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Abstract

Honey bees (Apis mellifera) represent one of the most important pollinator species worldwide, contributing
substantially to ecosystem stability, agricultural productivity, and food security. North Africa harbors two native
honey bee subspecies, Apis mellifera intermissa and Apis mellifera sahariensis, which have evolved under
contrasting Mediterranean and Saharan environmental conditions. These subspecies represent valuable genetic
resources characterized by specific adaptive traits related to thermal tolerance, resource exploitation, and colony
survival under stressful environments. This review provides an integrated synthesis of current knowledge on the
genetic diversity, population structure, adaptive characteristics, health constraints, and conservation perspectives
of these two North African honey bee subspecies. Previous studies have demonstrated that both taxa belong mainly
to the African evolutionary lineage (lineage A), while also revealing substantial geographic variation and complex
patterns of gene flow influenced by natural exchanges and modern beekeeping practices. Beyond summarizing
existing results, this review highlights the interactions between genetic background, environmental adaptation,
pathogen pressure, and anthropogenic impacts. Available evidence suggests that local adaptation represents a
major component of colony resilience, but that increasing threats, including Varroa destructor, associated viruses,
nutritional stress, pesticides, climate change, and uncontrolled genetic introgression, may compromise the long-
term persistence of native populations. Future conservation programs should integrate genomic monitoring,
protection of local genetic resources, sustainable breeding strategies, and improved management practices adapted
to North African apicultural systems. Preserving 4. m. intermissa and A. m. sahariensis is essential not only for
maintaining honey bee biodiversity but also for securing pollination services and ecological stability in a region
highly exposed to environmental change.

Keywords: Apis mellifera intermissa; Apis mellifera sahariensis; genetic diversity; adaptation; Varroa
destructor; conservation; North Africa.
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Introduction

Honey bees (Apis mellifera) are among the most ecologically and economically important pollinators
worldwide. Through their contribution to the reproduction of wild plants and cultivated crops, they play
a central role in maintaining biodiversity and supporting agricultural systems (Klein et al., 2007). Their
pollination activity is particularly important for fruit, oilseed, and vegetable production, making honey
bee conservation closely linked to global food security and ecosystem functioning. North Africa
represents a unique region for honey bee diversity because of its complex environmental gradients,
ranging from Mediterranean ecosystems in the north to extremely arid Saharan environments in the
south. These contrasting habitats have shaped the evolution of two native subspecies: Apis mellifera
intermissa (Tellian bee) and Apis mellifera sahariensis (Saharan bee).

Apis mellifera intermissa is distributed mainly across northern Algeria, Morocco, and Tunisia, where
populations experience Mediterranean and semi-arid climatic conditions. This subspecies is
characterized by several traits considered favorable for survival under variable environments, including
efficient exploitation of floral resources, high defensive behavior, and tolerance to local climatic
constraints (Haddad et al., 2018). In contrast, Apis mellifera sahariensis occupies Saharan and pre-
Saharan regions and represents one of the most specialized honey bee populations adapted to extreme
arid environments. Its survival depends on a combination of physiological and behavioral mechanisms
allowing colonies to cope with high temperatures, irregular floral resources, and prolonged periods of
environmental stress (Haddad et al., 2017).

Although numerous studies have investigated African honey bee diversity, available information
remains fragmented among different research fields. Genetic studies have mainly focused on
phylogeography and population structure, whereas morphological and physiological studies have
addressed adaptation mechanisms, and pathological studies have examined colony health independently.
A comprehensive synthesis integrating these dimensions in the specific context of North African native
subspecies remains limited. The objective of this review is therefore to provide a critical synthesis of
current knowledge on A. m. intermissa and A. m. sahariensis by examining the relationships between
genetic diversity, adaptive traits, health challenges, and conservation needs. Rather than only describing
differences between subspecies, this review discusses how evolutionary history, environmental
conditions, and human activities interact to shape the present status and future prospects of these
valuable genetic resources.

Understanding these interactions is particularly important because honey bee populations are currently
exposed to multiple interacting pressures. Worldwide, colony health is threatened by parasites such as
Varroa destructor, associated viral infections, microsporidian diseases, pesticide exposure, habitat
degradation, and climate change (Adjlane et al., 2018; Doublet et al., 2015). In North Africa, these
pressures may be amplified by environmental fragility and by intensive beekeeping practices involving
colony movements and queen exchanges.

Consequently, the conservation of native North African honey bees requires approaches that combine
genetic preservation, ecological management, and sustainable apicultural practices. Protecting these
locally adapted populations represents not only a biodiversity objective but also an essential component
of maintaining resilient pollination systems under future environmental change.

Genetic diversity and population structure
1 Evolutionary lineages and molecular diversity

Molecular approaches, particularly mitochondrial DNA analysis of the COI-COII intergenic region,
have provided fundamental information about the evolutionary history and diversity of North African
honey bees. These markers have confirmed that populations of A. m. intermissa and A. m. sahariensis
belong mainly to the African evolutionary lineage (lineage A), which distinguishes them from European
lineages M and C (Franck et al., 2001; Haddad et al., 2015).

Studies conducted in Algeria have revealed considerable mitochondrial diversity within native
populations. Analysis of the COI-COII region identified numerous haplotypes, including several
previously undescribed variants, indicating that Algerian honey bees represent an important reservoir of
genetic diversity (Bouga et al., 2011). The presence of common haplotypes shared between
geographically distant populations suggests that some ancestral genetic components are widely
distributed across North Africa. However, the interpretation of mitochondrial diversity should be
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approached carefully because mitochondrial markers represent only maternal inheritance and do not
fully describe nuclear genetic variation.

Recent studies based on complementary markers, including microsatellites and genomic approaches,
indicate that population differentiation is influenced by both ecological gradients and human-mediated
movements. Therefore, current evidence suggests a complex evolutionary pattern combining historical
adaptation, geographic structure, and recent gene flow.

Differences in COI-COII structural patterns, including P0OQ, P0QQ, and POQQQ variants, further
support the existence of genetic variability among North African populations. Nevertheless, additional
genome-wide studies are still required to determine which genomic regions are associated with local
adaptation and ecological specialization.

2 Population structure and hybridization

The population structure of North African honey bees reflects the combined influence of geography,
environmental conditions, and beekeeping practices. Studies using microsatellite markers have
suggested differentiation between Saharan populations of 4. m. sahariensis and Tellian populations of
A. m. intermissa, with the Atlas Mountains acting as an important geographic barrier (Barour et al.,
2011).

However, this differentiation is not absolute. Several studies have detected genetic admixture between
populations, particularly in regions where colony movements and queen exchanges are frequent. Such
patterns indicate that human activities have modified natural population boundaries by increasing gene
flow between previously separated groups.

The available evidence suggests that hybridization mainly occurs between African populations rather
than through extensive introgression from European lineages. Nevertheless, the magnitude and
biological consequences of this gene flow remain insufficiently resolved.From a conservation
perspective, genetic mixing should not automatically be considered harmful because gene flow may
increase genetic variability. However, uncontrolled introgression may also reduce locally adapted gene
combinations that contribute to survival under specific environmental conditions. Future conservation
programs should therefore aim to balance genetic diversity maintenance with preservation of regional
adaptation.

Morphometric and adaptive traits
1 Morphometric diversity and wing geometry

Morphometric analyses have historically represented one of the main approaches for identifying honey
bee subspecies and describing geographical variation within Apis mellifera. Traditional measurements,
including body size, proboscis length, thorax dimensions, and wing parameters, have contributed to the
characterization of North African honey bees. However, these approaches often show overlapping
phenotypes between populations, limiting their ability to clearly separate closely related subspecies
(Ruttner, 1988).

In A. m. intermissa and A. m. sahariensis, classical morphometric studies generally indicate relatively
small differences between populations, suggesting that environmental variation and gene flow may
contribute to continuous phenotypic variation rather than strict morphological boundaries (Bendjedid &
Achou, 2014; Abed et al., 2021).

Geometric morphometric approaches based on wing landmark configurations have provided a more
detailed understanding of population differentiation. These analyses consider the relative position of
wing veins and are less affected by overall body size variation. Several studies have reported differences
in wing shape associated with climatic conditions and geographical origin.

Saharan populations of 4. m. sahariensis frequently display wing configurations characterized by longer
and narrower shapes, which may contribute to flight efficiency under arid conditions where colonies
must exploit dispersed floral resources. Conversely, 4. m. intermissa populations generally show
morphological characteristics associated with Mediterranean and semi-arid environments, where floral
resources are often more spatially concentrated (Abed et al., 2021; Bakhchou et al., 2025).
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Fig 1: Summary geographical distribution of races and varieties of the species Apis mellifera.
According to Franck et al., 2001

However, these morphological differences should not be interpreted as completely independent
adaptations. Several studies have identified intermediate phenotypes, particularly in regions where
colony exchanges occur between ecological zones. This suggests that wing morphology results from a
combination of genetic background, environmental influence, and historical gene flow. Therefore,
morphometric variation provides valuable information about adaptation but should ideally be integrated
with molecular data to improve subspecies identification and conservation decisions.

2 Physiological and behavioral adaptations

The contrasting environments occupied by 4. m. intermissa and A. m. sahariensis have favored the
development of different adaptive strategies. These adaptations involve physiological mechanisms,
colony organization, and behavioral responses that influence survival under environmental stress.

Apis mellifera sahariensis is particularly adapted to conditions characterized by high temperatures,
limited water availability, and irregular floral resources. Experimental observations indicate that
Saharan bees may tolerate nutritional stress more effectively than Tellian populations, possibly through
improved resource storage strategies and metabolic adjustments allowing colonies to maintain activity
during unfavorable periods (Benchaabane et al., 2022). The ability to efficiently regulate colony
resources is particularly important in desert ecosystems, where periods of floral abundance can be short
and unpredictable. Enhanced nectar and pollen storage, combined with behavioral flexibility, may
contribute to colony persistence under harsh conditions.

In contrast, 4. m. intermissa shows strong behavioral traits associated with survival in variable
Mediterranean environments. Among these traits, hygienic behavior and grooming activity are
particularly important because they contribute to resistance mechanisms against parasites such as
Varroa destructor (Boecking & Ritter, 1993; Adjlane & Haddad, 2014).
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The differences between the two subspecies should not be considered as a simple contrast between
"more resistant" and "less resistant”" populations. Instead, they represent different adaptive strategies
shaped by ecological pressures. Saharan bees appear particularly specialized for resource limitation and
thermal stress, whereas Tellian bees show traits associated with pathogen defense and fluctuating
resource environments. Behavioral plasticity may therefore represent a key component of resilience.
Foraging strategies, daily activity rhythms, and colony regulation mechanisms allow local populations
to cope with environmental variability.

Nevertheless, the adaptive value of these traits requires further investigation using integrated approaches
combining experimental biology, genomics, and ecological monitoring.

Pathologies, parasites, and environmental stress factors

Honey bee health is influenced by a complex interaction between parasites, pathogens, environmental
conditions, and management practices. Although North African honey bees possess locally adapted
traits that may increase resilience, they remain exposed to multiple interacting stressors that can
compromise colony survival.

1 Varroa destructor and associated viral infections

The ectoparasitic mite Varroa destructor represents one of the most significant threats to managed honey
bee colonies worldwide. The parasite weakens bees by feeding on host tissues and acts as an important
vector of viral pathogens, particularly Deformed Wing Virus (DWV) (Rosenkranz et al., 2010).

In North Africa, Varroa destructor has become established in many apiaries, creating an important
challenge for local beekeeping systems. Studies on A. m. intermissa indicate that this subspecies exhibits
relatively developed grooming and hygienic behaviors, which may reduce mite reproduction and
infestation levels compared with more susceptible populations (Boecking & Ritter, 1993).

However, these natural defense mechanisms do not provide complete protection. Under high infestation
pressure, colonies may experience increased viral infection, reduced brood survival, and higher
mortality risk (Claing et al., 2024). The interaction between Varroa and viruses illustrates an important
principle in honey bee health: resistance traits alone cannot compensate for excessive environmental
pressure. Effective management requires combining natural resistance, monitoring programs, and
appropriate control strategies.

2 Nosema infections and emerging pathogens

Microsporidia of the genus Nosema, particularly Nosema apis and Nosema ceranae, are widespread
pathogens affecting honey bee colonies. Infection can reduce lifespan, alter foraging behavior, and
negatively influence colony development (Botias et al., 2013).

Studies conducted in Algerian populations have revealed complex parasite and virus patterns in 4. m.
intermissa and A. m. sahariensis, suggesting that disease expression depends strongly on environmental
context and host—pathogen interactions (Adjlane et al., 2016).

Although some local populations may display partial tolerance, chronic infections can become
problematic when combined with nutritional stress, pesticide exposure, or high colony density. Further
studies are required to determine whether observed differences among subspecies reflect genetic
resistance mechanisms or simply variation in environmental exposure.

3 Pesticides and combined stress effects

Agricultural intensification has increased honey bee exposure to chemical stressors, including
neonicotinoid insecticides. Compounds such as thiamethoxam may induce sublethal effects affecting
immunity, detoxification pathways, behavior, and metabolism (Benchadbane et al., 2022).

Importantly, current evidence indicates that pesticide exposure rarely acts alone. The most severe
impacts on colony health often result from interactions among pesticides, pathogens, and nutritional
limitations (Doublet et al., 2015). For example, reduced floral diversity may decrease pollen quality
and weaken immune responses, increasing susceptibility to parasites and infections (Naug, 2009; Alaux
et al., 2010).

This multi-stressor perspective is particularly relevant for North African honey bees because climate
change, habitat degradation, and agricultural transformation are occurring simultaneously. Even
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populations with strong adaptive capacities may become vulnerable when multiple pressures exceed
their physiological limits. Understanding these interactions represents a major priority for future
research and for developing management strategies adapted to local conditions.

Anthropogenic and environmental threats

The conservation status of Apis mellifera intermissa and Apis mellifera sahariensis is increasingly

influenced by a combination of environmental changes and human activities. While these subspecies
have evolved under strong ecological constraints and display remarkable adaptive capacities, current
pressures may exceed their natural resilience, particularly when several stressors act simultaneously.

1 Climate change and ecological constraints

Climate change represents one of the most important long-term challenges for honey bee populations.
Increasing temperatures, prolonged drought periods, and changes in precipitation patterns can modify
floral phenology, reduce nectar availability, and alter the synchronization between bee activity and plant
flowering periods (Le Conte & Navajas, 2008).

These effects are particularly relevant in North Africa, where many ecosystems are already characterized
by water limitation and seasonal resource availability. In Saharan and pre-Saharan regions,
desertification and habitat degradation may progressively reduce the availability of suitable forage
resources for A. m. sahariensis. Although this subspecies possesses remarkable adaptations to arid
environments, rapid environmental changes may challenge its adaptive capacity. The combination of
increasing temperatures, reduced floral diversity, and pathogen pressure may create conditions beyond
those experienced during its evolutionary history.

Similarly, 4. m. intermissa populations in Mediterranean and semi-arid areas may be affected by shifts
in vegetation dynamics and agricultural transformation. Changes in flowering periods may reduce
colony nutritional balance and influence reproductive success. Future studies should therefore focus on
identifying whether local populations possess sufficient genetic variation to respond to future climatic
scenarios.

2 Habitat loss, agricultural intensification, and nutritional stress

The reduction of natural habitats represents another major threat to honey bee populations. The
conversion of diverse landscapes into simplified agricultural systems reduces the availability of multiple
pollen and nectar sources required for colony development.

Nutritional stress has important consequences for honey bee physiology because pollen diversity
directly influences immune competence, longevity, and resistance to pathogens (Naug, 2009; Alaux et
al., 2010). In North Africa, these problems are intensified by recurrent droughts, land degradation, and
changes in agricultural practices. Reduced floral diversity may particularly affect colonies during critical
periods when alternative resources are unavailable.

Importantly, nutritional stress does not only affect colony productivity but also modifies disease
susceptibility. Colonies experiencing poor nutrition may become more vulnerable to Varroa, viral
infections, and pesticide effects. Therefore, habitat restoration and improvement of floral resources
around apiaries should be considered essential components of honey bee conservation.

3 Beekeeping practices, colony movements, and genetic introgression

Modern apiculture has significantly influenced honey bee population dynamics. The movement of
colonies, queen replacement, and introduction of foreign genetic material can modify the genetic
structure of native populations. In North Africa, transhumance and exchange of queens between regions
may increase gene flow between A. m. intermissa and A. m. sahariensis. Although gene flow can
contribute to genetic diversity, uncontrolled mixing may reduce locally adapted genetic combinations.

The consequences of introgression remain insufficiently understood because available studies are based
on different markers and limited geographic sampling. Therefore, further genomic investigations are
required before defining precise conservation thresholds. From a health perspective, intensive colony
movement also increases the risk of pathogen dissemination. Apiaries with high colony density may
facilitate the spread of Varroa, viruses, and microsporidian infections (Seeley & Smith, 2015).
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Consequently, sustainable management should balance the economic objectives of beekeeping with the
preservation of native genetic resources.

Stress Factors Affecting Honey Bees
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Fig. 2: Figure created by the authors using Al-assisted design tools and based on an integrative
synthesis of published literature (Le Conte and Navajs, 2008; Naug, 2009; Rosenkranz et al , 2010;
Goulson et al., 2015)
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Conservation strategies for North African honey bees

The conservation of A. m. intermissa and A. m. sahariensis requires an integrated approach combining
genetic protection, ecological management, disease control, and sustainable apicultural practices.

1 Preservation of genetic diversity and local adaptation

Genetic diversity represents the foundation of evolutionary potential and allows populations to respond
to environmental changes. North African honey bees contain valuable genetic variation that should be
considered a strategic biological resource. One priority action is the creation of genetic conservation
zones representing different ecological regions. These areas should limit uncontrolled queen importation
and encourage the maintenance of locally adapted colonies.

Such conservation areas should be supported by regular monitoring programs using complementary
approaches:

e mitochondrial DNA analysis for maternal lineage identification;

e microsatellite markers for population structure studies;

e SNP-based genomic approaches for detecting adaptation-related variation;
e morphometric analyses for phenotypic monitoring.

However, conservation should not aim to completely eliminate gene flow because some genetic
exchange may increase adaptive potential. The objective should instead be the preservation of regional
genetic identity while maintaining sufficient diversity.

2 Breeding programs based on local adaptive traits

Selective breeding represents an important opportunity to improve colony health while conserving
native genetic resources. European experiences have demonstrated that selection for hygienic behavior,
grooming ability, and reduced mite reproduction can increase resistance to Varroa destructor (Biichler
et al., 2010).
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For North African honey bees, breeding programs should prioritize locally expressed traits rather than
replacing native populations with imported genetic material. Important traits include:

e hygienic behavior;

e parasite tolerance;

e thermal adaptation;

e cfficient resource exploitation;

e colony survival under drought conditions.

Such programs should combine scientific evaluation with beekeeper participation to ensure that selected
traits correspond to both ecological adaptation and practical apicultural needs.

3 Sustainable beekeeping and policy recommendations
Long-term conservation cannot be achieved without improving management practices.
Priority actions for North African apiculture include:

1. Establishing standardized health monitoring programs for early detection of pathogens.

2. Promoting responsible control of Varroa destructor based on integrated pest management rather
than excessive chemical treatments.

3. Improving forage availability through restoration of native flowering plants and biodiversity-
friendly agricultural practices.

4. Regulating queen importation and colony movement to reduce uncontrolled genetic
introgression.

5. Developing training programs to improve beekeeper awareness regarding conservation and
disease prevention.

These measures should be incorporated into national agricultural and environmental policies because
honey bee conservation contributes directly to crop production, biodiversity protection, and ecosystem
stability.

Integrated Strategies for Honey Bee Conservation
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Conclusions and future perspectives

North African honey bees, particularly Apis mellifera intermissa and Apis mellifera sahariensis,
represent unique genetic resources resulting from long-term adaptation to contrasting Mediterranean
and Saharan environments. Current evidence demonstrates that these subspecies possess important
biological characteristics related to environmental tolerance, resource exploitation, and colony
resilience. However, their future persistence is threatened by a combination of interacting factors,
including parasites, pathogens, pesticide exposure, climate change, habitat degradation, and changes in
beekeeping practices.

The available literature highlights the importance of considering honey bee conservation from an
integrative perspective. Genetic diversity alone cannot explain population resilience; adaptive traits,
ecological conditions, and management practices must also be considered.

Future research should focus on:

e genome-wide characterization of North African populations;

o identification of genes associated with thermal tolerance and disease resistance;
¢ long-term monitoring of genetic erosion and introgression;

e cvaluation of adaptation under future climate scenarios;

e development of conservation breeding programs.

Ultimately, protecting A. m. intermissa and A. m. sahariensis requires cooperation between researchers,
beekeepers, agricultural authorities, and conservation organizations. Maintaining these native
subspecies represents not only the preservation of honey bee biodiversity but also an essential
investment in sustainable agriculture and ecosystem resilience in North Africa.
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