S, Yao H, Han J, Liu C, Song J, Shi L, et al. Validation of the ITS2 region as a novel DNA barcode

for identifying medicinal plant species. PLOS ONE. 2010; 5: e8613. https://doi.org/10.1371/journal.

pone.0008613 PMID: 20062805

51. Bruno A, Sandionigi A, Rizzi E, Bernasconi M, Vicario S, Galimberti A, et al. Exploring the under-investi-

gated “microbial dark matter” of drinking water treatment plants. Sci Rep. 2017; 7: 44350. https://doi.

org/10.1038/srep44350 PMID: 28290543

52. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search tool. J Mol Biol.

1990; 215: 403–410. https://doi.org/10.1016/S0022-2836(05)80360-2 PMID: 2231712

53. Bell KL, Burgess KS, Botsch JC, Dobbs EK, Read TD, Brosi BJ. Quantitative and qualitative assess-

ment of pollen DNA metabarcoding using constructed species mixtures. Mol Ecol. 2018. https://doi.org/

10.1111/mec.14840 PMID: 30118180

54. Metz CE. Basic principles of ROC analysis. Semin Nucl Med. 1978; 8: 283–298. https://doi.org/10.

1016/S0001-2998(78)80014-2 PMID: 112681

55. Serrao NR, Reid SM, Wilson CC. Establishing detection thresholds for environmental DNA using

receiver operator characteristic (ROC) curves. Conserv Genet Resour. 2017; 1–8. https://doi.org/10.

1007/s12686-017-0817-y
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