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Plant-pollinator interactions are essential for plant productivity but face
growing threats from climate change, including vegetation loss and mis-
matches in flowering. Yet, the consequences for bee food resources remain
poorly understood at continental scales. Here, we analyse 2 500 samples
collected by honey bees (Apis mellifera) between May and August 2023 from
310 locations across Europe using ITS2 metabarcoding. We derive climatic
response curves of floral resources and assess exceedance risks of interaction
loss under projected climate scenarios. Our findings reveal that rising tem-
peratures and reduced precipitation decrease the diversity of foraging
resources across Europe, pushing many plants beyond critical limits. When
both warming and drying coincide, the potential for resilience through tem-
poral or spatial buffering is strongly constrained. These declines pose serious
risks to bee nutrition, ecosystem functioning, and food security. Our study
underscores the urgency of mitigating climate change to preserve vital plant-
pollinator systems and the services they sustain.

Plant-pollinator relationships are fundamental biotic interactions in
ecology due to their key role in plant productivity, food webs, and
human well-being?. Animal pollinators, principally insects, contribute
an estimated $235-$577 billion annually to the global economy by

plants and pollinators®®. The decrease in floral diversity is a key factor

driving bee diversity loss®'°, and evidence correlates bee pollinators

and wild plants as being tightly linked and in parallel decline'*.
Several studies project that climate change will affect the survival

providing pollination services to an estimated 87.5% of the world’s
flowering plants and 75% of major global food crops™. However,
without suitable and abundant plants supplying pollen and nectar,
many pollinator populations will decline along with their vital services.
An increase in temperature has already been reported to adversely
impact vegetation composition*® and is known to cause flowering and
spatial shifts, which may lead to interaction mismatches between

of many plant species™". Depending on the climate change scenario,
3-21% of all endemic plant species in Europe could face extinction by
2050*. Under the most severe scenario, 22% of total plant species
would become critically endangered and 2% extinct by 2080". How-
ever, the impact of climate change varies by region, with plant diversity
projected to increase in Northern Europe while declining in the Med-
iterranean region®. Furthermore, by the end of the 21st century, many
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plant species are expected to disappear from over half of their current
geographic ranges in Europe'®", with distribution shifts northwards
and uphill***¢ or suffer local or global extinction®. These changes will
severely affect the availability of food resources to pollinators. A
decline in floral diversity may limit essential nutrients for pollinators,
affecting their overall health and reproductive success”. Reduced
access to diverse pollen sources can lead to nutritional deficiencies,
weakened immune systems, and increased vulnerability to pathogens
and parasites, as well as other environmental stressors’. Additionally,
shifts in floral availability may alter foraging behaviour, forcing polli-
nators to expand their foraging ranges®™. These disruptions may ulti-
mately contribute to population declines, reduce pollination
efficiency, and negatively impact both wild plant communities and
agricultural yields for pollinator-dependent crops®*.

Our study investigates the impacts of climate change on the food
resources of the honey bee Apis mellifera, the dominant global pollinator
with the broadest geographical and temporal range in Europe. Although
A. mellifera is not in decline®, we select it due to its ubiquity, generalised
foraging, and critical role as a pollinator in agroecosystems. This species’
extensive spatial and temporal activity makes it a useful system for
evaluating large-scale patterns in floral availability under climate change,
especially in managed landscapes. The major goal of our study was to
quantify the expected impact of climate change on honey bee foraging
across different regions of Europe and assess the extent to which resi-
lience may be achieved through spatial or temporal shifts in floral
availability. To achieve this, we conduct a systematic survey of honey
bee-collected pollen at unprecedented spatial and temporal scales. We
analyse 2 500 pollen samples collected by honey bees biweekly, for nine
sampling rounds, between May and August 2023, from 310 apiaries
distributed across all 27 EU countries (Fig. 1A). We identify the pollen
composition of these samples using DNA metabarcoding of the internal
transcribed spacer 2 (ITS2)%. We structure our analysis around five core
objectives: (1) assess spatial and temporal patterns of pollen diversity,
composition and crop contribution across Europe in relation to climatic
gradients, to establish a baseline for evaluating potential impacts of
climate change on floral resource availability; (2) quantify historical
variation in temperature and precipitation at the local study sites to
contextualize and scale future projections; (3) determine the realised
climatic niches of foraged pollen plant species by estimating empirical
climatic niche response curves to assess their sensitivity to climate
change; (4) quantify potential floral resource loss under different cli-
mate projection scenarios; and (5) evaluate the resistance and resilience
of plant-pollinator interactions by spatial or seasonal compensation
through alternative floral resources. Together, these objectives provide
an integrated framework for understanding how climate-driven envir-
onmental change may affect floral resource dynamics and, conse-
quently, honey bee foraging potential across Europe.

Results and Discussion
Pollen diversity, composition, and crop contribution
As a baseline for understanding how floral resource availability may
shift under future climate scenarios, we first assessed how honey bee-
collected pollen diversity and composition varied across Europe in
relation to key climatic gradients. We found that temperature and
precipitation gradients, as well as latitude, had significant effects on
pollen Effective Species Richness (e"), with a mid-latitude peak parti-
cularly evident in late summer. However, these effects had limited
explanatory power (quadratic linear model with latitude and month as
predictors; e log-transformed: F(3, 2493) = 90.27, p < 0.001, adjusted
R2=0.10; Fig. 1A, B, Supplementary Fig. 1). Seasonal models confirmed
that this mid-latitude peak was most pronounced in July and August.
The proportion of pollen from crops per sample was generally
low, with an overall average of 19% (20% standard deviation, Fig. 1C),
but with peaks during mass-flowering events when crops contributed
up to a mean of 50%. These peaks were primarily driven by taxa such as

Brassica spp., Helianthus annuus, and Zea mays identified among the
25 most abundant pollen sources (Supplementary Fig. 2). Even during
such episodic crop dependencies, honey bees maintained a compar-
ably diverse diet at all sites throughout the season, underscoring the
importance of wild floral resources (Fig. 1A)**%°.

Pollen composition varied markedly across Europe and over the
sampling season, reflecting shifts in the identity of plant species for-
aged upon (visualised via NMDS; Supplementary Figs. 3 and 4). To
quantify how this compositional turnover related to environmental
gradients, we used Generalised Dissimilarity Modelling (GDM), which
explained 48.47% of the total variance in pollen composition (pseudo-
F(3, 48 205)=0.52, p<0.001; Supplementary Fig. 1), with contribu-
tions of 27.53% from temperature (X I-spline = 1.82), 14.14% from geo-
graphy (% I-spline = 0.94), and 6.79% from precipitation (Z I-spline =
0.44). These results indicate that floral resource composition is
strongly structured by climatic and spatial factors.

Impact of regional warming
To estimate the potential vulnerability of current floral resources
under future warming, we next examined regional temperature trends
and their effects on the climatic suitability of plant species foraged by
honey bees at observed sites. Warming and changes in precipitation
can lead to several impacts on bee resources: firstly, they can alter the
local plant composition; secondly, they can disrupt plant phenology,
affecting key events such as flowering timing; and thirdly, they can
impact the quantity and quality of resources®*. These effects can lead
to mismatches in plant-pollinator interactions, changing pollen’s
temporal and spatial availability. We were thus interested in how future
scenarios might pose risks for the currently available pollen resource
under climate change and continuing historical trends. Global warming
is projected to reach 2 °C by 2040 to 2060, even under aggressive
mitigation scenarios®. However, such global trajectories can mask
substantial regional variation, which is critical for forecasting. We
therefore included an analysis of historical warming trends at our
actual sampling sites (Supplementary Fig. 5A and 5B) to ground our
projections in empirically observed, region-specific climate change
and contextualise the effect size of projections. Based on the results of
these analyses, sites in Southern Europe have, on average, warmed by
1.8 °C over the past 50 years, Central Europe by 1.6 °C, and Northern
Europe by 0.2 °C (Supplementary Fig. 5A and 5B). A previous study with
regional forecasts predicts a 2 °C increase in Northern Europe by 2040
and Central and Southern Europe by 2030, ahead of global averages®.

To study the impacts of rising temperatures and decreasing pre-
cipitation on bee pollen resources, we first estimated temperature and
precipitation response curves for each plant taxon in the dataset based
on their sampling time, location, and corresponding climatic values
(for more details, see Methods). We then incrementally adjusted the
mean temperature (O to +5°C) and precipitation (O to -50 mm) for
each location and time. Using these updated climatic conditions, we
assessed whether conditions exceeded the percentile thresholds of
each taxon’s empirical response curve and thereby whether the con-
ditions remained suitable or became unsuitable. Our results revealed a
severe impact of temperature increases on current bee food resources
(both wild plants and crops) across Europe, with a gradual reduction in
impact from Southern to Northern Europe (Fig. 2; Linear model F(5,
1189) =100.3, p<0.001, adjusted R2 = 0.30; Supplementary Table 1).
Southern European wild plants are most affected, with Mediterranean
islands such as Cyprus, Crete, and Malta facing significant risks even
with just 1 °C of warming, in which about half of the current bee
resources become at risk (Fig. 2, Supplementary Fig. 6A). This trend
worsens for higher temperatures. In comparison, Northern Europe is
less affected up to a 2 °C rise, although with a notable increase in risk
under more severe warming scenarios.

These findings align with Bakkenes et al.®, who noted that
Southern European plant species are more sensitive to warming than

Nature Communications | (2026)17:1331


www.nature.com/naturecommunications



www.nature.com/naturecommunications



www.nature.com/naturecommunications



www.nature.com/naturecommunications



www.nature.com/naturecommunications



https://www.insignia-bee.eu
https://www.insignia-bee.eu
www.nature.com/naturecommunications



https://www.ncbi.nlm.nih.gov/sra/PRJNA1198597
https://github.com/chiras/metabarcoding_pipeline
https://github.com/chiras/metabarcoding_pipeline
https://github.com/chiras/HoneyBee-ResistanceResilience
https://doi.org/10.5281/zenodo.17578272
https://doi.org/10.5281/zenodo.17578272
www.nature.com/naturecommunications



https://www.ncbi.nlm.nih.gov/sra/PRJNA1198597
https://doi.org/10.5281/zenodo.17578272
https://github.com/chiras/HoneyBee-ResistanceResilience
https://github.com/chiras/HoneyBee-ResistanceResilience
https://github.com/chiras/metabarcoding_pipeline
https://github.com/chiras/metabarcoding_pipeline
https://doi.org/10.5281/zenodo.17578272
https://github.com/chiras/HoneyBee-ResistanceResilience
https://github.com/chiras/HoneyBee-ResistanceResilience
http://www.ipbes.net/node/44781
www.nature.com/naturecommunications



https://doi.org/10.24381/bs9v-8c66
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-68085-6

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

the mason bee Osmia bicornis? Philos. Trans. R. Soc. B 377,
20210171 (2022).

Rognes, T., Flouri, T., Nichols, B., Quince, C. & Mahé, F. VSEARCH: a
versatile open source tool for metagenomics. PeerJ 4, €2584 (2016).
Edgar, R. C. SINTAX: a simple non-Bayesian taxonomy classifier for
16S and ITS sequences. bioRxiv, 074161 (2016).

Quaresma, A. et al. Semi-automated sequence curation for reliable
reference datasets in ITS2 vascular plant DNA (meta-)barcoding.
Sci. Data 1, 129 (2024).

University of East Anglia Climatic Research Unit; Harris, I.C.; Jones,
P.D.; Osborn, T. (2024): CRU TS4.08: Climatic Research Unit (CRU)
Time-Series (TS) version 4.08 of high-resolution gridded data of
month-by-month variation in climate (Jan. 1901- Dec. 2023). NERC
EDS Centre for Environmental Data Analysis, date of citation. https://
catalogue.ceda.ac.uk/uuid/715abce1604a42f396f81db83aeb2a4b.
R Core Team. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna,
Austria (2024).

RStudio Team RStudio: integrated development environment for R.
RStudio, PBC, Boston, MA. http://www.rstudio.com/ (2024).
McMurdie, P. J. & Holmes, S. phyloseq: An R Package for repro-
ducible interactive analysis and graphics of microbiome census
data. PLoS One 8, €61217 (2013).

Wickham, H., Vaughan, D. & Girlich, M. tidyr: tidy messy data. R
package version 1.3.1 https://CRAN.R-project.org/package=

tidyr (2024).

McLaren, M. speedyseq: faster implementations of phyloseq func-
tions. R package version 0.5.3.9021 https://github.com/mikemc/
speedyseq, (2024).

Wickham, H., Francgois, R., Henry, L., Miiller, K. & Vaughan, D. dplyr:
a grammar of data manipulation. R package version 1.1. 2. Computer
software (2023).

Garnier, S. et al. viridis(Lite) - colorblind-friendly color maps for R.
viridis package version 0.6.5. (2024).

Dormann, C. F., Friind, J., Blithgen, N. & Gruber, B. Indices, graphs
and null models: analyzing bipartite ecological networks. Open
Ecol. J. 2, 7-24 (2009).

Wickham, H. in ggplot2: elegant graphics for data analysis (ed
Hadley Wickham) 189-201 Springer International Publishing, 2016).
Xiao, N. ggsci: scientific journal and sci-fi themed color palettes for
‘ggplot2’. R package version 30, https://CRAN.R-project.org/
package=ggsci (2024).

Yutani, H. gghighlight: highlight lines and points in ‘ggplot2’. R
package version 0.4.1, https://CRAN.R-project.org/package=
gghighlight (2023).

Massicotte, P., South, A. rnatural earth: world map data from natural
earth. R package version 11, https://CRAN.R-project.org/package=
rnaturalearth (2023).

Pebesma, E. J. Simple features for R: standardized support for
spatial vector data. R. J. 10, 439 (2018).

Hijmans, R. Geosphere: spherical trigonometry. R package version
1.5-18, https://CRAN.R-project.org/package=geosphere (2022).
Fitzpatrick, M., Mokany, K., Manion, G., Nieto-Lugilde, D., Ferrier, S.
gdm: generalized dissimilarity modeling. R package version 1.5.0-
9.1, https://CRAN.R-project.org/package=gdm (2022).

Wickham, H., Pedersen, T., Seidel, D. Scales: scale functions for
visualization. R package version 10, (2023). https://CRAN.R-project.
org/package=scales.

Microsoft Corporation & Weston, S. foreach: provides for each
looping construct. R. package version 1, 2 (2022).

Microsoft Corporation & Weston, S. doParallel: foreach parallel
adaptor for the ‘parallel’ Package. R. package version 1, 17 (2022).
Microsoft Corporation & Weston, S. doSNOW: foreach parallel
adaptor for the ‘snow’ Package. R. package version 1, 20 (2022).

73. Csardi, G. & FitzJohn, R. Progress: terminal progress bars. R. Pack-
age version 1, 3 (2023).

74. Pedersen T. patchwork: the composer of plots. R package version
1.3.0.9000, https://github.com/thomasp85/patchwork (2024).

75. Pimm, S. L., Donohue, I., Montoya, J. M. & Loreau, M. Measuring
resilience is essential to understand it. Nat. Sustain. 2,
895-897 (2019).

76. Pimm, S. L. The complexity and stability of ecosystems. Nature 307,
321-326 (1984).

77. Keller, A., Quaresma, A. & Pinto, A. M. Data and code for “Honey bee
food resources under threat from climate change”. Zenodo, https://
doi.org/10.5281/zenodo.17578272 (2025).

Acknowledgements

We thank all Citizen Scientists and National Coordinators from the 27 EU
countries for their invaluable contributions to pollen sampling. We also
acknowledge Maira Costa, Maria Celenza, and Maria Jodo Caldeira for
their assistance with pollen homogenisation and DNA extractions. The
Portuguese Foundation for Science and Technology (FCT) supported
A.Q.’s PhD scholarship (2020.05155.BD; DOI: 10.54499/
2020.05155.BD). FCT provided financial support through national funds
to CIMO and SusTEC via FCT/MCTES (PIDDAC): CIMO under UIDB/
00690/2020 (DOI: 10.54499/UIDB/00690/2020) and UIDP/00690/
2020 (DOI: 10.54499/UIDP/00690/2020); and SusTEC, under LA/P/
0007/2020 (DOI: 10.54499/LA/P/0007/2020). This work was con-
ducted within the framework of INSIGNIA-EU: Preparatory action for
monitoring of environmental pollution using honey bees (European
Union service contract 09.200200/2021/864096/SER/ ENV.D.2).

Author contributions

A.Q., AK., and M.A.P. conceived the ideas and designed the metho-
dology. AK. and A.Q. conducted the analysis. A.Q., AK., and M.A.P.
drafted the manuscript. Particularly A.Q., M.A.P., AK., and N.C., but all
authors contributed to improving the manuscript. J.B., W.B.B., and |.R.
modelled the apiaries’ location. R.B., K.G., F.H., O.K., M.A.P,, IR., F.V.,
N.C. and JvdS designed the pollen sampling methodology, prepared all
the materials and manuals for pollen collection by Citizen Scientists, and
obtained the INSIGNIA-EU funding. All the authors critically reviewed the
manuscript for important intellectual content.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-68085-6.

Correspondence and requests for materials should be addressed to
M. Alice Pinto or Alexander Keller.

Peer review information Nature Communications thanks Hajnalka
Szentgyorgyi, Ellen Rotheray, Pritam Banerjee, and the other anonymous
reviewer(s) for their contribution to the peer review of this work. A peer
review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Nature Communications | (2026)17:1331


https://catalogue.ceda.ac.uk/uuid/715abce1604a42f396f81db83aeb2a4b
https://catalogue.ceda.ac.uk/uuid/715abce1604a42f396f81db83aeb2a4b
http://www.rstudio.com/
https://CRAN.R-project.org/package=tidyr
https://CRAN.R-project.org/package=tidyr
https://github.com/mikemc/speedyseq
https://github.com/mikemc/speedyseq
https://CRAN.R-project.org/package=ggsci
https://CRAN.R-project.org/package=ggsci
https://CRAN.R-project.org/package=gghighlight
https://CRAN.R-project.org/package=gghighlight
https://CRAN.R-project.org/package=rnaturalearth
https://CRAN.R-project.org/package=rnaturalearth
https://CRAN.R-project.org/package=geosphere
https://CRAN.R-project.org/package=gdm
https://CRAN.R-project.org/package=scales
https://CRAN.R-project.org/package=scales
https://github.com/thomasp85/patchwork
https://doi.org/10.5281/zenodo.17578272
https://doi.org/10.5281/zenodo.17578272
https://doi.org/10.1038/s41467-025-68085-6
http://www.nature.com/reprints
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-68085-6

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Nature Communications | (2026)17:1331

12


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Honey bee food resources under threat from climate change



