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Anthropogenic ecosystems can alter individual functions and ecological
processes such as resource use and species interactions. While variability of
morphological traits involved in diet and resource use has been observed
between urban and non-urban populations of pollinators, the consequences
on the dietary and pollen-transport patterns remain poorly understood.
Here, we investigate the variability in the diet breadth of rural and
urban individuals of two bumblebee species and the consequences for
nutrient intake and pollen transport. We show that urban bumblebees
exhibit a larger diet breadth than their rural counterparts, driven by the
enhanced floral diversity in cities. However, we found that the nutrient
intake remained similar across urban and rural ecosystems, indicating that
bumblebees' foraging strategies can be adapted in terms of diet breadth
to maintain intake and ratios of critical nutrients. We also found distinct
pollen-transport patterns between urban and rural individuals, with urban
individuals being more dissimilar than rural ones in the transported
pollen both in the body and in the leg baskets. Our findings highlight
the importance of considering complementary facets of species’ diet and
interactions when assessing the effects of anthropogenic ecosystems.

1. Introduction
Urban and rural ecosystems have altered the foraging landscape for animals,
impacting dietary patterns, such as diet breadth and nutrient intake, and
shaping foraging strategies and traits. Bumblebees, as central-place forag-
ers, are ideal for studying these shifts since resources change significantly
between urban and rural areas [1]. Bumblebee foraging traits, like tongue
length and body size, are linked to feeding specialization, which can vary
within species as floral resource compositions shift [2]. These trait differen-
ces influence plant visitation patterns and interaction networks, potentially
affecting diet, nutrient intake and pollination services.

Urban and rural areas have distinct floral diversity patterns including
the composition and structure of species and nutrients [3], and can have
different effects on the dietary patterns and pollen-transport of urban and
rural bumblebees. According to the optimal foraging theory [4], bumble-
bee individuals are expected to have foraging strategies and behaviours
that maximize their colonies’ net yield of energy [5]. Thus, the foraging
distance will depend on the degree to which the resources are accessible
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(or isolated) and how evenly they are distributed [6]. Such predictions have been confirmed in bumblebees [7] with flight
duration and flight distance negatively related with the coverage of green areas around colonies in several species [8].

How different foraging strategies affect nutrient intake in bumblebees remains unknown. In rural areas, bumblebees have
been found to have a consistent diet breadth [9]. Nevertheless, in urban areas, bumblebees may have larger diet breadths,
resulting from the visitation of a larger and probably more distinct plant diversity [10] than their rural counterparts. This
is supported by the diet diversification hypothesis [11,12]. However, a broader diet does not always ensure better nutrient
intake [1,13], as the nutritional value and toxicity of pollen varies widely between plant species [14]. Bumblebees often select
pollen with specific nutrient profiles, focusing on low fatty acid (FA) and high amino acid (AA) content, and aim to balance
protein-to-lipid ratios [15,16]. These dietary adaptations help bumblebees meet strict nutritional needs to optimize their fitness,
though such requirements may vary across species and might be altered in anthropogenically modified ecosystems. In that
regard, if diet breadth is expanded in cities there are three possible outcomes regarding nutrient intake: (i) nutrient intake
remains similar, (ii) nutrient intake increases in cities together with diet breadth and (iii) nutrient intake deteriorates in cities.

Moreover, the altered structure, composition, distribution and accessibility of the floral resources might further shape
bumblebee foraging decisions [6]. When preferred floral resources are scarcer, bumblebees might select suboptimal floral
resources that require less energy investment to find and access, or that are less preferred by other pollinating individuals to
avoid competition [17]. When this results in shortages of certain nutrients, bees may be forced to increase the number of plant
species they visit for compensation, resulting in more plant species visited per individual [18,19].

Novel insights in bumblebee foraging strategies can be obtained by complementing the study of the diet breadth and
nutrient intake with ecological networks [20]. Bumblebee–plant interaction networks can be assembled for the two pollen-trans-
port structures (leg baskets and body) to further understand how urban and rural landscapes are shaping bumblebee foraging
strategies. Particularly, metrics quantifying the number of resources collected (e.g. generality) or the degree to which individuals
collect similar resources (e.g. niche overlap) could be used to further evaluate how optimal are foraging landscapes. For
example, in suboptimal landscapes, increasing the number of plants visited could lead to a lower degree of niche overlap in the
collected floral resources [18,19].

Here, we compare the foraging strategies of two common intermediate generalist bumblebee species [2], Bombus lapidarius
(Linnaeus, 1761) and Bombus pascuorum (Scopoli, 1763), in two distinct anthropogenically modified ecosystems, namely urban
and rural areas. Specifically, we have four main goals. First, compare the diet breadth between urban and rural bumblebee
populations. Second, test the influence of floral resource richness in the study sites and the variability in morphological traits
(i.e. mouthparts and body lengths) on diet breadth between urban and rural populations. Third, compare the nutrient intake
patterns of two key macronutrient groups between urban and rural populations. Fourth, compare the pollen-transport patterns
(sensu [21], assessed as the plant-individual bumblebee interaction networks) in urban and rural populations.

We expect that our studied species have certain requirements regarding FAs and AAs [15,16,22], and certain conservatism
for specific plant families as seen in natural and semi-natural ecosystems [2]. Simultaneously, according to the optimal foraging
theory, we expect bumblebees to adopt foraging strategies that maximize the energy return while reducing the associated costs,
determined by the floral resource richness and the variability in morphological traits. Thus, we expect urban bumblebees to visit
a larger number of plant species and to show a lower niche overlap and a higher generality [23]. Regarding pollen transport
[24,25], we expect urban bumblebees to have a larger number of plants visited in urban bumblebees, lower niche overlap and
higher generality (electronic supplementary material, figure S1). Based on this, we consider three scenarios of nutritional intake
(electronic supplementary material, figure S1):

(1) Nutrient intake maintenance: nutrient intake is similar in urban and rural areas, indicating strong overarching preferences
for certain nutrients as well as ratios between nutrient types (e.g. proteins and lipids) [15,16].

(2) Urban advantage due to diversification: nutrient intake is different between urban and rural areas, indicating a distinct
foraging, resulting in improved nutrition [26].

(3) Urban disadvantage: alternatively to scenario (2), the distinct nutrient intake between urban and rural areas might
deteriorate nutrition in cities.

2. Material and methods
(a) Study sites and bumblebee sampling
We sampled bumblebees in urban and rural areas in three Swiss regions (hereinafter regions), specifically in the Cantons of
Basel, Bern and Zurich (electronic supplementary material, text S1, figure S2 and table S1). For each region, we selected three
sampling sites in both urban and rural areas (except for rural Bern where only one sampling site could be selected), with a total
of 16 site. Within each region, each sampling site was defined by a circle of 800 m radius that represented the foraging ranges
of the studied species. We studied the common carder bee B. pascuorum and the red-tailed bumblebee B. lapidarius. These two
bumblebees are common in the Swiss lowlands and present in both urban and rural areas. They are both generalists, although
B. pascuorum has a longer tongue (longer tongues are more link to specialization) than B. lapidarius.

Bumblebees were collected by hand-netting following targeted sampling, in the highest activity months of the season for
both species, that is, July to mid-August, in 2016. Within each 800 m radius, we collected 30−40 individuals per species, except
for one urban site in Bern where only three individuals of B. lapidarius were found. Sampling efforts were standardized across
all sites and conducted during peak bumblebee activity hours (09.00−17.00) and under optimal weather conditions. We walked
the entire 800 m radius searching for the targeted bumblebee species until we had obtained 30−40 individuals. Only active
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foragers were collected. Species identity of all collected individuals was verified in the laboratory, and specimens that could not
be clearly identified were removed. Additional details are presented in Eggenberger et al. [23], Casanelles-Abella et al. [27] and
electronic supplementary material, text S1.

(b) Pollen collection and metabarcoding
We extracted pollen from the corbicula and the body of the bumblebees separately (see electronic supplementary material, Text
S2). In total we used 152 individuals of B. pascuorum and 238 individuals of B. lapidarius across all sampling sites from which
we found pollen in both the corbicula and the body (electronic supplementary material, tables S2 and S3). This resulted in 390
samples of corbicula pollen and 390 samples of body pollen in total.

DNA metabarcoding (isolation, amplification, and sequencing) of pollen samples was performed by AllGenetics laboratories
(AllGenetics & Biology SL; A Coruña, Spain). In summary, the ITS2 region was amplified according to existing protocols [28,29].
The libraries were then purified, pooled, and sequenced on an Illumina NovaSeq platform. Taxonomy was assigned to amplicon
sequence variants (ASVs) using a pre-trained classifier, and filtering steps were applied to remove singletons and correct for
mistagging issues. Finally, we calculated the relative abundance per plant species, that is, the frequency of an ASV within each
sample. Regarding bioinformatics, we followed the pipeline described at https://github.com/chiras/metabarcoding_pipeline [30].
Additional details are described in Casanelles-Abella et al. [27] and in electronic supplementary material, text S3.

(c) Nutritional analyses
We focused on two critical macronutrients for bumblebee health and fitness: AAs and FAs [31]. To have a sufficient pollen mass
to perform the nutritional analyses, we pooled pollen (from the leg baskets) from different bumblebee individuals within study
sites and for each species separately (electronic supplementary material, table S3).

We used ion exchange chromatography (IEC: Biochrom 20 Plus Amino Acid Analyzer) to analyse protein-bound AAs in
pollen, following the protocol outlined by Kriesell et al. [32], and explained in electronic supplementary material, text S4. The
total protein content was calculated as the sum of all AAs. Therefore, in this study, the AA content always refers to the total
content of protein-bound AAs. Moreover, we also calculated the total content of essential AAs, which cannot be synthesized
by animals and have to be obtained exclusively from the diet, and non-essential AAs, which can be synthesized by animals
(electronic supplementary material, table S4). Additionally, we also calculated the ratio between essential and non-essential AAs
(electronic supplementary material, table S4).

The analysis of FAs followed the protocol outlined by Villagómez et al. [33] and explained in electronic supplementary
material, text S4. We also calculated the content and ratios of specific types of FAs relevant for bee nutrition, survival and health
[34–36], particularly, the content of total, saturated, non-saturated, omega 3, omega 6 and omega 9 FAs, and the ratios between
saturated versus unsaturated FA and between omega 3 versus omega 6 (electronic supplementary material, table S4). These
different metrics on FAs can be related to nutrition and health.

(d) Floral resource richness in the landscape
Floral resource richness in the landscape was inferred using plant species richness, as abundance and biomass were not
available. Particularly, floral resource richness was assessed by compiling a list of plants occurring at each site within a 1500
m buffer following bumblebee foraging ranges using data from two sources: the Global Biodiversity Information Facility
(GBIF) [37] and the National Data and Information Centre on the Swiss Flora (Infoflora) [38]. Infoflora, which monitors plant
diversity across Switzerland, provided data on 1759 mostly native and invasive species. To account for non-native, non-invasive
ornamental species often found in cities, we added observations from GBIF [37] with 443 additional species.

(e) Traits
We used plant floral traits to understand the mechanisms behind the flower choice of bumblebees [39]. We collected data on
four functional traits, including flowering duration, growth form, blossom class (a classification of the flowers/inflorescences
based on the accessibility of the rewards [40]) and nectar sugar concentration [41] and one descriptive trait, namely, the
origin status (electronic supplementary material, table S5). Plant traits were collected from multiple published, open-source
datasets [40–42]. As the availability of sugar concentration data was limited, we retrieved sugar concentration data for the most
abundant plant species among others (electronic supplementary material, figure S3), which together represented 79% of the
relative abundance of the plant species visited by bumblebees. We selected three non-correlated (<0.7; electronic supplementary
material, figure S4) out of the original four functional traits for computing the functional diversity indices. The final selected
traits were flowering duration, blossom class and sugar concentration of the nectar.

We used the bumblebee morphological traits measured by Eggenberger et al. [23], which are directly or indirectly linked
to foraging behaviour (electronic supplementary material, table S6). Specifically, we used the intertegular distance, proboscis
length, forewing length and corbicula length. Due to the existing allometric relationships between body parts, for forewing,
proboscis and corbicula length, we calculated the ratio between the traits and intertegular distance (i.e. proboscis ratio, corbicula
ratio, forewing length ratio).
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(f) Statistical analysis
We conducted all analyses in R version 4.2.1 [43].

(i) Diversity metrics for diet breadth

Diet breadth, defined as the total number of resources in the diet [44], has been assessed in bees using taxonomic richness
[45]. To allow for complementary interpretation, we used taxonomic, functional and phylogenetic metrics to infer bumblebee
diet breadth. We used plant species richness for plant taxonomic diversity [45]. Regarding functional diversity, we calculated
functional richness, functional evenness, and functional divergence indices, using the package ‘FD’ version 1.0−12.1 by Laliberté
& Legendre [46]. Finally, we calculated multidimensional phylogenetic metrics, specifically, phylogenetic variability, phyloge-
netic richness, phylogenetic evenness, and phylogenetic clustering, using the package ‘picante’ version 1.8.2 by Kembel et al.
[47]. We used the phylogeny in Jin & Qian [48]. For functional metrics, bumblebee individuals with less than four plant species
in the collected pollen were excluded as the convex hull could not be computed (n = 154 individuals; electronic supplementary
material, table S3). For phylogenetic metrics, bumblebee individuals with less than three species were removed, leading to a
total number (n = 264 individuals; electronic supplementary material, table S3).

(ii) Comparing diet breadth and nutrient intake in urban and rural areas

For diet breadth, we used the computed taxonomic, functional, and phylogenetic metrics at the individual level. For nutrient
intake, we considered the different content and ratios of AAs and FAs (see §2c). We used linear mixed-effects models with
landscape (urban and rural) as a fixed factor and region as a random effect. Models were done separately for the two bumblebee
species. To correct for multiple comparisons, we used the Benjamini–Hochberg correction.

(iii) Influence of landscape type, floral resources and bee morphological traits on diet breadth and nutrient intake

We modelled the direct and indirect effects that shape the collected pollen in the corbicula. Specifically, as predictors we used
the landscape type (i.e. urban and rural), the floral resources at the landscape scale within 1500 m (plant species richness) and
two uncorrelated bee morphological traits related to foraging, that is, intertegular distance and proboscis ratio (electronic
supplementary material, figure S5). We used multilevel structural equation modelling, implemented in the piecewiseSEM
package version 2.3 [49], following Shipley [50] and Casanelles-Abella et al. [51]. All variables except the species richness in
the pollen were centred and scaled before the analyses. We used generalized linear mixed effects models (GLMMs) as composite
SEMs. Particularly, we modelled the species richness in the pollen with a Poisson distribution and the plant richness at the
landscape scale, the intertegular distance and the proboscis ratio with a Gaussian distribution. Missing paths in the SEM were
checked with Shipley’s d-separation test [52] and independence claims (the basis set) summarized with the Fisher’s C statistic (p  
<  0.05 [50]).

The final SEM model included four components. The main model (component 1) for plant species richness in the collected
pollen included the available resources at the landscape scale (within 1500 m radius), the intertegular distance and the proboscis
ratio as predictors. In addition, we also assessed the influence of the landscape type on the available floral resources at the
landscape scale (component 2), that is, plant species richness at the landscape scale. We also assessed the influence of landscape
type (urban and rural) and available resources at the landscape scale on the intertegular distance (component 3) and the
proboscis ratio (component 4). Initially, we used a nested random factor with site nested to region. However, the site variance
was nearly 0 and the models fail to converge. Thus, in all models, we used region as random factor. Finally, we checked
model assumptions, as well as potential spatial autocorrelation patterns in the response variables and the model residuals.
Additionally, we conducted GLMMs on uncorrelated functional and phylogenetic diversity metrics (i.e. functional evenness,
functional dispersion, phylogenetic variance) using similar SEMs.

(iv) Pollen transport patterns

We studied pollen-transport patterns classifying the collected plants according to the pollen-transport structure they were
found in, that is, in the leg (i.e. corbicula), in the body or in both structures. We calculated the proportion of plants in these
three categories separately per bumblebee species and landscape type. Additionally, to further explore both pollen-transport
and dietary patterns, we built bipartite pollen-transport networks and calculated different network metrics using the packages
bipartite [53] and igraph [54], considering as nodes the bumblebee individuals and the plant species respectively. We assembled
the networks separately for each species, landscape type and two pollen-transport structures (i.e. body and leg baskets). We
assembled networks using the relative abundances as a measure of strength of interaction. For each network, we calculated the
mean number of links per bumblebee individual and per plant species, the niche overlap between bumblebee individuals (a
metric of the degree to which the different bumblebee individuals use similar resources) and the generality (a measure of how
many different species an individual bumblebee interacts with within the network). Both niche overlap and generality can be
used to evaluate how competitive or optimal the foraging landscapes are [55].
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3. Results
We found a total of 231 plant species belonging to 47 families across all study sites visited by the two bumblebee species.
Although having a longer tongue, B. pascuorum foraged on more plant species than B. lapidarius (B. pascuorum = 176 species,
B. lapidarius = 157 species). The two bumblebee species predominantly foraged on plants from the family Fabaceae (electronic
supplementary material, figures S6 and S7, B. pascuorum = 84 %, B. lapidarius = 81%), with the species Trifolium pratense (B.

Figure 1. Differences in the dietary patterns in urban and rural bumblebee populations. Boxplots depicting the differences between the pollen taxonomic (species
richness), functional (functional richness, FRich; functional evenness, FEve; functional dispersion, FDis), and phylogenetic (phylogenetic richness, Pric, phylogenetic
variability, Pvar, phylogenetic evenness, Peve, phylogenetic clustering, Pclu) diversity metrics between urban and rural populations of B. lapidarius (a, left panels)
and B. pascuorum (b, right panels). Notches indicate the 95% confidence interval of the median. Additionally, on the right side of each boxplot, the mean ± the
standard error is also presented. Differences between the means were tested using generalized linear lixed effects models with Benjamini–Hochberg correction for
multiple testing. Correlation plots show the correlations between the taxonomic, functional and phylogenetic metrics. Significance levels: *: 0.05>p-value>0.01, **:
0.01>p-value>0.001, ***: p‐value<0.001.
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pascuroum = 67%, B. lapidarius = 32%) and T. repens (B. pascuroum = 9%, B. lapidarius = 22%) and Lotus corniculatus (B. pascuroum =
4%, B. lapidarius = 23%) representing a substantial part of the collected pollen.

(a) Differences in the diet breadth
Urban bumblebees had a wider diet breadth than their rural counterparts (figure 1; electronic supplementary material, figures
S6–S8). First, urban bumblebees collected a larger number of plant species in their pollen load than their rural counterparts
(B. pascuroum: urban = 69, rural = 34; B. lapidarius: urban = 55, rural = 21; figure 1; electronic supplementary material, table
S7). Urban bumblebees also visited a wider range of plant families, while rural bumblebees tended to forage from a more
limited number of families (B. pascuroum: urban = 22, rural = 11; B. lapidarius: urban = 20, rural = 9; electronic supplementary
material, tables S7 and S8, figures S6 and S7). Second, we found that urban bumblebees visited a greater diversity of structural
blossom classes (electronic supplementary material, figure S8) and a slightly higher percentage of woody plants (electronic
supplementary material, figure S8) and non-native species (electronic supplementary material, figure S8), particularly in Zurich.
The larger diet breadth of urban bumblebees as compared to rural ones was visible in most phylogenetic metrics of both
bumblebee species (electronic supplementary material, table S8; figure 1), and in the functional divergence in B. pascuorum
(electronic supplementary material, table S8; figure 1). This indicates that rural bumblebees foraged on a reduced number of
plants that in addition were phylogenetically closely related.

(b) Influence of landscape type, floral resource richness and bee morphological traits on diet breadth
Our results revealed a main role of floral resource richness at the landscape scale (inferred as the plant species richness per
site) in shaping diet breadth of both bumblebee species (figure 2). In both cases, floral resource richness at the landscape scale
positively increased the species richness (B. lapidarius: 0.376 ± 0.115, p-value = 0.001; B. pascuorum: 0.449 ± 0.139, p-value = 0.001;
electronic supplementary material, table S9). Furthermore, floral resource richness at the landscape scale was much larger in
urban areas (mean, min–max: 1457, 947−1884 plant species) than in rural areas (433, 322–530 plant species) (figure 2; electronic
supplementary material, figure S9 and table S9). Conversely, plant diet breadth patterns were not affected by bumblebee
morphological traits, that is, intertegular distance and proboscis ratio (figure 2). Furthermore, intertegular distance was lower
in urban landscapes and was positively correlated with plant species richness at the landscape scale in both species (figure 2;

Figure 2. Drivers of bumblebee dietary patterns. (a,e) Piecewise structural equation modelling (pSEM) depicting the direct and indirect effects of landscape type
(i.e. urban and rural), floral resources within a 1500 m buffer (i.e. Plant S of sites), and morphological traits related to foraging (i.e. Intertegular distance ITD, and
proboscis ratio that results from dividing the proboscis length and the intertegular distance) on the plant species richness of the pollen (Plant S in pollen) collected
in the corbicula of individuals of B. lapidarius (a) and B. pascuorum (e). The pSEM also includes three models explaining the influence of the landscape type on the
floral resources in the landscape and the influence of the landscape type and the floral resources within a 1500 m buffer on the intertegular distance and the proboscis
ratio. Numbers show standardized path coefficients for significant pathways. Positive paths are depicted in black, negative in red, and nonsignificant (p  >  0.05) in
grey. For each response variable, the R2 is provided inside the box. B. lapidarius: Fisher’s C = 0.879, p‐value = 0.644. B. pascuorum: Fisher’s C = 0.628, p‐value = 0.731.
Additional pSEMs with the functional and phylogenetic diversity metrics are shown in electronic supplementary material, table S8. (b,f) Linear models depicting the
relationship between total species richness in the pollen collected and plant species richness in the landscape at different radii. Shaded bands depict the 95% CI. Points
represent the study sites. Species richness in the pollen is calculated by pooling all the bumblebee individuals per study site. (c,d,g,h) Boxplots depicting the differences
in the intertegular distance (c,g) and proboscis ratio (d,h) between rural and urban bumblebee individuals. Notches indicate the 95% CI of the median. S = species
richness. For pSEM, R2 is the conditional R2.
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electronic supplementary material, figure S10 and table S9). Proboscis ratio in B. pascuorum was also lower in urban landscapes.
Finally, the GLMMs on the plant functional and phylogenetic metrics did not indicate any significant effect of plant resources
and bee morphological traits in shaping the diversity metrics (electronic supplementary material, figure S10, table S10).

(c) Differences in the nutrient intake
We found a significant decrease in the concentrations of total AA, total essential AA, and total concentrations of non-essential
AA in urban compared to rural populations particularly for B. lapidarius (figure 3; electronic supplementary material, table
S11). Specifically, we observed a 32% decrease in the total AA content, a 32% decrease of essential AA, and a 27% decrease
in non-essential AA (figure 3). Regarding FAs, there were no clear differences between urban and rural populations (figure 4;
electronic supplementary material, table S11). Interestingly, we found more variation in the AA and FA metrics in rural than in
urban populations for both bumblebee species. Finally, we did not observe any differences in the ratio of AAs and FAs between
urban and rural areas (figure 5; electronic supplementary material, table S11).

Figure 3. Urban and rural bumblebees have a similar amino acid (AA) intake. Boxplots of the AA composition in the pollen from the leg baskets of urban and rural
bumblebees of (a) Bombus lapidarius and (b) Bombus pascuorum. For simplicity, AAs have been grouped in four main groups. Notches indicate the 95% confidence
interval of the median. Additionally, on the right side of each boxplot, the mean ± the standard error is also presented. Differences between the means were tested
using generalized linear mixed effects models with Benjamini–Hochberg correction for multiple testing. e = essential; none = non-essential. Significance level is set at
p < 0.05. *: 0.05 > p > 0.001.

Figure 4. Urban and rural bumblebees have similar fatty acid intake. Boxplots of the fatty acid (FA) composition in the pollen from the leg baskets of urban and rural
bumblebees of (a) Bombus lapidarius and (b) Bombus pascuorum. For simplicity, individual FA have been grouped in eight main groups. Notches indicate the 95% CI
of the median. Additionally, on the right side of each boxplot, the mean ± the standard error is also presented. Differences between the means were tested using
generalized linear mixed effects models with Benjamini–Hochberg correction for multiple testing.
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(d) Pollen-transport patterns
We found contrasting differences in the pollen-transport between bumblebee species, and within species, between urban
and rural populations (figure 6; electronic supplementary material, figures S11–S13). For B. lapidarius, we found a similar
distribution in the proportion of species that were present both in their body and leg basket pollen load (rural: 52%, urban:
57%; figure 6). In addition, the proportion of plant species with pollen transported exclusively on the bumblebee body was also
similar between urban and rural populations (rural: 28%, urban: 31%; figure 6). Moreover, in urban populations, the proportion
of plant species whose pollen was only transported in leg baskets, and thus, likely less available for pollination, was lower than
in rural populations (rural: 20%, urban: 12%; figure 6). On the other hand, for B. pascuorum, we found the proportion of plants

Figure 5. Box plots depicting the differences between the P:L ratio, that is, the ratio of amino acids (P) and fatty acids (L) in urban and rural areas for Bombus lapidarius
(left) and B. pascuorum (right). The mean ± standard deviation is also provided. Notches indicate the 95% CI of the median.

Figure 6. Pollen-transport patterns and networks between pollen-transport structures. B = body; L = leg baskets (corbicula); U = urban landscape; R = rural
landscape. The bar plot depicts the proportion of plant species transported only on the body, only on the leg baskets, or in both transportation structures in urban
and rural populations of B. lapidarius (left) and B. pascuorum (right). The number of plant species is also provided. For each bumblebee species and landscape (i.e.
urban and rural), the overall bipartite networks (aggregating all individuals) between plant species and bumblebee transportation organs (i.e. body and leg) are also
provided. Additional information on pollen-transport can be found in electronic supplementary material, figures S11–S13.
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with pollen transported in both their body and leg to be much larger in rural than in urban populations (rural: 74%, urban: 52%;
figure 6), with the proportion of plant species with pollen transported only on the body being much larger in urban individuals
(26%) than in rural (5%). Finally, in B. pascuorum, the proportion of plant species with pollen only present in the leg baskets
was similar between urban and rural populations (rural: 21%, urban: 22%; figure 6). Regarding the pollen-transport networks,
we found urban populations to have larger numbers of links per bumblebee individual (B. pascuorumleg: 33.97%, B. lapidariusleg:
30.51%; electronic supplementary material, table S12), and thus, higher generality (B. pascuorumleg: 14.81%, B. lapidariusleg:
42.44%; electronic supplementary material, table S12). Furthermore, we found reduced niche overlap (B. pascuorumleg: −40.32%,
B. lapidariusleg: −33.33%; electronic supplementary material, table S12).

4. Discussion
Species dietary patterns and pollen-transport patterns are still little investigated, but they are critical to understand how species
cope with anthropogenic pressures and interact with resources in urban and rural areas. Overall, we found evidence for our
first scenario of diet maintenance: larger floral resources did increase diet breadth in cities but did not translate into better
nutrient intake. In that regard, we found two responses linked to our scenarios of urban maintenance and urban disadvantage:
(i) bumblebees maintain the acquisition of certain macronutrients such as FAs in both species and AAs for B. pascuorum, and (ii)
urban populations have reduced content of certain nutrients, specifically, AAs in B. lapidarius. Overall, this agrees with previous
findings indicating that bumblebees might primarily focus on FA rather than AA intake [15].

Our results support the diet diversification hypothesis for diet breadth [11,12], that is, that more diverse foraging landscapes
diversify dietary patterns regarding diet breadth. Urban bumblebees had broader diet breadths than their rural counterparts.
This is likely a consequence of two key changes in urban plant communities: (i) an increase in the number of species, and (ii) a
more even distribution of plant species within the communities [56]. Enhanced food resources have been documented to expand
diet breadth in urban vertebrates for both herbivores and predators [57,58], which might be extensible to generalist insect
florivores. While both species show a preference for Fabaceae plants [59], this diet conservatism is stronger in rural populations
than in urban ones, indicating that diet preferences can adapt to different environments [60]. Finally, the diet diversification
hypothesis was not supported for nutrient intake, with bumblebees apparently maintaining nutrient intake.

Our findings show that bumblebees can secure an adequate nutrient intake across variable landscapes, supporting the
nutrient intake maintenance scenario for B. pascuorum, and for B. lapidarius regarding FAs. Leaving aside the influence of the
environment or biotic interactions, our findings support prior work showing that bumblebees are restricted in their nutrient
requirements, which forces them to regulate their intake [15] resulting in specific strategies to achieve it [1,61]. There are several
documented strategies expected to optimize nutrient intake in bumblebees, regarding their cognition and learning skills (e.g.
[62]). Consequently, this might allow generalist bumblebee species to cope with the variations in plant communities such as
the ones observed between urban and rural areas. Nonetheless, besides bumblebees’ intrinsic features, there are additional
explanations regarding how urban and rural areas might be leading to the nutrient intake maintenance scenario.

Urban and rural areas might have equivalent optimal foraging landscapes and then, diet breadth expansion might emerge
from neutral processes. Particularly, this can be expected if (i) the reduction in plant dominance is not affecting preferred plant
species (optimal resources), or, if so, if this is compensated by the increase in plant diversity with functionally redundant
species, and (ii) if resources remain accessible and sufficiently abundant in the cityscape surrounding bumblebee colonies. If
so, the expansion of the diet breadth might even be reinforced by having additional benefits for the stability and resilience of
bumblebee colonies (e.g. reducing the dependence on specific plant taxa and diluting toxic pollen [63]).

Alternatively, our results might indicate that urban areas, rural areas or both have suboptimal conditions, enforcing diet
diversification. Suboptimal conditions might make key floral resources scarcer, less accessible and/or of lower quality, incurring
higher energetic costs (searching and handling resources, competition) with potential consequences on individual and colony
fitness [64], as seen also in solitary bees [1]. Suboptimal rural foraging landscapes can emerge from impoverished plant
communities due to land-use changes and intensity. Suboptimal urban foraging landscapes might be a consequence of changes
in diversity distribution and community structure. Particularly, when preferred optimal resources are reduced and are not
compensated by the addition of other plant species. While cities are associated with increasing plant diversity, resulting from
multiple habitat types and levels of human facilitation [65], the diversification effect might be counteracted by the addition of
plant species of little or no value for bumblebees. In fact, part of the urban plant communities arises from cultivation, including
plants that are not necessarily nectar and pollen hosts for pollinators [66]. The generalist diet of bumblebees might enable
them to better use such resources than other pollinating insects, but restrictions can still be expected when certain degrees of
diet conservatism exist [2]. Notably, we found low contributions of non-native species in both bumblebee species, indicating
potential constraints in the use of novel plant resources. Finally, suboptimal foraging landscapes are expected to intensify
competition for optimal resources (e.g. among wild pollinators [67], with managed bees [68]), further forcing individuals to
switch their diet to suboptimal resources to avoid the negative costs of competition and approximate to optimal foraging. In
that regard, our pollen-transport networks indicate more dissimilar interaction networks in urban bumblebees, with individuals
interacting with a larger, more variable number of plants. Increasing diet breadth has been identified as a mechanism triggered
with higher local abundances of bumblebees, potentially as a mechanism to avoid competition [69,70].

Simultaneously, we found support for the urban disadvantage scenario with regard to AAs in B. lapidarius. The chances
of obtaining such macronutrients might be lower in urban foraging landscapes. Specifically, given that B. lapidarius and B.
pascuorum have strong preference for Fabaceae and that B. pascuorum maintained AA content, the difference in the AA content
could reflect more competitive landscapes for B. lapidarius. Interestingly, Eggenberger et al. [23], who studied morphological
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trait variability in the same individuals and species, found bimodality in the proboscis length within urban populations in B.
pascuorum but not for B. lapidarius, which could be explained by a better genetic mixing across landscapes in B. lapidarius [71].
Bimodality in the tongue length might enable bumblebees to better cope with the conditions of novel foraging landscapes (e.g.
resource availability [72]). Nonetheless, it is worth considering that nutrient intake regulation might be more focused on the FAs
or on the ratios between lipids and proteins, which might make AAs content by itself a worse indicator of diet quality.

Finally, the results on pollen-transport patterns on B. pascuorum, transporting more unique plants in the body in urban
individuals than in rural ones, might also reflect foraging challenges in cities. Bumblebees, specially generalists, can learn
how to use and access new feeding resources [19,73]. However, bumblebee learning capabilities have some constraints due
to the nature of the associative learning between floral cues, rewards and foraging decisions [62,74]. Diversified urban floral
types might increase the variability of floral rewards, decreasing the ability to discriminate between suitable and non-suitable
plants [62]. Therefore, urban bumblebees might get exposed to flowers of non-targeted plants in the process of learning and
maximizing their foraging strategies and the energy gain [75]. For example, we found B. pascuorum to have larger proportions
of pollen transported only in the body in cities, perhaps suggesting more learning trials and contact with non-targeted plant
species.

Our study had some limitations that constrained assessment of the importance of intraspecific trait variability in explaining
the variability in the diet breadth between urban and rural bumblebees. Variation in body size and tongue length can be
expected to influence foraging of bumblebees as they influence flying distance, amount of pollen that can be carried, and how
efficiently flowers can be handled [76]. The lack of findings in our study seems to indicate that intraspecific trait variation may
be a consequence of physiological factors rather than to diet ones. Furthermore, the pollen carried by the sampled individuals
represents a snapshot of the current foraging trip, and that individual foraging is dynamic in space and time. For example, it
is important to consider that bumblebee foragers of the same colony can exhibit different fidelity on their foraging sites at the
individual level [77]. Future studies should include data on the structure of floral resources and their availability, abundances
of other competing pollinators, bumblebee flight distances in relation to the forage landscape and on bumblebee health and
fitness [78] to analyse the contribution of different mechanisms driving dietary patterns in anthropogenic landscapes. In that
regard, our study represents a first step towards understanding the factors shaping animal foraging in anthropogenically
modified ecosystems. Finding out to what degree species can handle novel ecosystems is a necessary step towards improved
conservation, particularly in the context of the Post-2020 Global Biodiversity Framework [79], where some of the efforts are
aimed at reducing the adverse effects of human-modified ecosystems on biodiversity and its contributions to people.
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