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ABSTRACT

Insect pollinators, vital for agriculture and biodiversity, face escalating threats from climate change. We argue
and explore the pivotal role of the microbiomes in shaping adaptations of insect pollinator resilience amid
climate-induced challenges (climate change and habitat alteration). Examining diverse taxonomic groups, we
unravel the interplay between insect physiology, microbiomes, and adaptive mechanisms. Climate-driven al-
terations in microbiomes impact insect health, behavior, and plant interactions, posing significant effects on
agricultural ecosystems. We propose harnessing microbiome-mediated adaptations as a strategic approach to
mitigate climate change impacts on crop pollination. Insights into insect-pollinator microbiomes offer trans-
formative avenues for sustainable agriculture, including probiotic interventions (use of EM PROBIOTIC) and
microbiome engineering (such as engineering gut bacteria) to induce immune responses and enhanced polli-
nation services. Integrating microbiome insights into conservation practices elucidates strategies for preserving
pollinator habitats, optimizing agricultural landscapes, and developing policies to safeguard pollinator health in
the face of environmental changes. Finally, we stress interdisciplinary collaboration and the urgency of under-
standing pollinator microbiome dynamics under climate change in future research.
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1. Introduction

Insect pollinators play a critical role in agriculture, contributing
significantly to economic prosperity and ecological balance. Approxi-
mately 87.5 % of wild plants rely on insect pollination, with 20 %
pollinated by bees. Pollinators in the tropics include moths, butterflies,
birds, stingless bees, honeybees, and bats, while temperate regions
benefit from honeybees, bumblebees, solitary bees, wasps, and hover-
flies. The tropics host over 100,000 species, with approximately 220,000
species in pollinator taxonomic groups. Globally, 1500 crops require
insect pollination, contributing to 3-8 % of world crop production
(Cameron and Sadd, 2020; Ollerton, 2017; Shah et al., 2023). The eco-
nomic prosperity and ecological balance are significantly influenced by
the specific contributions of different insect pollinators, including bees,
moths, and butterflies. Bees, both wild and managed, play a crucial role
in providing a wide range of benefits to society, including contributions
to food security, farmer and beekeeper livelihoods, social and cultural
values, and the maintenance of wider biodiversity and ecosystem sta-
bility (Potts et al., 2016). Bee pollination has a substantial economic
value for crop production, influencing the economy and contributing to
the pollination of various crops (Khalifa et al., 2021). Non-Apis bees, also
known as wild bees, are valuable for crop pollination, contributing to the
pollination of various crops (Greenleaf and Kremen, 2006). Moths,
despite being underappreciated, have been recognized for their poten-
tial contribution to pollination services. Moths have been found to
pollinate four crops of Cucurbitaceae in Asia, indicating that non-bee
pollinators may substantially contribute to crop yield (Lu et al., 2021).
Butterflies, as potent pollinators and ecological indicators, are important
for estimating the general health of an ecosystem.

The declines in pollinator populations have triggered investigations
into how land-use change affects insect pollinators and pollination ser-
vices in agricultural landscapes (Ratto et al., 2022). This decline in
pollinator populations also raises concerns about their vulnerability to
climate change, a critical issue with significant implications for agri-
cultural ecosystems. (Layek et al., 2023).

The vulnerability of insect pollinators to climate change is a critical
concern with significant implications for agricultural ecosystems. This
vulnerability has been associated with habitat loss, increased suscepti-
bility to disease and parasites, and pesticide use (Tackenberg et al.,
2020). The combined effects of landscape alteration, agricultural
intensification, and climate change on animal-mediated pollination
reveal potential mismatches in pollination networks, affecting plant-
pollinator interactions and leading to indirect evolutionary conse-
quences (Gonzalez-Varo et al., 2013; Hegland et al., 2009). Additionally,
climate change can cause potential disruption of life cycles and species
interactions (Potts et al., 2016). Moreover, there are potential conse-
quences of shifts in pollinator phenology under climate change,
emphasizing the need to understand the consequences of climate-driven
changes in pollinator phenology (Tiusanen et al., 2016).

The relationship between insects and their microbiomes is crucial in
shaping various aspects of insect physiology, including essential func-
tions that contribute to their adaptation mechanisms. The gut micro-
biota emerges as a vital factor in the growth, development, physiology,
immunity and evolution of host insects. In the context of insect-plant
interactions, the dynamic response of insect gut microbiota to plant
secondary metabolites, such as saponin degradation, highlights intricate
ecosystem interplay (Mason et al., 2019). Symbiotic relationships, such
as Wolbachia infection in adult Aedes aegypti mosquitoes, reveal the
impacts microbiomes composition, highlighting the complexity (Auds-
ley et al., 2018). Within host-microbiome interactions, larval diapause
in Nasonia vitripennis reveals the microbiome's role in nutrient allocation
and dynamics (Mason et al., 2019). These adaptive functions shape
microbial communities, impacting digestive tracts and influencing in-
sect physiology (Engel and Moran, 2013). Microbiomes, through genetic
and metabolic interactions, impact insect ecology, physiology, evolu-
tion, and behavior, exemplifying their adaptive functions (Vallino et al.,
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2021). The insect microbiome's composition and function correlate with
processes crucial for surviving diverse overwintering pressures (Fergu-
son et al., 2018). In herbivorous insects, the gut microbiome assumes a
critical role in growth, development, and environmental adaptation to
host plants (Lefort et al., 2017). The adaptive nature of insect micro-
biomes is further highlighted by their ability to aid in the breakdown of
recalcitrant dietary substrates and facilitate insect social behavior,
illustrating their integral role in supporting various physiological pro-
cesses (Tinker and Ottesen, 2020).

We suggest microbiome-mediated adaptations in insect pollinators
as a strategic approach to mitigate the adverse impacts of climate change
on crop pollination. By elucidating the complex relationships between
insect physiology, microbiomes, and adaptive mechanisms, we propose
innovative strategies to enhance the resilience of insect pollinators,
safeguarding crucial ecosystem services vital for agriculture and
biodiversity.

2. Microbial symbiosis in insect pollinators

Insect digestive systems house diverse microbial communities that
significantly impact digestion, energy extraction, and protection against
harmful microbes, provide host nutrition and aid in degrading toxic
substances, enhancing host tolerance (Mills et al., 2023; Phalnikar et al.,
2019; Yang et al., 2022; Yun et al., 2014; Zhang et al., 2022). Influenced
by factors such as habitat, diet, developmental stage, and phylogeny, the
diversity of these communities reflects the structure and function of the
insect digestive system (Schmidt and Engel, 2021). Bacterial symbionts
within insects play pivotal roles in host physiology, nutrition, repro-
duction, and defense against natural enemies (Noman et al., 2020;
Paniagua Voirol et al., 2018; Zhao et al., 2022). In the context of insect
digestive tracts, significant morphological and physicochemical varia-
tions impact microbial community structure (Engel and Moran, 2013).
This diversity underscores the intricate relationship between insect
hosts and their microbiota (Schmidt and Engel, 2021). Studies of
P. brevitarsis larvae and M. domestica reveal the gut microbiota,
concentrated in the distal gut, contributes to the digestion and fermen-
tation of plant cell wall components (Geng et al., 2022; Jing et al., 2020).

Diverse insect pollinators across Diptera, Lepidoptera, and Hyme-
noptera orders reveal a core microbial community transmitted among
beetles to larvae via secretions, impacting insect fitness (Li et al., 2023;
Shukla et al., 2018). While plant-feeding insects exhibit variable gut
bacterial communities, the modulation of microbial communities by diet
composition is evident (Shapiro et al., 2019). Environmental factors,
such as Imidacloprid, can impact insect digestive physiology and larval
microbiota, influencing insect-microbiome interactions (Raymann et al.,
2017).

Microbial communities associated with insects extend beyond the
gut, influencing reproduction, virus transmission efficiency, and various
aspects of host biology (Cappelli et al., 2022). This is evident in the case
of entomopathogenic nematodes and their bacterial symbionts, playing
a crucial role in successful colonization and reproduction in insect hosts
(Bertoloni Meli and Bashey, 2018). Concentrated in insect intestines,
microbial communities regulate host lifestyles, affecting diet and
ecological niches (Mills et al., 2023; Xue et al., 2021).

The critical role of insect pollination in agriculture, involving diverse
pollinators like beetles, wasps, flies, and bees, underscores the impor-
tance of their gut microbiota, shaping broader patterns of microbiome
and insect-pollinator host associations (Moreira and Freitas, 2020).
Furthermore, microbial signatures on flower surfaces serve as indicators
of pollinator visitation, emphasizing the intricate relationship between
insects and floral microbiomes (Ushio et al., 2015). The insect micro-
biome, encompassing bacteria, fungi, viruses, archaea, and protozoa,
affects the fitness and behavior of pest insects (Gurung et al., 2019;
Nobles and Jackson, 2020). A healthy microbiome, beneficial in dietary
supplementation, tolerance to environmental changes, and maintaining
host immune system homeostasis, contributes to increased host
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longevity and reproductive success.
3. Climate-induced changes in microbiomes

Climate change and habitat alterations have caused declines in the
abundance, diversity, and body size of insect pollinators, leading to
shifts in range, phenology, and ecological relationships, resulting in
mismatches between crops and pollinators (Barrett et al., 2023; Hegland
et al., 2009). In alpine ecosystems, climate change is expected to have a
profound effect, necessitating a better understanding of the insects
involved in (Hegland et al., 2009; Lefebvre et al., 2018). Landscape
alteration and climatic fluctuations synergistically affect animal-
mediated pollination, resulting in spatiotemporal mismatches between
interacting species (Gonzalez-Varo et al., 2013).

The impact of stress resulting from unpredictable climate fluctua-
tions and alterations can give rise to increased instances of resistance
within the microbiome of pollinator insects (Gressel, 2018). The more
generalist the relations (i.e., multiple pollinator species for a plant or
broad diet in pollinators), the more resilient the interactions are under
changing climatic conditions (Gonzalez-Varo et al., 2013). Studies have
linked the visitation of diverse pollinator functional groups to the key
properties of the floral microbiome under agrochemical disturbance,
indicating the potential impact of environmental stressors on microbial
diversity and network within the context of climate-induced changes
(Wei et al., 2021). Sequence analyses have revealed that honey bee
visitation reduced bacterial richness and diversity in seeds, but
increased the variability of seed microbial structure and introduced bee-
associated taxa (Prado et al., 2020).

The physiological and behavioral implications of climate-induced
changes in insect pollinator microbiomes are multifaceted, with signif-
icant ecological and evolutionary consequences. Climate change alters
the diversity and composition of insect pollinator microbiomes,
affecting their physiological and behavioral traits. Physiologically, in-
sect pollinators are susceptible to direct and indirect effects of climate
change on their microbiomes. Stressors such as extreme temperatures
and habitat alterations disrupt microbial diversity, potentially impact-
ing metabolic processes, immune function, and overall health. Mecha-
nisms of heat tolerance remain poorly studied, and heat shock proteins
may be insufficient to mitigate climate-induced stressors on insect
pollinator microbiomes (Gonzalez-Tokman et al., 2020). Furthermore,
water loss and high temperatures pose challenges for insect pollinators,
making them particularly vulnerable to global warming and aridifica-
tion (Prudic et al., 2022). Behaviorally, climate-induced changes in in-
sect pollinator microbiomes can influence foraging patterns,
phenological synchrony, and interactions with plants. Mutualistic re-
lationships may be at risk of phenological mismatching, particularly if
species exhibit disparate responses to temperature changes (Bartomeus
et al., 2011). Variation in species responses to abiotic phenological cues
under climate change may cause changes in temporal overlap among
interacting taxa, with potential demographic consequences (Iler et al.,
2013; Mishra et al., 2021).

Disruptions in microbial diversity can have direct effects on the
physiological aspects of insect pollinators, impacting metabolic pro-
cesses and immune function. Specialist species with a comparatively
smaller diversity of mutualist interactions may have a higher risk of
pollination disruption, leading to potential impacts on metabolic pro-
cesses and immune function (Aguilar et al., 2006). The cellular processes
underlying vertical transmission and nutrient translocation between the
insect and microbial partners provide candidate molecular targets for
disrupting these symbioses, which can directly affect metabolic pro-
cesses and immune function in insect pollinators (Douglas, 2015). Mi-
crobial symbionts can influence a myriad of insect behavioral and
physiological traits, including metabolic processes and immune function
(Dong et al., 2022). The diversity and high adaptability of insects are
strongly associated with their symbiotic microbes, which include bac-
teria, fungi, viruses, protozoa, and archaea, impacting metabolic
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processes and immune function (Zhao et al., 2022). Insect-infecting
pathogens could disrupt the pollination process by affecting pollinator
population density or traits, leading to potential impacts on metabolic
processes and immune function (Recart et al., 2023). The over-
abundance of p-glucosidases and cellobiose phosphotransferase systems
associated with the gut community in wood-feeding beetles can partially
explain the enhanced cellulase complex activity, directly impacting
metabolic processes (Scully et al., 2014).

The ecological implications of climatic changes in insect pollinator
microbiomes are extensive. Insect pollinators are crucial for ecosystem
functioning and food production, and disruptions in their microbiomes
can have cascading effects on plant-pollinator interactions, biodiversity,
and agricultural productivity. Considering the ethical implications of
climate-induced stressors on insect pollinator microbiomes is essential,
especially for the welfare of individual insect pollinators in the Hyme-
noptera and Diptera (Barrett et al., 2023). The transmission of non-
specialized microbes to developing seeds through insect pollination
could have important implications for the assembly of the seed micro-
biota and plant health.

4. Resilience of microbiome enhanced pollination services

The resilience of pollination services is linked to the stability of crop
pollinator occurrences, influenced by the composition of bee commu-
nities (Fig. 1). In light of accelerating anthropogenic-induced environ-
mental changes, it became crucial to assess the resilience of crop
pollination services (Hutchinson et al., 2022). Engel et al. (Engel and
Moran, 2013) reported the vital contributions of insect gut microbiota,
encompassing nutritional support, protection against parasites, immune
response modulation, and communication. Furthermore, Kiihsel et al.
(Kiihsel and Bliithgen, 2015) suggested that high diversity promotes
thermal resilience in pollinator communities within intensively
managed grasslands, indicating increased resilience in species-rich
pollinator communities despite land-use intensification.

The floral microbiome, shaped by pollinator visitation, significantly
enhances pollinator resilience. Wei et al. (Wei et al., 2021) found that
different pollinator functional groups influenced microbial properties
under agrochemical disturbance, shaping the resilience of the floral
microbiome. Additionally, Kaphiem et al. (Kapheim et al., 2021)
emphasized the microbiome's impact on multiple facets of pollinator
health, fortifying pollinator resilience amid challenging environmental
conditions. Attributes like the degree of pollination specialization
enhance pollen transfer efficiency, reflecting resilience and stability in
the community (Fantinato et al., 2019). The diverse response diversity
in pollinators, holds implications for the resilience of pollination ser-
vices, ensuring adaptability to environmental changes (Miyashita et al.,
2021).

Understanding the ecological dynamics of the almond floral micro-
biome concerning crop management and pollination is crucial for
comprehending pollinator resilience (Schaeffer et al., 2020). Agricul-
tural intensification tends to diminish native pollinator abundance and
diversity underscores the imperative need to consider pollinator resil-
ience within the context of crop management practices.

5. Microbiome insights in sustainable agriculture

Microbiome insights in sustainable agriculture are extensive and
transformative, offering various interventions, including the strategic
use of probiotics. This paradigm shift is supported by a growing body of
research highlighting the crucial role of microbiomes in agricultural
ecosystems. The transformative potential of microbiome insights ex-
tends beyond insects, encompassing a broader spectrum of applications
for sustainable agriculture (De Smet et al., 2018; Kim and Anderson,
2018; Wang et al., 2019). From improving fish health in aquaculture to
enhancing plant function and exploring insects as a sustainable protein
source for animal feed, interventions based on microbiome insights
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Fig. 1. Interconnected network of insect pollinators, microbiomes, and environmental factors.

showcase a multifaceted approach to advancing agricultural practices.
5.1. Microbiome communities in pest and disease management

The microbiome community of insects, including pests, serves as a
valuable resource for sustainable pest and disease management. Un-
derstanding pest insect microbiomes facilitates the development of
microbe-based tools for control, reducing reliance on chemical pesti-
cides and promoting environmentally conscious pest management
practices (Qadri et al., 2020). Insect microbiomes also impact soil
microbiomes, affecting plant health and pest resistance (van Dijk et al.,
2022). Interventions involving microbiome manipulation contribute
substantively to sustainable pest and disease management in
agriculture.

5.2. Microbiome engineering in agriculture

Microbiome-based engineering of the rhizosphere influence soil
health and plant growth and emerges as a strategy to manage abiotic
stresses and enhance plant resilience within agricultural systems (Tyagi
et al., 2022). This insight extends to insects and plants, offering the
prospect of tailored and sustainable agricultural systems (Pradhan et al.,
2022). This integrative approach includes plant-based, meta-organism-
based, and microbiome-based engineering to optimize agricultural
practices.

5.3. Microbiome contributions to pollination and crop yields

Microbiome communities in pollinators, such as bees, play a pivotal
role in crop pollination and plant health. Using insights from pollinator
microbiome communities offers a pathway to develop microbe-based
interventions, improving pollination services and subsequently
increasing crop yields (Pang et al., 2021). Furthermore, interventions
grounded in microbiome insights hold significant promise for enhancing

pollinator health, subsequently improving crop yields. For instance, a
study demonstrated the manipulation of bee gene expression by engi-
neering a symbiotic gut bacterium, Snodgrassella alvi. This engineered
bacterium induced eukaryotic RNA interference (RNAi) immune re-
sponses, leading to altered bee physiology, behavior, and improved
survival after viral challenges (Leonard et al., 2020). By modulating the
gut microbiome community of pollinators and using microbial in-
oculants, plant-microbe interactions, and microbiome engineering,
these interventions contribute to the overall sustainability of agriculture
(Berg et al., 2021; Koch et al., 2022; Pradhan et al., 2022; Ray et al.,
2020; Raymann et al., 2017; Schaeffer et al., 2023; Stiemsma and
Michels, 2018). Understanding the dynamics of microbiome commu-
nities in pollinators and their environments informs targeted in-
terventions that promote the establishment of resilient and beneficial
microbiome communities, ultimately benefiting both pollinator health
and crop yields.

5.4. Probiotics for insect and soil health

Probiotics emerge as a potent tool for fostering a gut microbiome
community in insects that curtails pathogens and enhances overall in-
sect health. Deploying probiotic interventions represents a promising
avenue to fortify the resilience and health of insects within agricultural
ecosystems (Deutscher et al., 2019). The application of the commercial
probiotic mix EM® PROBIOTIC FOR BEES enhanced honey bee colony
health, administering EM® for bees via sugar syrup resulted in reduced
Nosema spp. spore counts, increased colony strength, and positive
physiological changes in treated adult bees (Tlak Gajger et al., 2020). In
addition, probiotics can play a role in soil health by influencing micro-
biome communities and contributing to sustainable agricultural prac-
tices (Peixoto et al., 2022).
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6. Integrating microbiome insights into conservation practices
for pollinator habitats

Microbiome insights play a crucial role in shaping conservation
practices, especially in preserving pollinator habitats. Understanding
the complex relationships among pollinators, their microbiomes, and
the environment is essential for developing effective strategies to safe-
guard and enhance pollinator health.

6.1. Habitat preservation and restoration

Microbiome insights guide the preservation and restoration of nat-
ural habitats critical for maintaining diverse and healthy pollinator
microbiomes (Davis et al., 2023; Hadley and Betts, 2012). Conservation
efforts should prioritize the protection and restoration of these habitats
to support robust pollinator communities.

6.2. Landscape management for connectivity

Understanding the impact of landscape fragmentation on pollinator
microbiomes informs landscape management practices (Hadley and
Betts, 2012). Conservation actions should concentrate on maintaining
connectivity and promoting habitat diversity to sustain healthy polli-
nator populations.

6.3. Ecosystem services and economic value

Conservation practices are informed by recognizing the economic
value of pollination services provided by pollinators and their associated
microbiomes (Tibesigwa et al., 2019). Preserving natural habitats helps
maintain healthy pollinator communities, thus supporting ecosystem
services.

6.4. Smart habitat design and optimization

Microbiome insights inform the design of pollinator habitats to
optimize conditions for healthy microbiomes (Anders et al., 2023).
Conservation efforts should focus on creating and maintaining habitats
that support diverse and beneficial microbial communities associated
with pollinators.

6.5. Citizen science, data mapping, and localized conservation actions

Utilizing citizen science data to map wild pollinator habitat prefer-
ences and corridors helps prioritize conservation actions in critical areas
for maintaining healthy pollinator microbiomes (Serret et al., 2022;
Vieli et al., 2021). Microbiome insights also guide local conservation
actions aimed at preserving pollinator habitats and promoting healthy
microbiomes, with localized efforts having a global impact.

6.6. Solar facilities, habitat management, and agriculture

Microbiome insights guide habitat management practices at solar
energy facilities and agricultural landscapes to create and maintain
pollinator habitats (Forbes and Northfield, 2017; Mishra et al., 2023).
Conservation actions should concentrate on providing and preserving
habitat to support pollinator microbiomes, recognizing the positive
relationship between pollinator habitat enhancement and increased
crop yields. Understanding the dynamics of the floral microbiome in-
forms conservation strategies aimed at preserving and restoring habitats
that support diverse and healthy pollinator microbiomes.

6.7. Microbiome-informed management of agricultural landscapes

Microbiome insights guide the management of agricultural land-
scapes to support biodiversity and ecosystem health:
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e Microbiome insights inform the design of agricultural landscapes to
include diverse and suitable habitats for pollinators (Gong et al.,
2021; Walston et al., 2018). This involves creating pollinator-
friendly habitats, such as hedgerows, wildflower strips, and semi-
natural areas, to support diverse pollinator microbiomes and
enhance ecosystem health.

Conservation practices are informed by understanding the impact of
landscape structure on pollinator microbiomes (Rahimi et al., 2021;
Sasaki et al., 2021). Preserving natural habitats and semi-natural
areas within agricultural landscapes can support diverse pollinator
communities and their associated microbiomes, contributing to
ecosystem health.

Microbiome insights inform the management of agricultural land-
scapes to support ecosystem services provided by pollinators (Bra-
man et al., 2022). By preserving and enhancing pollinator habitats,
agricultural landscapes can benefit from improved pollination ser-
vices and enhanced biodiversity.

Agricultural landscapes can be managed to provide diverse floral
resources supporting pollinator microbiomes (Fouks and Wagoner,
2019). This involves planting diverse flowering plants and managing
floral resources to enhance pollinator health and ecosystem services.
Understanding the role of pollinator microbiomes in agricultural
landscapes informs integrated pest management practices that
minimize the use of pesticides and support pollinator health
(Schaeffer et al., 2020). This contributes to the conservation of
pollinator biodiversity and ecosystem health.

Microbiome insights inform agroecological practices supporting
pollinator health and biodiversity in agricultural landscapes (Mor-
eira and Freitas, 2020; Naharki and Regmi, 2020). By adopting ag-
roecological approaches, such as organic farming and agroforestry,
agricultural landscapes can support diverse pollinator communities
and ecosystem health.

7. Developing policies for pollinator health

In the crafting of policies aimed at preserving pollinator health,
especially those informed by microbiome insights, a comprehensive
assessment of various factors influencing agricultural landscapes is
crucial (Dicks et al., 2016). This includes evaluating the impact of
farming practices, landscape management, and conservation strategies
on pollinator microbiomes. Prioritizing the preservation and restoration
of diverse and suitable habitats for pollinators within agricultural
landscapes should be at the forefront of these policies. This involves
creating pollinator-friendly environments, such as hedgerows, wild-
flower strips, and semi-natural areas, to support diverse pollinator
communities and their associated microbiomes (Aslan et al., 2022).
Furthermore, the policies should uphold the ecosystem services pro-
vided by pollinators and advance biodiversity conservation within
agricultural landscapes. Conservation strategies should focus on
enhancing the local availability of semi-natural habitats and creating
well-managed habitats to counteract the decline of pollinators and
protect pollination services. Improving pollinator conservation via
multiple means demonstrates the need for a holistic approach to policy
restructuring and budgeting to consider both welfare and conservation
simultaneously. The implementation of targeted landscape-level man-
agement practices is crucial for halting and reversing the decline in
biodiversity, promoting biodiversity-mediated ecosystem services, and
enhancing the resilience and adaptability of ecosystems (Jiao et al.,
2014). Advocating for sustainable land use practices that bolster polli-
nator health and biodiversity should be a key focus of these policies. This
may involve adopting agroecological approaches, practicing organic
farming, and embracing integrated pest management strategies to
minimize pesticide use and support pollinator microbiomes (Raymann
et al., 2017).

The policies should actively encourage the provision of diverse floral
resources within agricultural landscapes. This encompasses planting a
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variety of flowering plants and managing floral resources to promote
pollinator health and enhance ecosystem services (Cui et al., 2021).
Moreover, unwavering support for research and conservation strategies
aimed at preserving and restoring habitats that sustain diverse and
healthy pollinator communities is essential.

Championing public engagement and fostering empathy for polli-
nator conservation initiatives should be another dimension of these
policies. This entails adopting an empathetic approach to engage and
empower the public for conservation action. Additionally, educational
programs should be developed to raise awareness about the significance
of pollinator health and biodiversity conservation (Sturm et al., 2021).
This includes developing effective mechanisms to support native bee
conservation policy to integrate adaptive management strategies and
raise awareness of the importance of pollinators among the general
public and special interest groups through the dissemination of high-
quality and easy-to-understand information.

The key policy recommendations for preserving pollinator health
consists of a wide range of measures, including evidence-based decision-
making, adaptive management strategies, public awareness campaigns,
and the integration of biodiversity conservation into environmental
policies. These recommendations emphasize the need for comprehen-
sive, coordinated, and transdisciplinary efforts to address the decline of
pollinators and secure pollination services for future generations.

8. Challenges and future directions

Understanding the microbiomes of pollinators and addressing asso-
ciated challenges is essential for advancing research and informing
conservation and management practices. Methodological constraints,
such as difficulties in sampling and characterizing microbial commu-
nities, underscore the need for standardized approaches (Engel et al.,
2016; Pornon et al., 2016). The high diversity of microbial communities
poses a continuing methodological challenge in identifying the func-
tional roles and interactions of specific taxa (Benadi and Pauw, 2018;
Koch et al., 2022).

Environmental factors, including floral resources, agrochemical
exposure, and habitat fragmentation, influence pollinator microbiomes,
requiring comprehensive longitudinal studies (Schaeffer et al., 2020;
Vannette, 2020). Complex interactions between pollinators and their
microbial communities necessitate experimental studies to understand
the effects of host physiology, behavior, and environmental factors on
microbiome composition and function (Graystock et al., 2015; Wei et al.,
2021). Investigating the transmission and dispersal of microbial com-
munities within and between pollinator species requires innovative
experimental and observational approaches (Calderone, 2012; Rothman
et al., 2019).

There is extensive research on managed pollinator species, whereas
lack of in-depth studies on the microbiomes of wild pollinators such as
solitary bees and bumblebees. Additionally, the root microbiome plays a
crucial role in plant health, and plants can control the composition of
their microbiome, adding complexity to the study of pollinator micro-
biomes. Understanding the broad-scale patterns of gut microbiome and
host associations in insect pollinators is essential for identifying general
patterns driving host microbial community composition and
functioning.

The ecological impacts of pollinator microbiomes on plant-pollinator
interactions, disease transmission, and ecosystem functioning are not
fully understood, emphasizing the importance of integrating micro-
biome data with ecological and functional studies (Brown, 2022; Shell
and Rehan, 2022). Translating microbiome insights into conservation
and management practices for pollinator health and biodiversity con-
servation necessitates interdisciplinary collaboration and applied
research (Hietaranta et al., 2023; Kantsa et al., 2018).

Understanding the impact of anthropogenic disturbance on polli-
nator microbiomes and the resilience of microbial communities to
environmental stressors is a critical research priority, particularly
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investigating the effects of land use change, climate change, and agro-
chemical exposure (Lautenbach et al., 2012; Rebolleda Gomez and
Ashman, 2019). The importance of pollinators in changing landscapes
for world crops has been established, with pollinators being essential for
the production of numerous crops (Klein et al., 2007). However, the
unresolved question of how pollinators mediate microbiome assembly in
the face of anthropogenic disturbance remains a major challenge. Inte-
grating microbiome data with other ecological and environmental
datasets to comprehend the drivers and consequences of pollinator
microbiome dynamics is a methodological challenge, requiring the
development of analytical frameworks for integrating multi-omics data
and ecological metadata (Li et al., 2023; Williams et al., 2015).

The interplay between pollinators, plants, and microbes adds
another layer of complexity to the study of pollinator microbiomes. For
instance, the role of nectar bacteria in weakening plant-pollinator
mutualism and the impact of pollen-borne microbes on bee fitness un-
derscore the relationships between pollinators and their microbiota.
Additionally, the importance of pollen-borne microbes for wild bee
development and fitness further emphasizes the need to understand the
dispersal of microbes in pollinator networks. Understanding the inter-
play between pollinators, plants, and microbes, as well as the impact of
management practices and environmental disturbances, is crucial for
unraveling the challenges faced in studying pollinator microbiomes.

[1] Explore the influence of climate change on pollinator micro-
biomes, examining microbial responses to temperature shifts,
precipitation patterns, and extreme weather events. Under-
standing these impacts is crucial for predicting and mitigating
potential effects on pollinator health and ecosystem services.

[2] Investigate microbial adaptation to climate change within polli-
nator microbiomes. Assess the genetic and functional diversity of
microbial communities to understand their capacity to adapt to
changing environmental conditions and mediate pollinator re-
sponses to climate change.

[3] Assess the resilience of pollinator microbiomes to climate change
in different landscapes. Investigate how landscape composition
and structure influence the stability and diversity of pollinator
microbiomes. Identify landscape management strategies that
support resilient pollinator microbiomes.

[4] Develop conservation strategies considering the role of pollinator
microbiomes in the context of climate change. Investigate how
conservation practices, such as habitat restoration, landscape
connectivity, and agroecological approaches, can support the
resilience of pollinator microbiomes and promote pollinator
health under changing climatic conditions.

[5] Investigate the transmission dynamics of pollinator-associated
microbes in the context of climate change. Assess how changes
in pollinator behavior, floral resource availability, and habitat
suitability influence the transmission and dispersal of microbial
communities. Explore how these dynamics may be affected by
climate change.

[6] Evaluate the implications of climate change for pollinator-
mediated ecosystem services in the context of microbial in-
teractions. Investigate how changes in pollinator microbiomes
may impact pollination efficiency, plant-pollinator interactions,
and the provision of ecosystem services. Explore how these ef-
fects may be influenced by climate change.

[7]1 Assess potential impacts of climate change on pollinator biodi-
versity and the role of microbiomes. Investigate how changes in
pollinator microbiomes may influence pollinator species rich-
ness, abundance, and community composition. Explore how
these changes may affect plant-pollinator interactions and
ecosystem functioning.

[8] Develop and evaluate management practices that promote the
resilience of pollinator microbiomes in the face of climate
change. Investigate how agricultural and landscape management
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practices, such as floral resource enhancement, pesticide reduc-
tion, and habitat restoration, can support the health and diversity
of pollinator microbiomes under changing climatic conditions.
Investigate potential interactions between pollinator micro-
biomes and invasive plant species in the context of climate
change. Assess how invasive species may influence the compo-
sition and function of pollinator microbiomes and how these in-
teractions may be affected by changing environmental
conditions.
[10] Explore the implications of climate change for pollinator micro-
biomes and policy implications for biodiversity conservation and
ecosystem services.

[9

—
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