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            Abstract
          
        

        
          Honey bees are important pollinators but facing threats from ectoparasitic mites of Varroa destructor and Tropilaelaps mercedesae. Nationwide monitoring of mites and associated beekeeping and landscape factors was conducted in 2024-2025. Honey bee parasitic mites were collected by sugar dusting method. Management factors were questioned, and landscape factors were extracted from geographic information system. Infestation levels per hive were 13.16±22.45 Varroa and 0.12±0.30 Tropilaelaps in 2024, and 5.09±7.95 Varroa and 0.02±0.08 Tropilaelaps in 2025, with a statistically significant difference observed in Varroa between years. In 2024, Tropilaelaps detection was significantly higher in migratory apiaries than in stationary ones. Landscape analysis revealed that Varroa infestation was significantly higher in non-dominant type. These findings indicate that year-to-year variation, migratory beekeeping, and landscape composition influence mite distribution. Implementing targeted surveillance and seasonally adjusted management could enhance control of honey bee ectoparasitic mites and support sustainable apiculture in Korea.
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      INTRODUCTION
      Beekeeping plays a vital role in agricultural systems, generating farm income through hive products such as honey, royal jelly, and propolis, while also contributing to food security through pollination services (Lee et al., 2010). In Korea, 26,686 farms managed 2.58 million colonies in 2023 (MAFRA, 2024). The colony density per unit area averages 11.67 colonies/km2, which is 3.8-130 times higher than that of other countries (Jeong et al., 2016; Sampat and Jung, 2016). The economic value of pollination services provided by honey bees has been estimated at 5.9 trillion KRW (Jung, 2008), with insect pollination contributing to 28% of national crop production - equivalent to 6.8 trillion KRW (Jung, 2008; Jung and Shin, 2022). Globally, approximately 75% of major food crops depend on pollination, accounting for 30% of crop yield (Buchmann, 1996; Klein et al., 2007; Jung, 2008).

      Despite their economic and ecological importance, honey bee colonies have suffered recurrent large-scale losses. Colony Collapse Disorder (CCD) was first reported in the United States in 2006 (vanEngelsdorp et al., 2007), and widespread overwintering losses were observed in Korea in 2022 (Jung and Bae, 2022; Lee et al., 2022). Over the past decades, repeated reports of global mass colony losses have emerged (Minaud et al., 2024; Kang et al., 2025), attributed to multiple interacting stressors, including ectoparasitic mites, nutritional stress, pesticides, climate change, and queen loss (Johnson et al., 2010; Hristov et al., 2020; Lee et al., 2022). Surveys in Korea identified ectoparasitic mites and acaricide treatment frequency as key drivers of overwintering mortality (Kang et al., 2024).

      The two most damaging ectoparasites of Apis mellifera are Varroa destructor (Anderson and Trueman, 2000, hereafter “Varroa”) and Tropilaelaps mercedesae (Anderson and Morgan, 2007, hereafter “Tropilaelaps”). Varroa originally parasitized A. cerana (Oudemans, 1904; Delfinado, 1963), but shifted hosts to A. mellifera in the 1960s, leading to its current global distribution (Matheson, 1995; Anderson and Roberts, 2013). Tropilaelaps, initially associated with A. dorsata and A. laboriosa (Burgett et al., 1983; Oldroyd and Wongsiri, 2009), shifted to A. mellifera in the 1970s and has since expanded into Central Asia and Europe, with recent detections in Russia and Georgia (Brandorf et al., 2024; Janashia et al., 2024; Namin et al., 2024). Both species parasitize brood, feeding on hemolymph and fat body (de Guzman et al., 2017; Ramsey et al., 2019). This parasitism reduces host survival, alters immune- and metabolism-related gene expression, and facilitates the spread of pathogens such as Deformed Wing Virus (DWV), which causes wing deformities and impairs flight ability (Martin et al., 2012; Zanni et al., 2017).

      Although the impacts of these mites are well established, most studies in Korea have been restricted to specific regions or single years (Truong et al., 2023). Meanwhile, high colony densities and migratory beekeeping practices are thought to exacerbate mite infestation and spread (Nolan IV and Delaplane, 2017; Martínez-López et al., 2022). However, nationwide empirical data linking mite occurrence with management practices remain limited.

      This study investigates the nationwide distribution of Varroa and Tropilaelaps in Korea during 2024-2025. It also examines correlations between mite prevalence and management factors such as beekeeper experience, colony number, migratory beekeeping, and overwintering mortality. These results provide a foundation for developing integrated pest management (IPM) strategies for sustainable apiculture.

    

    

  
    
      MATERIALS AND METHODS
      
        1. Survey and collection of ectoparasitic mites
        Monitoring was conducted in seven provinces of Korea from June to July 2024 and again from June to July 2025. For sampling, participating beekeepers were provided with powdered sugar, flexible paper sheets, collection containers, and written instructions. The sampling procedure followed the method of Stanimirović et al. (2011) and Oh and Jung (2025). Sampling was conducted at five hives per apiary, and the detailed method is as follows. A flexible sheet of paper was placed on the bottom board of the hive, and powdered sugar was dusted over the areas of combs where bees were densely clustered so that the sugar adhered to their bodies. Beekeepers were instructed to fill the collection container completely with powdered sugar and to apply the entire amount once per hive. When the container was filled to the top, the powdered sugar weighed approximately 70 g. The sugar was sprinkled between the comb frames, and after approximately 10 minutes, the powdered sugar that had fallen to the bottom of the hive was collected. To minimize variability among apiaries, all participants used identical materials and received standardized written instructions. Samples were transported at ambient temperature. Beekeepers then transferred the collected material into the provided containers and sent the samples to GyeongKuk National University. In the laboratory, the powdered sugar was dissolved in water. Mites were then identified and counted under a stereomicroscope based on the morphological keys Anderson and Trueman (2000) and Anderson and Morgan (2007). Mite abundance was expressed as the number of mites per hive for subsequent statistical analyses.

      

      
        2. Questionnaire to beekeepers
        A structured survey consisting of five items was conducted to assess colony management factors. The questionnaire included: (i) apiary location, (ii) beekeeping experience, (iii) number of managed colonies at the time of sampling, (iv) practice of migratory beekeeping, and (v) overwintering mortality rate. The reasons for selecting these variables are as follows. Apiary location was recorded to allow potential landscape analysis. Beekeeping experience was included as an indicator of management skill level. The number of managed colonies was considered because larger apiaries are more likely to promote the spread of mites (Kulhanek et al., 2021). Overwintering mortality was surveyed since ectoparasitic mites are recognized as a major driver of winter losses (Claing et al., 2024). Migratory beekeeping was included because colony movements may increase the risk of mite transmission and infestation (Martínez-López et al., 2022).

      

      
        3. Landscape analysis of apiary locations
        Based on the survey responses, the latitude and longitude of each apiary were identified using Google Earth. Considering the dispersal characteristics of ectoparasitic mites that parasitize and move with honey bees, the surrounding environment within a 1.5 km radius was selected as the study area. Environmental variables were derived from the National Environmental Spatial Information Service (www.data.neins.go.kr) using the broad-category land cover classification map. Land cover types were categorized into coniferous forest, deciduous forest, mixed forest, rice paddies, dry fields, residential areas, rivers (and coastal areas), roads, vacant land and green space. Landscape analysis was conducted using QGIS software (ver. 3.16.1) to examine the major environmental variables associated with each site.

      

      
        4. Statistical analysis
        Depending on data normality, differences in mite detection between years were analyzed using the Mann-Whitney U test, and regional differences within each year were analyzed using the Kruskal-Wallis test. Year-to-year differences within each province were also evaluated using the Mann-Whitney U test. The relationships between mite detection and management factors were examined using Spearman’s correlation analysis, while differences according to the presence or absence of migatory beekeeping were assessed using the Mann-Whitney U test. For the landscape analysis, nine land-cover variables within a 1.5 km radius of each apiary were standardized and subjected to principal component analysis (PCA) to obtain four principal component scores. The sites were then classified into clusters using K-means clustering, and differences among clusters were evaluated with the Kruskal-Wallis test. All statistical analyses were performed using SPSS for Windows version 17.0 (IBM, Armonk, NY, USA).

      

    

    

  
    
      RESULTS
      
        1. Distribution of Varroa and Tropilaelaps
        The number of mites detected by year was as follows: in 2024, Varroa averaged 13.16±22.45 per colony, while Tropilaelaps averaged 0.12±0.30. In 2025, Varroa averaged 5.09±7.95, and Tropilaelaps averaged 0.02±0.08. The Varroa difference between years was statistically significant (U=2064.5, Z= -2.598, p<0.01).

        The detection levels of Varroa and Tropilaelaps in 2024 are summarized in Table 1. A total of 95 beekeeping farms were surveyed in 2024, including 3 in Gangwon, 13 in Gyeonggi, 10 in Gyeongsangnam, 43 in Gyeongsangbuk, 6 in Jeollanam, 14 in Chungcheongnam, and 6 in Chungcheongbuk. In each apiary, five colonies were examined, and colony-level data were used for the statistical analysis. Regional comparisons were conducted using the Kruskal-Wallis test. For Varroa, no significant differences were observed among regions, whereas for Tropilaelaps, regional differences were statistically significant(H=23.869, p<0.001).

        
          Table 1. 
				
          

          
            Mite density per hive and infestation rate per apiary (%) from seven provinces in Korea surveyed during June to July 2024 and 2025 by sugar dusting method.
          
          

        

        
          
            
              	Province
              	
                Varroa
              
              	Tropilaelaps
            

            
              	N
              	2024
              	2025
              	N
              	2024
              	2025
            

            
              	Mites/hive
              	Infestation/apiary (%)
              	Mites/hive
              	Infestation/apiary (%)
              	Mites/hive
              	Infestation/apiary (%)
              	Mites/hive
              	Infestation/apiary (%)
            

          
          
            	Gangwon
            	3
            	51.8 ± 43.03
            	100
            	3.06 ± 1.47
            	100
            	3
            	0b
            	0
            	0
            	0
          

          
            	Gyeonggi
            	13
            	15.2 ± 13.29
            	100
            	7.06 ± 10.83
            	100
            	11
            	0.14 ± 0.32b
            	23.1
            	0
            	0
          

          
            	Gyeongsangnam
            	10
            	3.8 ± 1.90
            	90
            	0.60 ± 0.25
            	100
            	2
            	0.04 ± 0.20b
            	20
            	0
            	0
          

          
            	Gyeongsangbuk
            	43
            	12.3 ± 8.95
            	97.7
            	3.31 ± 11.67
            	88.9
            	27
            	0.13 ± 0.17b
            	27.9
            	0.03 ± 0.15
            	11.1
          

          
            	Jeollanam
            	6
            	26.13 ± 17.33
            	100
            	9.35 ± 11.67
            	100
            	3
            	0.60 ± 0.21a
            	83.3
            	0.13 ± 0.32
            	33.3
          

          
            	Chungcheongnam
            	14
            	9.84 ± 5.27
            	100
            	9.31 ± 9.31
            	100
            	9
            	0.01 ± 0.05b
            	7.1
            	0
            	0
          

          
            	Chungcheongbuk
            	6
            	5.57 ± 2.57
            	100
            	1.93 ± 2.12
            	66.7
            	3
            	0b
            	0
            	0
            	0
          

          
            	Overall
            	95
            	13.16 ± 22.45
            	97.9
            	5.09 ± 7.95
            	91.4
            	58
            	0.12 ± 0.30
            	26.3
            	0.02 ± 0.08
            	6.9
          

        

        
          
            N indicates the number of apiaries surveyed.
          

          
            Different superscript letters (a, b) within the same column indicate significant differences among regions (Kruskal-Wallis test with post-hoc comparisons, p<0.05).
          

        

        

        In 2025, surveys were conducted on 3 farms in Gangwon, 11 in Gyeonggi, 2 in Gyeongsangnam, 27 in Gyeongsangbuk, 3 in Jeollanam, 9 in Chungcheongnam, and 3 in Chungcheongbuk. Again, five colonies per apiary were examined, and colony-level values were used for regional comparisons. The Kruskal-Wallis test showed no statistically significant regional differences for either Varroa or Tropilaelaps. However, interpretation of the results is limited in some provinces (Gangwon, Gyeongsangnam, Chungcheongbuk) due to small sample sizes (n≤3).

        When comparing regional differences between years, Varroa in Gyeongsangbuk showed a statistically significant difference (U=363.0, Z= -2.626, p<0.01). No significant differences between years were observed in other provinces.

      

      
        2. Relationship with management factors
        The relationships between mite detection and beekeeping experience, number of managed colonies at the time of sampling, and overwintering mortality were analyzed. The analysis was conducted only on responses received from participating beekeepers. In 2024, 31 beekeepers reported practicing migratory beekeeping, while 50 operated stationary beekeeping. No significant correlations were found between Varroa or Tropilaelaps infestations and any of these factors. When comparing detection levels according to migratory beekeeping, Varroa infestation averaged 16.2±24.6 mites per hive in migratory apiaries and 12.5±20.7 in stationary apiaries, showing no significant difference between the two groups. In contrast, Tropilaelaps infestation averaged 0.22±0.39 mites per hive in migratory apiaries and 0.09±0.27 in stationary apiaries, showing a statistically significant difference (U=600.0, Z= -2.114, p<0.05; Fig. 1). In 2025, 29 beekeepers practiced migratory beekeeping and 27 operated stationary beekeeping, and no significant correlations were observed between mite detection and beekeeping experience, colony number, or overwintering mortality. No significant difference was also found between migratory and stationary apiaries.

        
          
          

          Fig. 1. 
				
          

          
            Numbers of Varroa (a) and Tropilaelaps (b) mites per hive (mean±SD) were compared with beekeeping type in 2024. Asterisks indicate statistically significant differences between beekeeping types(Mann-Whitney U test, p<0.05).
          
          

          

        

      

      
        3. Landscape analysis
        Landscape variables included coniferous forest, deciduous forest, mixed forest, dry fields, rice paddies, residential areas, roads, vacant land, and green space. Principal component analysis (PCA) was performed to extract four principal component scores, which were then used for K-means clustering. As a result, all surveyed apiaries were classified into four clusters. Cluster 1 showed the highest score for the “roads, residential areas, and vacant land” component and was therefore classified as the urban type. Cluster 2 showed a high score for the “mixed forest” component and was classified as the green type. Cluster 3 had low scores across all PCA components and was defined as the non-dominant type. Cluster 4 showed a high “dry fields and rice paddies” score and was classified as the agricultural type. Based on the four clusters identified by K-means clustering, the abundance of Varroa was compared, showing a statistically significant difference among clusters (H=14.527, p<0.01). In contrast, Tropilaelaps showed no significant difference among clusters. In 2025, the same analytical procedure was applied. In 2025, neither Varroa nor Tropilaelaps showed statistically significant differences among clusters.

        
          
          

          Fig. 2. 
				
          

          
            Mean number of Varroa per colony (mean±SD) detected in 2024 were compared with the landscape types by the K-mean clustering analysis. Clusters were represented as the urban, green, non-dominant, and agricultural types. Asterisks indicate statistically significant differences among clusters(Kruskal-Wallis test, p<0.05).
          
          

          

        

      

    

    

  
    
      DISCUSSION
      This study analyzed the nationwide distribution of ectoparasitic mites of honey bees and their relationships with management and landscape factors in Korea during 2024-2025. In both 2024 and 2025, Varroa were detected in most apiaries, indicating a widespread national distribution. No significant regional differences were found in Varroa detection, suggesting that Varroa is evenly distributed across regions, consistent with previous reports (Truong et al., 2023). In contrast, Tropilaelaps were detected at much lower levels. The abundance ratio of Varroa to Tropilaelaps was within the range of 50-100 to one, implying that parasitic pressure from Varroa is much higher than from Tropilaelaps in Korea.

      The results showed that mite detection levels were generally lower in 2025 than in 2024. A comparison of average air temperatures between the two years revealed that those in February and April 2025 were significantly lower than in 2024 (Paired t-test, February: t=6.002, p<0.001; April: t=2.753, p<0.05). Low temperatures during spring are known to delay post-winter oviposition and the recovery of colony strength and can also negatively affect brood and larval survival (Wang et al., 2016). Considering that Varroa and Tropilaelaps mites parasitize within brood cells (de Guzman et al., 2017; Ramsey et al., 2019), the lower temperatures observed in February and April 2025 likely delayed or reduced brood production, which may have resulted in lower mite densities at the time of the June-July survey. In contrast, the relatively mild winter and early spring of 2024 may have accelerated queen oviposition and brood rearing, creating suitable conditions for mite reproduction even before the main breeding season. Warmer winters can extend brood availability, enabling continuous mite reproduction and faster population growth (Rajagopalan et al., 2024). Therefore, interannual variation in temperature likely influenced both brood dynamics and subsequent mite densities observed in each year.

      In 2024, significant regional differences of Tropilaelaps abundance were observed. Among the apiaries sampled in Jeollanam Province where Tropilaelaps detection was highest (83.3%) practiced migratory beekeeping. This is consistent with the finding that Tropilaelaps detection was significantly higher in migratory apiaries than in stationary ones. Tropilaelaps cannot feed on adult bees and parasitize only brood (Woyke, 1994). Consequently, their phoretic period on adult bees is short (Woyke, 1987; Jung et al., 2014). However, a recent study confirmed the presence of Tropilaelaps on foraging bees exiting colonies, indicating possible phoretic transmission (Tokach et al., 2025). Therefore, the higher detection of Tropilaelaps in certain regions may be associated with migratory beekeeping. In the Korean context, Varroa populations typically increase through late summer, coinciding with the rearing of long-lived winter bees in September-October (Jung, 2015). Tropilaelaps mercedesae shows a similar but slightly earlier peak in other Asian regions, with infestation rates highest in early to mid-autumn (Luo et al., 2011). Given that our surveys were conducted in early summer(June-July), it is likely that both mite populations-especially in 2025 when brood development was delayed by lower spring temperatures-had not yet reached their seasonal peaks. Consequently, yearly differences in temperature and brood dynamics may have influenced the overall detection levels observed between the two years. In 2025, neither species showed significant differences related to migratory practices or regional distribution, likely due partly to small sample sizes in some provinces (n≤3), which limited reproducibility of the 2024 pattern. No significant correlations were observed between mite detection and management factors such as beekeeping experience, colony number, or overwintering mortality in either year.

      Landscape analysis, using PCA-based K-means clustering, categorized apiaries into four landscape types: urban, green, non-dominant, and agricultural. In 2024, Varroa detection differed significantly among clusters, with relatively higher levels observed in the non-dominant landscapes, while Tropilaelaps showed no significant difference. In 2025, neither species showed significant differences among clusters. The mixed type represents a mosaic landscape characterized by fragmented patches of multiple land-cover elements within a 1.5 km radius (Wiens, 1995). Such heterogeneous landscapes create overlapping foraging zones among colonies, which could be associated with increased contact rates between bees and the horizontal transmission of ectoparasitic mites(Rittschof and Nieh, 2021).

      In 2025, the absence of significant differences among clusters may reflect that the same apiaries were not surveyed in both years, and interannual contextual factors may have moderated cluster differences. Landscape ecology emphasizes that the effects of landscape patterns are context-dependent and vary according to spatial scale, year, and resource conditions (Turner, 1989). Honey bee colonies are likewise strongly influenced by surrounding environmental conditions. Previous long-term studies have shown that year effects can exceed land-use effects, and that in some years, year×landscape interactions amplify or alter landscape effects (Smart et al., 2016). In this study, mite detection levels were generally lower in 2025, median cluster values were similar, and the number of apiaries with zero detection increased, reducing statistical power. Thus, the weakened contrasts among clusters likely reflect both changes in sample composition and yearly variation rather than intrinsic differences among landscape types.

      The sugar dusting method used for sampling in this study is suitable for large-scale field monitoring of mite infestations at the colony level (Oh and Jung, 2025). This method allows beekeepers to easily collect samples and provides sufficient sample sizes for landscape-level comparisons. However, sugar dusting results can vary with humidity, sugar quantity, application site, and colony density (Fakhimzadeh, 2001). Therefore, the combination of methodological variability and interannual environmental differences may have influenced detection efficiency.

      In summary, Varroa was found to be widely distributed across Korea in both years, whereas Tropilaelaps showed regional variation. Not all apiaries surveyed in 2024 were resampled in 2025. In addition, because the sugar dusting method is sensitive to environmental and procedural factors, variation in detection efficiency among colonies should be considered, particularly in years with low overall infestation levels (Stanimirović et al., 2011; Oh and Jung, 2025). Future studies should repeatedly monitor the same apiaries across different seasons and years, including during periods of peak mite density. In addition, genetic analyses should be conducted to clarify the phylogenetic relationships and population structure of mite species occurring in Korea.
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