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ABSTRACT

Solitary bees are one of the most biodiverse and efficient pollinators in nature and they play a vital role in
biodiversity, ecological processes, and also agriculture. But now their population is threatened by climate change.
This review will analyze scientific literatures about the effects of climate change on the ecology and conservation
of solitary bees. Phenology, physiology, reproductive ecology, species distribution, pollination services,
conservation of climate change will also be analyzed. Information about interaction of climate change with habitat
fragmentation, pesticides, nutritional stress and microbiome was critically reviewed. climate change greatly
affects the phenology, distribution, reproductive efficiency, and pollination services of solitary bees. Species
specific traits like thermal tolerance, nesting strategy, dispersal ability, and dietary specialization, largely
determines the vulnerability and resilience to climate change. Multiple stressors act synergistically in order to
reduce bee fitness and population stability. Emerging technologies like environmental DNA, remote sensing,
artificial intelligence, and ecological forecasting offer new opportunities for pollinators monitoring and adaptive
management strategies. Climate change poses a major threat to solitary bee diversity and also to the ecosystem
services that are provided by them. Integrated conservation strategies that restore habitats, enhance floral and
nesting resources, and by diversifying landscapes, and mitigating pesticide risk would be some supporting factors.
A climate resilient solitary bee conservation framework is proposed to support evidence-based conservation and
sustainable pollination services under future environmental change.

KEYWORDS: Solitary bees; Climate change; Multi-stressor interactions; Pollinator conservation; Emerging
technologies; Agroecosystems

INTRODUCTION

Pollination is a crucial ecological process that supports the maintenance of biological diversity and global food
production, with the wild pollinators playing a significant role in enhancing crop yield, quality, and stability in
the ecosystem (Dainese et al., 2019). The economic impact of animal mediated pollination is estimated to be
several billions of USD each year underscoring its essential contribution to agricultural productivity and food
security. While managed pollinators like Apis mellifera are important for crop production, growing evidence
suggest that wild pollinators, especially solitary bees, often demonstrate higher pollination efficiency per visit and
have a disproportionately positive impact on crop yield, fruit and yield stability (Garibaldi et al., 2021). Moreover,
diverse wild bee population enhances the stability of pollination services in the dace of environmental changes
trough functional complementarity and redundancy (Dainese et al., 2019; Wood et al., 2015). As result the
conservation of solitary bee diversity is not only an ecological imperative but also an economic necessity for the
sustainability of climate resilient agroecosystem. Among the wild pollinators, solitary bees constitute highly
diverse and functionally significant group, which are distinguished by their independent nesting behaviour,
morphological traits and specialized actions that often leads to greater pollination efficiency compared to managed
species (Garibaldi et al., 2021; Garratt et al., 2023). Their population and effectiveness are heavily influenced by
habitat structure, landscape composition, and also the availability of varied floral and nesting resources (Dainese
etal., 2019). Semi-natural environments such as field margin, hedgerows and grasslands offer important resources
which aids in population sustainability and ecosystem functionality (Wood et al.,2015). However the increasing
anthropogenic pressures, like intensified agriculture, pesticide exposure, and climate change are progressively
disrupting these systems, which results in decline in pollinator diversity and the services provided by them
(Wagner,2020; Van der sluijs et al., 2023; dicks et al., 2021). Phenological changes like earlier emergence and
altered flowering periods, often creates mismatches between bees and their floral resources, leading to decreased
foraging efficiency and reproductive success (Kudo and Cooper 2019; CaraDonna et al.,2021). Thermal stress
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and nutritional deficiencies further hinder the survival, fecundity, and the development if offsprings (Hoover et
al., 2024; Descamps et al., 2021). On a larger spatial scale, climate-induced changes are shifts in habitats and
species ranges that are driven by climate impact specialist species and tropical pollinator communities more
severely, intensifying the biodiversity loss and collapsing the ecosystem resilience (Herrera, 2023). Importantly,
solitary bees are affected by climate change alongside various interacting stressor. The warming climate interacts
with habitat loss, pesticide exposure, nutritional stress, and biological invasions, resulting in non-linear and often
worsens the effects on bee population (Goulson et al., 2015; Harrison et al., 2026). These interactions limit the
energy allocation, disrupts microbiome-mediated functions, and diminish adaptive capacity, thereby accelerating
population declines (Hammer et al., 2021; Filipiak, 2024). Nonetheless, the majority of research has concerntrated
on individual or dual stressors, which restricts our capacity to forecast ecological responses and formulate adaptive
conservation strategies in context of global change scenarios (Alves-dos-Santos, 2025). Recent investigations
further reveal that species responses to climate change are significantly influenced by thermal physiology,
diapause regulation, reproductive ecology, nesting biology and functional traits such as body size, phenology,
dispersal ability, and dietary specialization. As result the conservation strategies for solitary bees have evolved
from localized to integrated, and climate resilient approches. Initiatives such as habitat restoration, enhancement
of floral and nesting resource, diversification of agroecosystem, and mitigation of pesticide risks can significantly
bloster the pollination populations and the delivery of ecosystem services (Haaland et al., 2011; Fortel et al., 2021;
Fahrig et al., 2015; Kremen et al., 2021). However, the effectiveness of the strategies under rapidly changing
climatic conditions remain uncertain, especially in tropical regions that host remarkable pollinator diversity yet
are underrepresented in climate change research (Kennedy et al., 2019; Leong et al., 2025). Recent developments
in emerging technologies, such as environmental DNA (¢eDNA), remote sensing, artificial intelligence, automates
monitoring systems, and ecological forecasting, presents unparalled opportunities to enhance the monitoring of
pollinators, assess their vulnerabilities and plan for the conservation strategies (Haye et al., 2025; Hartig et al.,
2024). However, significant gaps persist in the integration of climate change, multi stressor interaction,
physiological mechanisms, species-specific responses, and conservation strategies within a cohesive conceptual
framework. And there are notable geographical biases, particularly the insufficient representation of tropical
agroecosystems and the lack of long-term studies focused on solitary bee ecology (Haddaway et al., 2015).

SYSTEMATIC REVIEW METHODOLOGY
Literature Search Strategy
This review followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines in
order to ensure transparency, reproducibility, and comprehensive synthesis of the available literature. A systematic
search was conducted using four major scientific databases: Web of Science Core Collection, Scopus, PubMed,
and Google Scholar. Literature published between January 2000 and March 2026 was considered to capture recent
advances in climate change biology, pollinator ecology, and conservation science. The following search string
was employed: ("solitary bee*" OR "wild bee*" OR "non-Apis bee*") AND ("climate change" OR warming OR
"global change" OR temperature OR drought OR precipitation) AND (pollination OR conservation OR
agroecosystem* OR biodiversity).
Additional searches were performed using combinations of the following terms:

e solitary bees AND phenology;
solitary bees AND thermal tolerance;
solitary bees AND diapause;
solitary bees AND pesticide exposure;
solitary bees AND trait-based ecology;
solitary bees AND conservation;
solitary bees AND emerging technologies;
pollinator climate resilience;

e tropical pollinators AND climate change.
Reference lists of selected articles and recent review papers were further screened to identify additional relevant
publications.

Inclusion and Exclusion Criteria

Studies were included if they: (i) investigated the effects of climate change or climate-associated stressors on
solitary bees; (ii) examined pollination services, physiological responses, reproductive ecology, species
distributions, trait-mediated adaptation, conservation strategies, or emerging technologies; (iii) included
empirical, experimental, modelling, bibliometric, or review-based evidence relevant to agroecosystems and
natural ecosystems; and (iv) were published in peer-reviewed journals in English. Studies were excluded if they:
(1) focused exclusively on managed honey bees (Apis mellifera) without considering solitary bees; (ii) lacked
sufficient methodological information; (iii) were conference abstracts, editorials, theses, duplicate publications,
or non-peer-reviewed reports; or (iv) were unrelated to climate change, pollinator ecology, or solitary bee
conservation.
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Study Selection Process

All retrieved records were exported to Mendeley Reference Manager, and duplicate entries were removed. Titles
and abstracts were independently screened for relevance, followed by full-text assessment according to the
inclusion and exclusion criteria. The study selection process followed the PRISMA 2020 workflow comprising
identification, screening, eligibility assessment, and final inclusion. A total of 1,247 records were initially
identified from the databases. After removing duplicates (n = 278), 969 articles remained for title and abstract
screening. Subsequently, 624 articles were excluded because they did not address solitary bees or climate-related
factors. The full texts of 345 articles were evaluated for eligibility, of which 184 articles were excluded for failing
to satisfy the inclusion criteria. Finally, 161 publications were included in this review and formed the basis for
qualitative synthesis and bibliometric assessment (Table 1; Fig. 5).

Table 1. Ecosystem-service assessment frameworks and decision-support tools for evaluating pollination
services under climate change

Tool ||Main application ||Maj0r output ||Key advantage ||Main limitation
InVEST Conservation Pollination maps Spatially explicit Data intensive
planning
ARIES Service-flow Scenario analysis ||Flexible and Complex implementation
assessment integrative
TESSA Site-level Ecosystem User-friendly Limited scalability
assessment indicators
Natural Capital ||Policy and Natural-capital Strong policy Requires interdisciplinary
Project valuation accounts relevance datasets
SDMs Climate adaptation ||Vulnerability maps ||[Long-term Projection uncertainty
forecasting
Economic Cost-benefit Monetary estimates |[Policy Undervalues non-market
valuation analysis communication benefits
| EMERGING TECHNOLOGIES |
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rare bee species at large scales with big data analytics passive monitoring bee habitats conservation actions
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Figure S5. Emerging technologies for monitoring and conserving solitary bees under climate change.
Technological approaches including environmental DNA (eDNA), remote sensing, artificial intelligence,
acoustic monitoring, sensor networks, and species distribution modelling facilitate monitoring, prediction,
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conservation planning, and policy implementation, ultimately supporting biodiversity conservation and climate-
resilient agricultural systems.

Data Extraction and Synthesis
Information extracted from each study included:
geographical location and ecosystem type;
solitary bee taxa investigated;
climate drivers and environmental stressors examined;
physiological, behavioural, and ecological response variables;
pollination services and ecosystem functions;
conservation interventions and management strategies;
emerging technologies and modelling approaches;
principal findings, research gaps, and future priorities.
The selected literature was synthesized qualitatively and organized into the following thematic categories:
1. pollination by solitary bees;
2. climate-change impacts on solitary bees;
3. thermal physiology, diapause, and trait-mediated adaptation;
4. species-specific responses of major taxa;
5. multi-stressor interactions;
6
7
8
9
1

climate-resilient conservation strategies;

tropical agroecosystems;

pesticide-risk mitigation;
. emerging technologies and predictive monitoring; and
0. research gaps and future directions.

Limitations

Several limitations must be acknowledged despite a thorough search of the literature. In addition, geographical
biases are still strong, with most of these studies coming from Europe and north America, while tropical areas and
developing region remains unexplored. This imbalance might restrict the extrapolation of results to very diverse
tropical agroecosystems. And also, there are lots of variation in methods used at spatial scales and response
variables among studies making direct comparisons and quantitative meta-analysis. The availability of long-term
dataset is very much limited and vast majority only examines the effects of single or pairwise stressors, however
the systematic evidence synthesis is a large-scale method of tracking research trends, knowledge gaps and future
priorities

Rationale for Bibliometric Analysis

Considering that the scientific literature on climate change and pollinator ecology has expanded rapidly during
the past two decades, qualitative synthesis alone may not adequately reveal the emerging research themes,
collaboration networks, and geographical biases. Therefore, a bibliometric analysis was conducted to complement
the systematic review and provide a quantitative overview of global research trends, thematic evolution, and future
priorities in climate change and solitary bee research.

Bibliometric Analysis of Research Trends on Climate Change and Solitary Bees
Data Collection and Bibliographic Database
To identify global research trends, emerging themes, and knowledge gaps in climate change and solitary bee
research, a bibliometric analysis was conducted following established approaches for science mapping and
quantitative literature synthesis (Donthu et al., 2021). Bibliographic records were retrieved from the Web of
Science Core Collection and Scopus databases because of their extensive coverage of peer-reviewed scientific
literature and their widespread use in bibliometric investigations. The following search query was employed:
("solitary bee*" OR "wild bee*" OR "non-Apis bee*") AND ("climate change" OR warming OR "global change"
OR temperature OR drought OR precipitation). The search was restricted to articles and review papers published
between January 2000 and March 2026.
The bibliographic information extracted included:

e authors;
publication year;
article title;
keywords;
abstracts;
affiliations;
journal source;
citation data; and
country of origin.
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Bibliometric Analysis Procedures
Bibliometric analyses were conducted using the Bibliometrix package in R, whereas network visualization and
clustering analyses were performed using VOSviewer.
The following indicators were evaluated:
1. Annual scientific production;
Most productive countries and institutions;
Leading journals and authors;
Citation structure and influential publications;
Co-authorship and collaboration networks;
Keyword co-occurrence patterns; and
7. Thematic evolution and research hotspots.
To improve consistency, keyword standardization was performed by merging synonymous terms, including:
e climate change and global warming;
e solitary bee and wild bee;
e pollinator decline and pollinator conservation.
The bibliometric analysis was used to complement the systematic review by identifying research trajectories,
geographical biases, and emerging areas of investigation that are not readily apparent through narrative synthesis
alone.

AN el

Publication Trends and Scientific Production

The number of publications addressing climate change and solitary bees has increased markedly during the past
decade, reflecting growing concern regarding pollinator declines, ecosystem resilience, and food security.
Publication output accelerated substantially after 2015, coinciding with increased recognition of the ecological
and economic importance of wild pollinators and greater research attention toward biodiversity conservation and
climate adaptation. The increasing rate of scientific production also reflects a transition from descriptive studies
of pollinator ecology toward mechanistic and predictive investigations addressing physiological responses,
ecosystem services, and climate-resilient management strategies.

Geographical Distribution and Research Biases

Research activity is strongly concentrated in Europe and North America, with the United States, the United
Kingdom, Germany, Canada, and Spain accounting for the majority of publications. In contrast, tropical regions,
including South Asia, Africa, and South America, remain substantially underrepresented despite harbouring
exceptionally high solitary bee diversity and numerous pollinator-dependent cropping systems. This geographical
imbalance limits our understanding of pollinator responses in regions expected to experience severe climate
impacts and constrains the development of globally applicable conservation strategies. Expanding research efforts
in tropical and developing regions therefore represents a major priority for future studies.

Figure 7A. Annual publication trend (2000-2026)
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Figure S7. Bibliometric analysis of global research on climate change and solitary bees. (A) Annual publication
trends from 2000 to 2026; (B) geographical distribution of scientific publications and leading contributing
countries; and (C) keyword co-occurrence network illustrating major research themes and conceptual linkages in
solitary bee research.
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Keyword Co-occurrence, Research Hotspots, and Thematic Evolution

Keyword network analysis identified five major research clusters:

Cluster 1: Climate change, phenology, range shifts, and temperature.

Cluster 2: Pollination services, agriculture, and ecosystem services.

Cluster 3: Conservation, habitat restoration, and landscape management.

Cluster 4: Thermal tolerance, physiology, diapause, and stress responses.

Cluster 5: Emerging technologies, environmental DNA, remote sensing, artificial intelligence, and machine
learning.

The thematic evolution analysis indicates a recent transition from descriptive pollinator ecology toward predictive
modelling, trait-based ecology, climate resilience, and technology-assisted conservation (Fig. 6). Major decision-
support tools and ecosystem-service assessment frameworks applicable to pollination research and conservation
planning are summarized in Table 2.
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Figure S6. PRISMA flow diagram showing the literature selection process used in this review. The diagram
summarizes the identification, screening, eligibility assessment, and inclusion of studies related to climate change,
multiple stressors, conservation strategies, technological advances, and pollination services associated with
solitary bees.

Table 2. Climate-change impacts on solitary bee biology

|Climate driver ||Biological response ||Ec010gical consequenceHKey references |
|Rising temperatureHEarlier emergence ||Phenological mismatch ||Forrest (2021) |
|Dr0ught ||Reduced floral resourcesHLower reproduction ||Hoover etal. (2024) |
|Heat waves ||Reduced longevity ||P0pu1ation decline ||Martinet et al. (2024)|
|Heavy rainfall ||Nest destruction ||Reduced brood survival ||Harrison et al. (2022)|
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Emerging Research Priorities and Knowledge Gaps

Bibliometric findings demonstrate that research on solitary bees remains geographically biased and taxonomically
concentrated on a limited number of model genera, particularly Osmia and Megachile. Studies integrating climate
change, physiological mechanisms, trait-mediated responses, and conservation interventions remain
comparatively scarce, especially in tropical agroecosystems.

Future research should therefore prioritize:

(i) establishment of long-term monitoring networks;

(ii) expansion of research in tropical and underrepresented pollinator systems;

(iii) multi-factorial experiments incorporating interacting environmental stressors;

(iv) trait-based ecological modelling and vulnerability assessments;

(v) integration of environmental DNA, artificial intelligence, remote sensing, and ecological forecasting into
conservation planning; and

(vi) development of predictive and adaptive frameworks linking climate drivers, biological responses, and
ecosystem services.

Overall, the bibliometric analysis highlights the rapid growth and diversification of research on climate change
and solitary bees while emphasizing persistent knowledge gaps that must be addressed to develop effective,
climate-resilient conservation strategies and sustain pollination services in agroecosystems.

Pollination by Solitary Bees

Solitary bees represent one of the most diverse and ecologically significant groups of wild pollinators, playing a
crucial role in maintaining biodiversity, supporting ecosystem functions and also enhancing agricultural output.
In contrast to eusocial species, solitary bees engage in independent nesting and foraging behaviours which often
lead to increased pollination efficiency per visit due to their higher floral constancy, effective pollen transfer, and
also minimized interspecific competition (Garibaldi et al., 2021; Garratt et al., 2023). Prominent genera such as
Megachile, Osmia, and Andrena promote effective pollination through their specialized behaviours and
morphological traits, hence improving fruit set, seed yield and crop quality across varieties of plant species (Wood
et al.,, 2015; Bartomeus et al., 2021). Additionally, characteristics like body size, nesting behaviour, scopal
morphology, and foraging range palys an significant role in facilitating efficient pollen deposition and resource
partitioning among co-existing species (Drossart et al., 2024; Wood et al., 2015).

Within agroecosystems, solitary bees substantially enhances the stability and efficiency of pollination services,
particularly where managed pollinators are limited or unreliable (Garibaldi et al., 2021; Dainese et al., 2019; Sutter
et al., 2024). Empirical studies have demonstrated that wild solitary bees improve crop yield and fruit quality in
fruits, vegetables, and oilseed crops and frequently exceed the per-visit effectiveness of Apis mellifera under field
conditions (Garratt et al., 2023). Species-rich pollinator assemblages further enhance pollination reliability
through functional complementarity and redundancy, thereby stabilizing ecosystem service delivery under
environmental variability (Dainese et al., 2019; Wood et al., 2015; Albrecht et al., 2023).

Recent advances have highlighted the importance of functional trait and network approaches in understanding
pollination dynamics and ecosystem resilience. Functional diversity among solitary bees strengthens plant—
pollinator network stability, enhances ecosystem multifunctionality, and also buffers pollination services against
environmental disturbances (Bartomeus et al., 2021). This stabilizing role is particularly important under global
change, where habitat fragmentation, climate variability, and anthropogenic pressures increasingly disrupt
pollinator communities and ecosystem functioning (Wagner, 2020; Harrison et al., 2026). Collectively these
findings demonstrated that the conserving diverse solitary bee communities are essential for maintaining
pollination services and enhancing the resilience of agroecosystems under changing environmental conditions.

Climate Change Impacts on Solitary Bees

Climate change is profoundly affecting the ecology and the life-history dynamics of solitary bees as a result of
increasing temperatures, alterations in precipitation patterns and rise in the occurance of extreme weather events
(Forrest, 2021). A notable response to those alteration is the change in phenology, where earlier warming in spring
results in advanced emergence timings across various taxa, including Osmia and Megachile, this frequently leads
to a temporal mismatch with peak availability of floral resources (Kudo and Cooper, 2019; Bartomeus et al.,
2021). Such phenological mismatches reduce foraging efficiency and pollen collection, ultimately leading to
diminished reproductive success and lower offspring survival rates (CaraDonna et al., 2021). On top of that,
climate driven variations in temperature and precipitation disrupt diapause regulation and developmental
synchrony, which increases mortality rates during overwintering and the early life stages (Forrest, 2021;
windows and specific plant associations.

In addition to phenological shifts, increased temperature and extreme weather events place significant
physiological limitations on solitary bees, impacting their survival, fitness and reproductive success (Hamblin et
al., 2023). Further, climate change has indirect effects mediated by plants, as it alters the availability of nectar and
nutritional quality of pollen (Hoover et al., 2024; Descamps et al., 2021; Filipiak, 2024). These nutritional
alterations hinder larval development, compromise immune responses and diminish adult performance,
highlighting the strong connection between the strong connection between plant physiology and the health of
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pollinators. At broader spatial scales, climate change drives shift in species distribution, habitat reorganization,
and population declines, particularly among specialist and range restricted taxa. Species distribution models
predict poleward and elevational shifts, along with and semi- arid ecosystem (Herrera, 2023). Recent findings
imply that the variation in thermal tolerance among species, along with metabolic trade-offs, phenological
adaptability, and resource specialization, significantly affect how different organisms respond to climate change
(Martins et al., 2024). As a result, the effects of climate change are not consistent across different taxa rather they
are influenced by functional traits that dictate the levels of vulnerability and resilience in shifting environmental
conditions. The principal climate drivers, associated biological responses, and ecological consequences for
solitary bees are summarized in Table 2.

Thermal tolerance and physiological adaptation

Thermal tolerance varies considerably among solitary bee species and are closely associated with body size,
nesting behaviour, activity period, and geographic distribution (Martins et al., 2024). Elevated temperatures
increase metabolic demands, disrupt physiological homeostasis, and induce oxidative stress, thereby reducing
longevity, impairing flight performance, and lowering reproductive output (Hamblin et al., 2023; Hayes and
Loépez-Martinez, 2021). Species that have wider thermal niches and enhanced physiological plasticity typically
demonstrate increased resilience to climate fluctuation compared to thermal specialist (Martins et al., 2024).
Moreover, prolonged exposure to heatwaves can alter energy allocation and reduce body condition, with potential
consequences for foraging efficiency and pollination services (Melone et al., 2024; Herrera et al., 2024).

Diapause physiology and climate sensitivity

Diapause is a critical life-history stage that synchronizes solitary bee development with seasonal resource
availability. Temperature-mediated changes in diapause initiation, maintenance, and termination can disrupt
developmental timing and emergence synchrony (Forrest, 2021; Radzeviciuté et al., 2021). Warmer winters
frequently increase metabolic expenditure during overwintering, reducing energy reserves required for post-
emergence survival and reproduction (Bosch et al., 2010; Sgolastra et al., 2016). Experimental studies on Osmia
species further demonstrate that altered overwintering conditions influence emergence timing, longevity, and
reproductive success (Bosch and Kemp, 2002; Bosch and Kemp, 2004). climate-induced disruption of diapause
physiology may have profound implications for population dynamics and plant—pollinator synchrony.

Reproductive ecology under environmental stress

Reproductive success is highly sensitive to environmental conditions since temperature and resource availability
directly influences the mating behaviour, fecundity, offspring development, and sex allocation (Bosch and Vicens,
2006). Heat stress has been associated with reduced sperm viability, lowered egg production, and decreased
offspring survival, particularly when combined with nutritional limitation (Filipiak, 2024). In addition, climate-
induced reductions in pollen quality and availability of floral resources can constrain brood production and larval
development (Vaudo et al., 2015; Hoover et al., 2024; Descamps et al., 2021). These reproductive constraints may
reduce population growth and increase extinction risk, particularly among specialist species with narrow
ecological requirements.

Trait-mediated responses and adaptive capacity

Trait-based approaches are mechanistic explanations for interspecific variation in response to climate change.
They are sensitive to environmental stress and their contributions to pollination services that depend on functional
traits, including body size, phenology nesting strategy, dispersal ability range and food-item specialization
(Bartomeus et al. 2023; Drossart et al., 2024). Species with higher levels of phenotypic plasticity, generalised
resource use and flexible nesting are typically more adaptable to changing environments. Integrating trait-based
ecology with physiological, demographic, and distributional studies will improve predictions of pollinator
resilience, facilitate vulnerability assessments, and guide climate-resilient conservation strategies under future
environmental scenarios

Multi-Stressor Interactions Under Climate Change

Climate change affects solitary bees through complex interactions with multiple environmental stressors operating
across physiological, ecological, and landscape scales (Goulson et al., 2015). Rising temperatures, altered
precipitation regimes, habitat loss, pesticide exposure, nutritional stress, and biological invasions frequently act
synergistically, amplifying impacts on bee fitness and population dynamics. Such interactions limit the predictive
power of single-factor approaches and underscore the need for integrative frameworks to understand pollinator
responses under global change. Solitary bees are particularly vulnerable because many species exhibit limited
dispersal capacity, specialized nesting requirements, and dependence on spatially and temporally constrained
floral resources (Harrison et al., 2026).

Interacting Thermal and Physiological Stressors

Physiological responses to climate change are further shaped by interactions among thermal, hydric, and
developmental stressors. Elevated temperatures impair enzyme function, increase oxidative stress, and reduce
survival, particularly during extreme heat events (Martins et al., 2024; Bishop et al., 2023). When combined with
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low humidity, these conditions intensify desiccation stress, disrupt water balance, and constrain foraging activity.
Seasonal warming may also disrupt diapause regulation, by increasing metabolic expenditure and reducing post-
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Figure S2. Multiple interacting stressors affecting solitary bee populations and their ecological outcomes. Climate
warming, habitat fragmentation, pesticide exposure, nutritional stress, pathogen and microbiome alterations, and
invasive species act individually and synergistically to reduce survival, reproduction, and population persistence,
leading to declines in pollination services and ecosystem functioning.

Table 3. Multi-stressor interactions affecting solitary bees

IStressor combination ||Mechanism ||C0nsequence HEvidence |
|Heat + nutritional stress ||Increased metabolismHReduced fecundity ||Filipiak (2024) |
lHeat + pesticides ||Oxidative stress ||Reduced survival “Tosi et al. (2022) |
|Habitat loss + climate change ||Reduced dispersal ||P0pulation decline ||Harrison et al. (2022) |
|Climate change + invasive speciesHCompetition ||Community restructuringHZattara and Aizen (2021)|

Climate-Resilient Conservation Strategies for Solitary Bees

The conservation of solitary bees has become increasingly important in response to widespread declines driven
by habitat degradation, agricultural intensification, pesticide exposure, and climate change (Kennedy et al., 2019;
Dicks et al., 2021) (Fig. 3). These pressures frequently interact, amplifying impacts on bee populations and
reducing the reliability of pollination services. Effective conservation therefore requires coordinated, multi-scale
approaches that address multiple environmental drivers across spatial and ecological gradients (Fahrig et al.,
2015). Recent studies emphasize the need to move beyond isolated interventions toward systems-based and
nature-based solutions that integrate habitat restoration, landscape heterogeneity, and sustainable agricultural
practices (Kremen et al., 2021; Dainese et al., 2019). In agroecosystems, ecological intensification through crop
diversification, maintenance of semi-natural habitats, and reduced chemical inputs can simultaneously support
biodiversity and agricultural productivity (Garibaldi et al., 2021; Sutter et al., 2024). Increasing evidence also
highlights the importance of adaptive management, habitat connectivity, and microclimatic refugia in buffering
pollinator populations against environmental variability (Harrison et al., 2022).
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Habitat Restoration

Habitat restoration is a cornerstone strategy for conserving solitary bees in intensively managed agroecosystems
where resource limitation constrains pollinator populations. Establishment of wildflower strips and restoration of
semi-natural habitats consistently increase bee abundance, species richness, and pollination services (Haaland et
al., 2011; Kremen et al., 2021). These interventions enhance both the spatial availability and temporal continuity
of floral resources, thereby supporting sustained foraging and reducing seasonal resource gaps (Sutter et al., 2024;
Albrecht et al., 2023).

Beyond resource quantity, nutritional quality and functional diversity are critical determinants of bee health and
population performance. Diverse pollen sources provide essential macro- and micronutrients that improve larval
development, immunity, and adult longevity (Vaudo et al., 2015; Wood et al., 2015). Plant species richness and
trait diversity further influence pollen nutritional balance and reproductive success under environmental stress
(Filipiak, 2024; Drossart et al., 2024). Consequently, restoration programmes should prioritize native and
functionally diverse plant assemblages with staggered flowering phenologies to ensure continuous and
nutritionally balanced resource availability.

Nesting Resource Management

In addition to foraging resources, nesting habitat availability is a major determinant of solitary bee population
viability and reproductive success. Many species exhibit specific nesting requirements; ground-nesting taxa
depend on well-drained, sparsely vegetated soils, whereas cavity-nesting species use hollow stems, dead wood,
crevices, or artificial substrates (Harmon-Threatt, 2020; Orr et al., 2022). These requirements are closely linked
to life-history traits and strongly influence community composition and functional diversity (Orr et al., 2022;
Fortel et al., 2021). Incorporating nesting resources into conservation planning can substantially enhance
reproductive output, nesting success, and local population persistence (Fortel et al., 2021; Maclvor et al., 2022).
In agroecosystems, maintaining bare ground, preserving dead wood, and managing field margins and hedgerows
can improve nesting opportunities

(Harmon-Threatt, 2020). Artificial nesting structures may supplement resources in habitat-limited environments;
however, their effectiveness depends on appropriate design and maintenance because poorly managed structures
can increase parasitism, disease transmission, and competition (Maclvor et al., 2022; Orr et al., 2022; Fortel et al.,
2021). Effective conservation requires spatial and temporal alignment of nesting and floral resources because
mismatches between the two may constrain population growth (Zurbuchen et al., 2004; Kennedy et al., 2019).
Integrating natural nesting habitat restoration with targeted deployment of artificial structures is therefore essential
for sustaining populations under land-use and climate pressures (Harrison et al., 2022; Fahrig et al., 2015).

Urban Conservation

Urban ecosystems can function as important refuges for solitary bees, particularly where agricultural
intensification has reduced pollinator diversity. Urban green infrastructure, including parks, gardens, roadside
verges, and green roofs, can support diverse pollinator communities by providing heterogeneous floral and nesting
resources (Baldock et al., 2020; Hall et al., 2017). In some cases, urban environments sustain higher pollinator
diversity than surrounding agricultural landscapes because of reduced pesticide use and increased habitat
heterogeneity (Baldock et al., 2020; Theodorou et al., 2020). Urban habitats may also act as microclimatic refugia
by buffering bees against extreme temperatures through shaded and irrigated environments (Hall et al., 2017;
Hamblin et al., 2023). However, the distribution and quality of urban green spaces are often uneven and influenced
by socio-economic factors, creating disparities in pollinator diversity and conservation outcomes (Leong et al.,
2025). Effective urban conservation therefore requires integration of ecological design with urban planning and
governance. Increasing native plant diversity, reducing mowing frequency, limiting pesticide use, and improving
connectivity among green spaces can substantially enhance habitat suitability (Hall et al., 2017; Theodorou et al.,
2020).

Genetic and Functional Diversity

Maintaining genetic diversity is essential for the adaptive capacity and long-term persistence of solitary bee
populations under environmental change. High genetic variability facilitates responses to climate change, habitat
fragmentation, and pesticide exposure, whereas reduced diversity increases extinction risk (Lopez-Uribe et al.,
2023; Harrison et al., 2022). Habitat fragmentation and population isolation in agroecosystems can further erode
genetic diversity by limiting gene flow and increasing inbreeding. Conserving functional diversity is equally
important for sustaining ecosystem processes and pollination services. Trait-based approaches emphasize
preserving variation in body size, foraging range, phenology, and nesting behaviour, which determine both species
responses and ecosystem contributions (Bartomeus et al., 2023). Functionally diverse communities enhance
pollination efficiency, provide ecological redundancy, and buffer ecosystem services against environmental
fluctuations and species loss (Dainese et al., 2019; Albrecht et al., 2023). Integrating genetic and functional
perspectives therefore improves predictions of species resilience and ecosystem stability under global change and
should be considered a central component of climate-resilient pollinator conservation.
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Climate Change and Solitary Bees in Tropical Agroecosystems

Importance of Tropical Agroecosystems for Solitary Bee Diversity

Tropical regions harbour exceptionally high pollinator diversity and support numerous crop species that depend
partially or entirely on animal-mediated pollination (Potts et al., 2016). Solitary bees constitute an important
component of these pollinator communities and contribute substantially to the production of tropical fruits,
vegetables, spices, oilseeds, and plantation crops (Garibaldi et al., 2013). Crops such as mango, cashew, coffee,
cocoa, pigeon pea, cucurbits, tomato, chilli, and sesame benefit significantly from pollination services provided
by wild solitary bees and other native pollinators (Freitas et al., 2009). Tropical agroecosystems are characterized
by high habitat heterogeneity, prolonged flowering periods, and complex plant—pollinator interactions that support
rich assemblages of solitary bee species. Consequently, these ecosystems represent both major reservoirs of
pollinator diversity and important providers of ecosystem services that underpin food security and rural
livelihoods.

Climate Change Impacts in Tropical Regions

Tropical regions are expected to experience increasing temperatures, altered precipitation regimes, prolonged
droughts, and more frequent extreme weather events during the twenty-first century (IPCC, 2023). These changes
are likely to have profound consequences for solitary bee populations because many tropical species already occur
near their upper thermal limits (Deutsch et al., 2008; Hamblin et al., 2023). Elevated temperatures may reduce
adult longevity, impair foraging behaviour, alter developmental rates, and decrease reproductive success. Changes
in precipitation and increasing drought frequency can further reduce floral resource availability and alter pollen
nutritional quality, thereby affecting larval development and population growth (Hoover et al., 2024; Filipiak,
2024). Extreme rainfall events may destroy nests of ground-nesting species and reduce brood survival, particularly
in seasonally dry tropical environments (Harrison et al., 2022). Because many tropical pollinator communities
remain poorly studied, considerable uncertainty exists regarding their adaptive capacity and resilience under future
climate scenarios.

Tropical Crops and Pollination Services

Pollinator-dependent crops are disproportionately concentrated in tropical regions and contribute significantly to
food security, nutritional diversity, and rural livelihoods (Potts et al., 2016). Solitary bees are particularly
important pollinators of several tropical crops because of their behavioural specialization, floral constancy, and
high pollination efficiency (Garibaldi et al., 2013). Consequently, climate-induced declines in pollinator
populations may have substantial ecological, economic, and social consequences, particularly in developing
countries where agricultural production and livelihoods depend heavily on ecosystem services (Aizen et al., 2009;
IPBES, 2016).

Climate-Resilient Conservation Strategies for Tropical Agroecosystems
Conservation strategies in tropical agroecosystems should prioritize:
e preservation of native vegetation and forest fragments;
maintenance of floral and nesting resources;
crop diversification and agroforestry systems;
reduction of pesticide inputs through ecological intensification;
enhancement of habitat connectivity; and
community-based pollinator conservation programmes.
Agroforestry systems and diversified farming landscapes support higher pollinator diversity and provide greater
resilience to climatic disturbances than simplified monocultures (Kremen and M'Gonigle, 2015). Integrating
pollinator conservation into climate-smart agriculture is therefore essential for maintaining ecosystem services,
agricultural productivity, and food security in tropical regions.

Pesticide Risk Mitigation

Pesticide exposure remains one of the major threats to solitary bees, with many species showing greater sensitivity
to agrochemicals than managed honey bees under field-realistic conditions (Arena and Sgolastra, 2020). In
addition to acute toxicity, sublethal effects such as impaired navigation, reduced foraging efficiency, altered
behaviour, and decreased reproduction can have cascading impacts on individual fitness and population dynamics
(Tosi et al., 2017). These effects are frequently intensified by chronic exposure and interactions with other
environmental stressors, including nutritional limitation and thermal stress, emphasizing the importance of
evaluating pesticide impacts within a multi-stressor framework (Goulson et al., 2015). Reducing pesticide reliance
through integrated pest management (IPM) should therefore be a central component of climate-resilient pollinator
conservation. Strategies including biological control, crop diversification, resistant varieties, and ecological
intensification can reduce pesticide inputs while maintaining agricultural productivity (Dicks et al., 2021).
Additional measures, including pesticide-free buffer zones, optimized application timing, and the selection of less
toxic compounds, can further reduce exposure risks (Tosi et al., 2017). Moreover, risk assessment frameworks
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should incorporate mixture toxicity and cumulative exposure because bees are generally exposed to multiple
compounds rather than individual chemicals (Alix et al., 2022). Advancing pesticide-risk mitigation requires
improved regulatory frameworks and field-realistic testing protocols that account for species-specific sensitivity,
life-history traits, and sublethal endpoints. Integrating these approaches within agroecological production systems
is essential to reduce chemical inputs while sustaining pollination services and enhancing the resilience of solitary
bee populations under ongoing environmental change

Supporting Conservation Planning and Monitoring

Combining information from eDNA, remote sensing, automated monitoring, and long-term ecological datasets
provides powerful tools for conservation planning and assessment of climate-change impacts on solitary bees and
pollination services (Richardson et al., 2025; Thuiller et al., 2019). These approaches can be used to identify
vulnerable species and populations; to locate climate refugia; to evaluate habitat connectivity; prioritize
conservation actions; and assess future risks under alternative climate and land-use scenarios.

Advances in machine learning and species-distribution modelling further improve the capacity to analyse complex
interactions among climatic, ecological, and anthropogenic drivers (Hartig et al., 2024; Aratjo et al., 2019).
Emerging monitoring tools, including sensor networks, automated imaging systems, and acoustic monitoring, also
enable near real-time assessment of pollinator activity, species composition, and habitat use (Hoye et al., 2025).
These technologies facilitate evaluation of conservation interventions, including habitat restoration, enhancement
of floral and nesting resources, and pesticide-risk mitigation. By integrating ecological monitoring with predictive
analytics, these approaches support adaptive management and evidence-based conservation planning under
rapidly changing environmental conditions.

Research Gaps and Future Directions

Despite considerable progress, significant knowledge gaps remain in understanding solitary bee-mediated
pollination across biogeographic regions, particularly in tropical and other underrepresented ecosystems
(Bartomeus et al., 2023). Current research is heavily concentrated in Europe and North America, limiting the
generality of existing knowledge in regions that harbour the greatest diversity of solitary bees (Dainese et al.,
2019). Furthermore, studies have focused disproportionately on a few model genera, such as Osmia and
Megachile, whereas the ecology, functional significance, and climate sensitivities of most solitary bee taxa remain
poorly understood (Drossart et al., 2024; Orr et al., 2022).

Another major limitation is the incomplete understanding of how functional traits mediate species responses to
interacting environmental stressors. Traits such as body size, phenology, nesting strategy, foraging range, and
dietary specialization strongly influence vulnerability and resilience, yet their interactions with climate change,
land-use intensification, and pesticide exposure remain insufficiently resolved (Garibaldi et al., 2021; Garratt et
al., 2023; Wood et al., 2015; Van der Sluijs et al., 2023). Addressing these uncertainties requires mechanistic,
trait-based approaches that explicitly link environmental drivers with ecological functions across spatial and
temporal scales (Bartomeus et al., 2023). The scarcity of long-term and standardized datasets on solitary bee
populations, community dynamics, and pollination services further constrains the detection of temporal trends
and the prediction of responses to environmental change (Wagner, 2020). Establishing coordinated monitoring
networks and harmonized protocols, supported by emerging technologies such as remote sensing, automated
monitoring systems, and environmental DNA, will substantially improve data coverage and predictive capacity
(Hoye et al., 2025; Deiner et al., 2017). Future research should increasingly integrate field experiments, long-term
monitoring, landscape-scale analyses, and predictive modelling to better quantify pollination services and
ecosystem resilience (Albrecht et al., 2023; Thuiller et al., 2019).

From an applied perspective, greater emphasis should be placed on developing and evaluating climate-resilient,
biodiversity-friendly agricultural practices that enhance solitary bee populations and pollination services (Sutter
et al., 2024). Habitat restoration, crop diversification, enhancement of nesting resources, and reduction of pesticide
risks should be assessed across diverse agroecological contexts to optimize conservation outcomes (Garibaldi et
al., 2021; Albrecht et al., 2023). Integrating these approaches into land-use planning, agricultural policies, and
conservation programmes will be essential for sustaining biodiversity, ecosystem functioning, and food security
under global environmental change (Van der Sluijs et al., 2023; Kremen et al., 2021).

Collectively, these research gaps highlight the need for a more integrative understanding of how climate drivers,
physiological mechanisms, ecological interactions, and anthropogenic pressures shape solitary bee populations
and pollination services.

CONCLUSIONS

Solitary bees are among the most diverse and functionally important wild pollinators, contributing substantially
to biodiversity conservation, ecosystem functioning, and agricultural productivity. Animal-mediated pollination
contributes an estimated USD 235-577 billion annually to global agriculture, highlighting the critical importance
of pollinators in sustaining food production systems. Owing to their high per-visit efficiency and functional
diversity, solitary bees play a disproportionate role in maintaining pollination services and enhancing
agroecosystem resilience under environmental variability (Garibaldi et al., 2021). Conserving solitary bee
diversity is therefore both an ecological priority and an economic necessity.
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Enhancing pollinator resilience will require integrated conservation strategies that combine habitat restoration,
diversification of landscapes, enhancement of floral and nesting resources, ecological intensification, and
pesticide-risk mitigation. Particular attention should be directed toward tropical agroecosystems, which support
exceptional pollinator diversity but remain underrepresented in climate-change research. Emerging technologies,
including environmental DNA, remote sensing, artificial intelligence, automated monitoring, and ecological
forecasting, offer unprecedented opportunities to improve monitoring, predictive modelling, and adaptive
conservation planning.

The Climate-Resilient Solitary Bee Conservation Framework (CRSBCF) proposed here provides a systems-based
approach that integrates climate drivers, multi-stressor interactions, biological responses, ecosystem services,
conservation interventions, and technological innovations. By linking ecological processes with adaptive
management and policy actions, the framework offers a conceptual foundation for future research and evidence-
based conservation planning across diverse agroecosystems.

Future efforts should prioritize long-term monitoring programmes, multi-stressor experiments, trait-based
ecological modelling, and expanded research in tropical and other underrepresented regions. Strengthening the
integration of science, policy, and land management will be essential for conserving solitary bee diversity and
sustaining the pollination services that underpin ecosystem stability, agricultural resilience, and global food
security in an increasingly uncertain climate.
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