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Varroa destructor is a serious ectoparasite of the western honey bee, Apis mellifera, which negatively impacts on colonies health and survival worldwide. Drone-mediated movement and the presence of the mite in Drone Congregation Areas (DCA) may play a relevant role in Varroa dispersal. The objectives of this study were to characterize mite infestation levels and genetic diversity in DCAs and surrounding apiaries and to explore putative environmental variables associated to Varroa infestation in two eco-climatic regions of Argentina (temperate, and subtropical). Phoretic mite proportions in DCAs and apiaries were estimated during spring. Landscape, topographic, and climate variables were described using satellite image classifications and data from public databases. The genetic composition of drones at the DCAs and workers from the surrounding apiaries was assessed using mitochondrial markers. In total, eleven DCAs were identified in both regions during 2017 and 2018. The mean proportion of Varroa was ca. 3 in 1,000 (0.0028 ± 0.0046) at the apiaries, and ca. 2 in 100 (0.0168 ± 0.0227) at the DCAs. No statistical differences were observed between apiaries and DCAs or between ecoregions, but the proportion of infested males at the DCAs was positively correlated to the distance to the apiary and a trend was observed toward higher mite loads in DCAs. Landscape and topography were not determinant for Varroa infestation at the DCAs but relative humidity and precipitation in the previous week of sampling, positively influenced infestation. More haplotypic diversity was detected in the DCAs compared to the surrounding apiaries, particularly in the subtropical region. While in this region high prevalence of Africanized (A1, A4) mitochondrial lineages was detected, European lineages (C1, C2j) were mostly found in apiaries and DCA in the temperate region. Our results provide valuable information on the dynamics of Varroa parasitism in apiaries and DCAs, and highlight the role of drones in mite dispersion and genetic variability of new colonies. The study of DCAs emerges as a tool for investigating not only honey bee reproduction and conservation, but also the impact of the environment on bee epidemiology.
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INTRODUCTION

Varroa destructor Anderson and Trueman (Acari: Varroidae) is considered the main ectoparasitic pathogen of the western honey bee Apis mellifera Linnaeus (Hymenoptera: Apidae) worldwide. No other pathogen has had a comparable impact on honey bee health and colony survival during the history of apiculture (Guzmán-Novoa et al., 2010; Le Conte et al., 2010; Neumann and Carreck, 2010; Francis et al., 2013). The dynamics of V. destructor populations and the impact of mite parasitism in honey bee colonies are influenced by the genotype of the bees (Guzmán-Novoa et al., 1999; Rosenkranz, 1999; Martin and Medina, 2004; Invernizzi et al., 2015; Merke, 2016) and by the environment (Meixner et al., 2015; Giacobino et al., 2017). For example, Africanized bees are more resistant to the Varroa mite than European bees in many South and Central American regions (Martin and Medina, 2004; Mondragón et al., 2005) and in Puerto Rico (Rivera-Marchand et al., 2012). Differences in Varroa infestation rates and mite tolerance were also detected between African subspecies (A. m. scutellata, A. m. capensis) and hybridized colonies of these two subspecies in South Africa (Mortensen et al., 2016). Meanwhile, recent research in honey bee populations of European origin demonstrated strong genotype—environment interactions and suggested that the presence of a highly significant environmental effect on Varroa infestation rates may be stronger than the effect of the bees’ genotype (Francis et al., 2013; Büchler et al., 2014). In fact, honey bee colony life histories, driven by environmental conditions, have a significant influence on Varroa infestation rates; in consequence, mite infestation thresholds probably vary considerably across localities and regions (Meixner et al., 2015; Giacobino et al., 2017).

Landscape, topography, and climate are relevant environmental drivers that can influence the prevalence of Varroa in honey bee colonies (Chemurot et al., 2016; Giacobino et al., 2017; Correia-Oliveira et al., 2018). Landscape composition has been shown to impact on bee health in general, and in V. destructor loads in particular (Youngsteadt et al., 2015; Giacobino et al., 2017; Kuchling et al., 2018). However, the relationship between landscape and Varroa is not clear, because some studies have reported high prevalence of Varroa in colonies where urban land cover dominates (Youngsteadt et al., 2015), while others have described high prevalence of the mite where crops dominate (e.g., Giacobino et al., 2017). Similarly, in relation to topographic and climatic influence, some variables such as altitude, apiaries slope, temperature, and rainfall have been shown to be associated with mite parasitism in honey bees’ colonies from tropical and neotropical environments (Chemurot et al., 2016; Giacobino et al., 2017; Correia-Oliveira et al., 2018). Specifically, hot and dry conditions seem to be negatively correlated to the prevalence of the mite at the colony level (Maggi et al., 2016).

The majority of studies examining the role of the environment on the mite load have analyzed parasitism patterns in honey bee colonies, while a large component of mite dynamics is related to bees’ movement. In fact, nest drifting in honeybees is believed to be involved in disease transmission between colonies (e.g., Kralj and Fuchs, 2006, 2010; Aubert et al., 2008). This behavior, performed by female and male bees, has been attributed to beekeeping practices and a lack of landmarks (Free, 1958; Southwick and Buchmann, 1995; Nolan and Delaplane, 2017), and has been reported to vary depending on the season, colony characteristics and bee subspecies (Duranville et al., 1991; Pfeiffer and Crailsheim, 1998; Neumann et al., 2000, 2003; Paar et al., 2002; Forfert et al., 2015). At the same time, parasites can influence the drifting behavior of worker bees, and higher occurrence of drifting may occur in infected bees (Bordier et al., 2017). Drone-mediated movement may also play a relevant role in disease transmission in general, and in Varroosis in particular (Nolan and Delaplane, 2017). Compared to the queen or the workers, the biology, dispersion activity, and influence on mites’ transmission of honey bee drones are poorly understood.

Male bees represent an important part of the mite-bee’ interaction, given that they often drift to other, non-maternal colonies and may spread the mite among them (Neumann et al., 2000; Paar et al., 2002; Abrol, 2012; Gąbka, 2018). In addition, drones and queens from different colonies meet during the spring and summer at mating areas that persist through the years, called Drone Congregation Areas (DCAs) (Zmarlicki and Morse, 1963; Ruttner, 1966). Recently, the presence of Varroa in males gathered at DCAs has been reported in the continental US (Mortensen et al., 2018), which suggests that these sites are of utmost importance when studying the dynamics of the parasitization. In Puerto Rico, DCAs have been observed to meet certain landscape characteristics, such as dominance of grassland cover, the presence of surrounding tree curtains, a slope of 20°, and southern orientation (Galindo-Cardona et al., 2012). DCAs’ characteristics have been understudied in the southern hemisphere, thus the relationship between environmental characteristics and Varroa infestation at these sites remains unclear.

In Argentina, apiculture occurs in four of six eco-climatic regions, and particular honey bees’ ecotypes have locally adapted to these regions, with important implications for Varroa resistance, bees’ productivity, and defensive behavior (Giacobino et al., 2016, 2017; Merke, 2016). For instance, in contrast to what occurs in the temperate regions of the country, honey bee populations exhibit general resistance or tolerance to the mite in the subtropical region, possibly because of the high prevalence of African-derived bees and the warmer temperatures of these regions (Hou et al., 2016; Correia-Oliveira et al., 2018). At the same time, not only climatic or bee genetics, but also agricultural and beekeeping practices, and landscape features, such as urban land cover, differ between regions, and are potentially important determinants of the levels of Varroa at apiaries in our territory (Abrol, 2012; Giacobino et al., 2017; Molineri et al., 2018). In addition, the first DCAs have been recently identified in the subtropical region of Argentina (Galindo-Cardona et al., 2017). However, the contribution of these areas to the Varroa dispersal and the possible differences in DCA features and Varroa parasitism between eco-climatic regions have not been explored yet. Our approach in this study was to address the relative importance of distance to the closest apiary, landscape, topographic, and climatic characteristics on Varroa infestation at the DCAs and to characterize genetic diversity in two eco-climatic regions of Argentina (subtropical and temperate). In addition, we intended to environmentally describe DCAs in South America for the first time. Our main hypothesis was that Varroa infestation and genetic diversity at the DCAs varied across eco-climatic regions associated with land cover, topographic, and climatic characteristics.



MATERIALS AND METHODS


Study Areas and Material

Commercial and non-commercial apiaries and their respective DCAs were evaluated during 2017 and 2018 in two provinces of Argentina: Tucumán (TU) and Buenos Aires (BA). A total of four apiaries were monitored in TU (Alberdi, Timbó Viejo, Manantial and Horco Molle) and five in BA (two at Luján, two at Castelar, and one in San Antonio de Areco) (Figure 1). These provinces belong to different eco-climatic regions of the territory (Figure 1). In Tucumán, the climate is subtropical, with precipitations mostly concentrated between October and March, and cold and dry winters (Cabrera and Willink, 1980). The original vegetation of this region (called Yungas forest) includes canopy species of the Fabaceae (e.g., Parapiptadenia exelsa), Bignoniaceae (e.g., Handroanthus impetiginosus), Lauraceae (e.g., Ocotea porphyria), and Malvaceae (e.g., Ceiba chodatii) families, among others. For decades, the lowest elevation belt of the Yungas forest has been progressively transformed into agricultural lands, mainly sugarcane and citrus (Gasparri and Grau, 2009) and currently it is a mosaic of croplands bordering the remaining Yungas forests on the eastern slopes of the pre-montane range of the Andes (Morello et al., 2018; Oyarzabal et al., 2018). In Buenos Aires, the climate is temperate, with precipitations occurring between March and June. The original vegetation of the region (Pampa) was a scrub dominated by species of the Zygophyllaceae family and by flowering plants as alfalfas, clovers and trees of the Fabaceae family, such as Prosopis sp. and Geoffroea sp. (Ferrari et al., 2011). The intensive and persistent agriculture and the rising cattle production in the region has deeply transformed the landscape in the last decades (Morello et al., 2018). The Pampa region concentrates around 65% of the beekeepers in the country. In Buenos Aires there are approximately 1,500,000 hives in contrast to the near 40,000 hives in Tucumán, where the majority of beekeepers are small producers and hardly exceed 30 hives each (Ferrari et al., 2011).
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FIGURE 1. Map of the study area showing the identified Drone Congregation Areas at the two eco-regions in Argentina. Eco-regions were defined according to Olson et al. (2001).




Identification of Drone Congregation Areas

At both eco-regions and for each of the nine reference apiaries, a search of the nearest DCA was performed. DCAs were identified and monitored once in spring and once in summer, for two consecutive years (2017 and 2018) in order to assess their stability through seasons and years. To find a DCA, the route of drones entering and leaving colonies was traced in each reference apiary (Galindo-Cardona et al., 2012, 2017). To this end, a synthetic pheromone (9-hydroxy-2-enoic acid, Phero Tech Inc.) was attached to a helium balloon, which was elevated at a distance of 150 meters from the apiary. This action was repeated multiple times while increasing the distance from the apiary and following the direction of the drones’ flights. Searches were carried out intensively during 1 week in each apiary. Each DCA was confirmed where at least 30 drones were observed forming a comet around the bait. At that site, the pheromone was elevated with an unmanned aerial vehicle (UAV) (DJI Phantom 3 STD) at three different points and drone arrival re-checked for a final confirmation.



Evaluation of Varroa infestation

The four apiaries in TU and five in BA were evaluated in spring of 2018 for the V. destructor phoretic infestation following De Jong et al. (1982) and Dietemann et al. (2013). Thirty percent of the colonies of each apiary (and up to six honey bee colonies in the smallest apiaries) were sampled randomly. Approximately, three hundred worker bees were collected from each colony and conserved in 96% ethanol. Similarly, at each identified DCA, phoretic Varroa infestation was assessed on samples of flying drones, which were attracted using the synthetic pheromone (9-hydroxy-2-enoic acid) attached to an UAV, and collected with a standard entomological net at 1.5–2.5 m above ground. Phoretic Varroa infestation was estimated as the number of mites/total number of sampled bees (drones or workers in each case).



Landscape and Topographic Variables

Landscape composition and configuration, and topography were characterized within 400 m-radii buffers around each DCA, given that landscape characteristics have been previously shown to be highly correlated to the presence of DCAs at this distance (Galindo-Cardona et al., 2012). First, a supervised classification of Sentinel-2 satellite images (pixel resolution: 10 m; European Space Agency) was performed using a random forest classifier in Google Earth Engine (Gorelick et al., 2017). To do this, winter scenery (June–September 2018) was combined with summer scenery (January–May 2018) with less than 10% of cloudy pixels. Then, land use was categorized within the buffers into: (1) trees (linear forest remnants, groups of trees, and forest), (2) arable land (crops, pastures, and fields with bare soil), and (3) urban use (buildings, paved roads) (Supplementary Table 1). In relation to topographic characteristics, a 30 m-resolution Digital Elevation Model from the US Geological Survey (Jarvis et al., 2007) was used to calculate slope and aspect in Google Earth Engine, and roughness in QGIS 2.18 (Geographic Information System [QGIS], 2018) within each buffer (Supplementary Table 1).



Climate Variables

Climate data were downloaded from public databases for 2018 for both eco-regions. Data for each identified DCA in Tucumán were downloaded from the Agrometeorology Section of the Obispo Colombres Agro-industrial Experimental Station (EEAOC) website.1 Data for each identified DCA in Buenos Aires were downloaded from the section of Agrometeorology Management and Information System of the National Institute of Agricultural Technology (INTA)2 (Supplementary Table 1).



Genetic Variability in Apiaries and in Drone Congregation Areas

To identify bees’ mt haplotype, newly emerged workers were collected from the central brood frames of colonies of apiaries at Timbó Viejo, Manantial, and Horco Molle (TU), and Luján and Castelar (BA) in spring 2018 (Figure 1). One (TU) or two (BA) apiaries per locality and 7–10 colonies per apiary were sampled. Total DNA was extracted from the thorax of one worker per colony following a high-salt protocol (Baruffi et al., 1995). DNA samples of honey bee workers were analyzed using a PCR-RFLP-based method. A fragment of 1,001 bp from the mitochondrial COI-COII region was amplified by PCR using primers and conditions described by Hall and Smith (1991) and Lobo Segura (2000). The amplifications were conducted in a MJ PTC-100 thermal cycler (GMI, Ramsey, MN, United States) and the cycle consisted of an initial denaturation step of 2 min at 94°C followed by 40 cycles of 30 s at 94°C, 30 s at 55°C, and 1 min at 72°C, followed by a final extension step of 2 min at 72°C. A 10-ll aliquot of each PCR product was digested with HinfI (Promega, Madison, MN, United States) following the manufacturers recommendations. The restriction fragments were separated on 4% (wt/vol) agarose gels, stained with GelRed and photographed under UV light. The haplotypes detected in the restriction analysis using HinfI were assigned as previously described by Agra et al. (2018). A total of 15 and 35 individual worker samples were analyzed for TU and BA, respectively. The same procedure was performed to evaluate the haplotypic lineage of drones from the identified DCAs; in this case, 20–30 drones from each DCA were analyzed. A total of 78 and 64 individual drone samples were analyzed for TU and BA, respectively. In all cases, except for Castelar Norte and Castelar Sur, we sampled at least twice the number of drones from each DCA than workers from colonies of the surrounding (reference) apiary.



Data Analysis

For statistical analyses, only the proportion of Varroa for 2018 was used because data for 2017 were scarce. One site (i.e., Alberdi, TU) could not be visited in 2018, then data for 2017 was used instead. All statistical analyses were conducted in R (R Core Team, 2017). The proportion of Varroa at the DCAs and at the colonies were arcsin-transformed according to arcsin(sqrt(proportion of infested drones at DCA/colony) for all further analysis. To test for differences in the proportion of Varroa between samples (apiaries vs. DCAs) and ecoregions (BA vs. TU) a Two-way ANOVA was performed. To examine the effects of the closest apiaries on the incidence of Varroa at the DCAs, two analyses were conducted. First, a linear model (lm) was run on the proportion of infested bees in the colonies as the explanatory variable and the proportion of infested drones at the DCAs as the response variable. A second linear model was performed with the distance of the DCA to the closest apiary as the explanatory variable and the proportion of infested drones at the DCAs as the response variable.

To examine the relationship between Varroa infestation at the DCAs and landscape, topographic, and climate variables, several analyses were performed. First, to characterize the DCAs in both eco-regions, a Principal Components Analysis (PCA) on each of the subsets of variables was performed, using landscape, topographic, and climate variables, respectively, in a main matrix. The data were relativized to the maximum value and the PCA was run using a correlation matrix, and a distance—based biplot. A supplier seed = 20 and number of runs = 999 were set in all cases. PCAs were run in PCORD 5.0 (McCune and Mefford, 1999). After performing the PCAs with each data subset (i.e., landscape, topographic, and climate) the eigenvalues of the first two axes were extracted in each case to relate them to the level of Varroa at the DCAs. To test these relationships, individual GLMs were run on the proportion of Varroa at the DCAs as response variable and both PCA axes were examined as additive factors. In addition, based on the correlations of each variable with the first two PCA axes (Table 1), the variables that were most positively and most negatively correlated to each axis were selected (i.e., four variables in total for each data subset) to perform backward stepwise GLM selections. These model selections were performed for the landscape, topographic, and climate datasets separately with the aim of simplifying variable numbers before running the final model. The terms were additive in all cases.


TABLE 1. Main correlates between landscape, topographic, and climatic metrics analyzed using Principal Components Analysis and the first two PCA axes in each analysis.

[image: Table 1]A final process of backward stepwise GLM selections were performed using the proportion of Varroa at the DCAs as the response variable; distance of the DCA to the closest colony, and the landscape, topography, and climate variables selected in the previous steps were explanatory variables. The explanatory variables were examined as additive and interacting factors. The GLMs were run using family = gaussian and link = identity. The function step in R conducts a stepwise selection procedure starting with an arbitrary model, adding or removing a term from the model that most reduces the Akaike’s information criterion (AIC) and stops when no step decreases the AIC (Chambers and Hastie, 1993). The AIC identifies the best model taking into account both the sample size and the number of predictors (Quinn and Keough, 2002); models with the lowest AIC are the best fit, more parsimonious models.

To analyze possible differences in haplotype frequencies between eco-regions (TU vs. BA) and between apiaries and DCAs for each region, Chi-square tests were performed. Spearman’s rank order correlations between the percentage of Varroa and the percentage of Africanized haplotypes were performed separately for DCAs and apiaries.



RESULTS

We found a total of 11 DCAs, five in 2017 and six more in 2018 (Supplementary Table 1). All DCAs found in 2017 persisted in 2018. The maximum distance between each DCA and the closest apiary was 1,000 m and the average distance between DCAs and apiaries was 500 m. Specifically for the locality of Manantial (TU), two DCAs were detected and since these were separated by 100 m, only the one that was confirmed in both years was included in the analyses. In the locality of Horco Molle (TU) three DCAs, separated by 1,000 m, were identified and all were included in the analyses. For the rest of the localities, only one DCA was identified per reference apiary.


Varroa Infestation at Apiaries and Drone Congregation Areas

In 2018, the mean proportion of Varroa was 0.0028 (SD: 0.0046) at the apiaries and 0.0168 (SD: 0.0227) at the DCAs (Supplementary Table 1). Varroa infestation was not significantly different between apiaries and DCAs (F = 0.6179, df = 1, p = 0.442) or between BA and TU (F = 0.112, df = 1, p = 0.742) (Figure 2). The proportion of Varroa at the DCAs was not linearly correlated to the proportion of Varroa at the apiaries (Adj. R2 = −0.1186, p = 0.8357; Figure 3A), but it was positively correlated to the distance to the apiaries (Adj. R2 = 0.3718, p = 0.02734; Figure 3B). Specifically, the proportion of Varroa at the DCAs varied between 0 and 0.02 up to 800 m away from the apiaries, and increased to more than 0.06 at higher distances.
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FIGURE 2. Box-and-whisker plot of the arcsine-transformed proportion of Varroa in samples taken from apiaries and from Drone Congregation Areas at the two ecoregions, Buenos Aires (BA) and Tucumán (TU). Each box shows the lower and upper quartiles, the black line within the box is the median, and the error bars are the minimum and maximum values, respectively.
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FIGURE 3. Proportion of Varroa infestation at the DCAs in relation to (A) proportion of Varroa infestation at the closest apiary, and (B) distance to the closest apiary. Data from the two eco-regions of Argentina were included in the analysis. Proportion of Varroa infestation was arcsine-square root-transformed.




Environmental Variables and Varroa Infestation at Drone Congregation Areas

The dominant land use around all DCAs was arable lands, which varied between 28 and 88% and showed greater connectivity and more regular-shaped patches than natural vegetation and urban covers. The multivariate analysis showed that PCA Axis 1 explained 37.25% and Axis 2 explained 30.19% of the variation in the landscape features characterizing the DCAs, respectively (Figure 4A). Cumulatively, Axes 1–4 explained 86.72% of this variation. DCAs in TU showed landscape characteristics that separated them from DCAs in BA, in general. Axis 1 separated sites surrounded by continuous arable land (right part of the axis) from sites surrounded by urban land cover (left part of Axis 1) (Table 1 and Figure 4A). DCAs surrounded by continuous arable land showed high values of the following metrics calculated from the arable land cover: Mean Patch Area, Overall Core Area, and Like Adjacencies (i.e., contiguity). In contrast, DCAs surrounded by urban land cover showed high values of Number of arable land patches (i.e., the arable cover was more fragmented), and high values of Like Adjacencies and Edge Density of the urban cover. Axis 2, which explained as much variation in the data as Axis 1, separated DCAs located at TU from those located at BA more clearly than Axis 1. The main variable differentiating DCAs at both ecoregions was the configuration of the natural vegetation land cover. DCAs at the upper part of the ordination (i.e., high values in Axis 2) had high values of Greatest Patch Area, Largest Patch Index, and Like Adjacencies of the natural vegetation land cover. On the other hand, DCAs located at the lower part of the ordination, showed high values of Landscape Proportion of the arable cover and high values of Landscape Division and Splitting Index of the natural vegetation cover.


[image: image]

FIGURE 4. Principal Components Analyses of the Drone Congregation Areas located in two eco-regions in Argentina. PCAs on (A) landscape variables, (B) topographic variables, and (C) climate variables using a correlation matrix in all cases (Supplementary Table 1 for coding).


In relation to topography, Axis 1 explained 70.6% and Axis 2 explained 19.0% of the variation in the PCA run on the DCAs. Cumulatively, Axes 1–4 explained 96.62% of this variation. DCAs in TU were more variable in terms of topographic characteristics than DCAs in BA. Axis 1, which explained most of the variation in the ordination, separated DCAs located at a more variable elevation above sea level (right part of the axis) from DCAs at slopes facing to the north (left part of Axis 1) (Table 1 and Figure 4B). The DCAs at the right part of the axis were mostly in TU where DCAs were located at a maximum of 688 m.a.s.l. In addition to showing high values of Elevation Standard Deviation (e.g., 17.45), they showed high values of Mean Slope (5.6°) and Mean Roughness (Supplementary Table 1). Roughness derives from elevation and represents the physical morphology of the sites where DCAs were located. In contrast, at the left part of the axis, DCAs were mostly from BA, which, in addition to low elevation above sea level (from 8 m.a.s.l.), showed high values of Aspect northing Standard Deviation and Aspect northing mean, followed by Aspect easting Standard Deviation. Axis 2 did not clearly separate DCAs at the ecoregion level. The main variable differentiating DCAs in this axis was Aspect easting mean, which was positively related to Axis 2. To a lesser degree, Elevation mean and Standard Deviation characterized DCAs at the upper part of the ordination. In contrast, at the lower part of the ordination, DCAs showed high values of Aspect easting Standard Deviation, Roughness Standard Deviation, and Slope Standard Deviation.

The DCAs were located in sites under different climatic characteristics (Figure 4C). Axis 1 in the PCA explained 63.76% and Axis 2 explained 17.25% of the variation in climate variables. Cumulatively, Axes 1–4 explained 96.27% of this variation. In comparison with the landscape and topographic ordinations, PCA runs on climate variables more clearly separated DCAs in TU from DCAs in BA. Axis 1 separated DCAs located at sites with high mean temperature in TU (right part of the axis) from DCAs at sites with high values of wind velocity in BA (left part of Axis 1) (Table 1 and Figure 4C). In addition, DCAs in TU showed high values of relative humidity and mean precipitation while DCAs in BA showed high values of both wind velocity and atmospheric pressure the week before sampling. Axis 2 was positively correlated to both, mean precipitation and mean temperature the week before sampling, and to mean precipitation on the week of sampling (i.e., DCAs in the upper part of the ordination) (Table 1 and Figure 4C). At the same time, Axis 2 was negatively correlated to relative humidity 1 week before sampling, solar radiation, and mean temperature on the week of sampling (i.e., DCAs in the lower part of the ordination).

The proportion of Varroa at the DCAs was not related to the PCA’ eigenvalues in any of the three data subsets (i.e., landscape, topography, climate) (Table 2). When landscape, topographic, and climate variables were tested in separate GLMs (i.e., one GLM for each data subset) as additive terms, the following were significantly correlated to the proportion of Varroa at the DCAs: Distance of DCA to closest apiary, Landscape Division of the natural vegetation cover, mean precipitation 1 week before sampling, and relative humidity 1 week before sampling. These variables were considered in the final backward stepwise GLM selections where the full model contained the simple terms, quadratic terms, and interactions. The best resulting model was: Proportion Varroa at DCA = Distance of DCA to closest apiary + Humidity 1 week before + (Precipitation 1 week before) 2 + Distance of DCA to closest apiary ∗ Humidity 1 week before ∗ (Precipitation 1 week before) 2 (Residual deviance: 0.0017315 on 3 degrees of freedom, AIC: −47.106) (Table 3 and Figure 5).


TABLE 2. Coefficients resulting from Generalized Linear Models (GLM) where the proportion of drones infested with Varroa at the Drone Congregation Areas was the response variable.
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TABLE 3. Coefficients resulting from backward stepwise deletions using the proportion of drones infested with Varroa at the Drone Congregation Areas (DCAs) as the response variable.
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FIGURE 5. Relationships between the proportion of Varroa in males at the Drone Congregation Areas and the environmental variables identified by the automatic Generalized Linear Model backward selection in R. (A) Distance from the DCA to the closest apiary, (B) humidity 1 week before Varroa estimation, and (C) precipitation 1 week before Varroa estimation. Proportion of Varroa infestation was arcsine-square root-transformed.




Genetic Variability

The analysis of workers from honey bee colonies and drones from DCAs revealed the presence of four mitochondrial haplotypes (Figure 6). Two haplotypes corresponded to evolutionary branch A (A1, A4), and two haplotypes corresponded to branch C (C1 and C2J). The African haplotypes A1 and A4 have been observed at a high frequency in African subspecies A. mellifera intermissa and A. m. scutellata, respectively, while the C1 haplotype corresponds to the East-European evolutionary lineage that includes the Italian honey bee A. m. ligustica and also the Carniolan honey bee (A. m. carnica). The haplotype diversity was similar between TU and BA, with three (C1, C2J, A1) and four (C1, C2J, A1, A4) haplotypes identified, respectively (Figure 6). However, the relative frequency of the identified haplotypes differed between eco-regions, and also between DCAs and their surrounding apiaries (specifically in the case of TU, subtropical region) (Figure 6). For the temperate region (BA), European haplotypes were found in a high percentage at DCAs (96.9%) and apiaries (97.1%), with no differences between them (χ2 = 0.01, P > 0.05). Haplotype C1 was the most prevalent of C lineage (found in 97% of the samples) and haplotype C2J was found in low frequency (found in 3% of the samples). Respect to the African mt lineage, only 3% of the analyzed samples from Buenos Aires were identified as haplotype A1, while the A4 haplotype was not found (Figure 6). Conversely, in the subtropical region, a higher mean percentages of A haplotypes was detected in both DCAs (73.1%) and apiaries (40.0%) when compared to temperate region (χ2 = 70.83, P < 0.0001 for DCAs; χ2 = 12.03, P = 0.001 for apiaries). Significant differences in the mean percentage of A lineage were identified between DCAs and the nearest apiaries for this region (χ2 = 6.3, P < 0.05). In these cases, two haplotypes (A1 and A4) were detected, being A4 the most prevalent in drones from the DCAs.


[image: image]

FIGURE 6. Percentage of mitochondrial lineages of drones at the Drone Congregation Areas and workers at the nearest apiaries for (A) Buenos Aires and (B) Tucumán provinces. African-derived (A1, A4) and European-derived mitochondrial lineages (C1, C2j) are shown in orange and blue, respectively. Number of analyzed bees are shown between brackets.


When distribution of haplotypes was analyzed within each region (BA or TU), a similar pattern was detected among the three localities from BA (Additional File S2). Conversely, the distribution of haplotypes was dissimilar among localities of Tucumán (Additional File S3). Specifically, DCAs near to non-commercial apiaries (Manantial and Horco Molle) presented a high representation of African haplotypes (85 and 100%, respectively), while the DCA near to a commercial apiary (Timbó) only exhibited 18.2% of A haplotypes (Additional File S3). The frequencies of haplotypes A were different between the two types of DCAs (Timbó vs. Manantial: χ2 = 23.9, P < 0.001; Timbó vs. Horco Molle: χ2 = 37.5, P < 0.001; Horco Molle vs. Manantial: χ2 = 3.7, P > 0.05). Finally, no significant correlation was detected between the percentage of Varroa and the percentage of A haplotypes in DCAs or apiaries.



DISCUSSION

In this study, we presented an integral description of main characteristics of the landscape, topography, climate, Varroa infestation status, and genetic variability of the Drone Congregation Areas and identified environmental variables associated to mite infestation in two eco-climatic regions from Argentina.

Environmental characteristics of the DCAs within a 400 m-radius buffer in the subtropical (TU) and temperate (BA) regions in Argentina were highly variable. With respect to landscape, DCAs were surrounded by all three types of matrices (i.e., natural vegetation, arable lands, and urban), and the presence and contiguity of natural vegetation was the main difference between ecoregions. In relation to topography, DCAs were located at elevations as low as 8 m.a.s.l. and up to 688 m.a.s.l. Topographic characteristics were more distinct among ecoregions than landscape characteristics describing DCAs and included elevation variability (higher in TU) and aspect in the north-south direction (northern aspect in BA). Lastly, DCAs occurred under highly variable climatic conditions, from windy (5.73 km/h) and cooler (18°C) locations in BA, to less windy (1.3 km/h) and warmer (22.3°C) locations in TU. DCAs in both ecoregions were better differentiated by climatic conditions than by topography and landscape.

Most previous observations of DCA environmental descriptors have been conducted in the northern hemisphere (Europe: Baudry et al., 1998; Koeniger G. et al., 2005; Koeniger N. et al., 2005; Kraus et al., 2005; and Asia: Punchihewa et al., 1990; Wattanachaiyingcharoen et al., 2008), in South Africa (Muerrle et al., 2007; Jaffé et al., 2009; Yañez et al., 2012), and in Australia (Arundel et al., 2013). Similarly to previous evidence, DCAs in our South American sites were located in vegetation clearings, where contrasting vertical relieves, such as a forest-pasture boundary, lines of trees, or buildings seemed to be important landmarks (Ruttner, 1966; Strang, 1970; Loper et al., 1992; Quezada-Euan and Jesus May-Itza, 2006; Muerrle et al., 2007). Other similarities with previous works are that DCAs in our sites were variable in terms of topography (Koeniger and Koeniger, 2000) but located in slopes < 20% (Galindo-Cardona et al., 2012), and they were variable in terms of climatic conditions (Strang, 1970). On the other hand, our sites in Argentina showed some differences with previous studies. First, it has been shown that urban land cover of less than 10% improved DCA occurrence in the subtropical Puerto Rico (Galindo-Cardona et al., 2012), while some of our DCAs, including temperate and subtropical sites, were surrounded by more than 50% urban cover. Thus, the role of urban cover in the formation of DCAs needs to be further explored. In addition, DCAs in Puerto Rico had slope orientations (i.e., aspect) more concentrated toward the South than locations where no DCAs were encountered, and this pattern was proposed to be a response to wind direction, sunlight, and magnetism (Galindo-Cardona et al., 2012). Our data showed that half of the DCAs (i.e., those in BA) had a northern aspect. This may be related to protection from wind currents, which occur from the southeast in this region of Argentina. This implies that wind direction may be an environmental character to address when describing DCAs in other regions of the world. In contrast, solar radiation, as a surrogate of sunlight, was not a main environmental variable differentiating DCAs among ecoregions in our study. Further assessments need to incorporate environmental characteristics of non-DCAs vs. DCAs in order to build statistical models for DCAs prediction.

Extremely low levels of Varroa infestation were detected in the present study, with no significant differences between apiaries and DCAs. However, a trend toward higher loads in DCAs suggests that a preference of the mite for drones in comparison to workers may be operating as previously suggested for immature stages (Boot et al., 1995). A similar pattern has been observed for the loads of Deformed Wing Virus of drones in South Africa, where drones demonstrated to be able to reach DCAs in spite of the infection (Yañez et al., 2012). Even though the mite loads were not significantly different between ecoregions in Argentina, the maximum values of Varroa infestation were reached in the subtropical TU. This apparent difference would be in line with the current beekeeping practices applied in the country (Giacobino et al., 2016), where acaricide applications are more frequent in the temperate BA due to the susceptibility of honey bee populations of European origin to the mite infestation. In TU, as in the rest of the northern region of Argentina, the control of Varroa is scarce due to low density of hives, limited economic resources for apiculture, and high prevalence of Africanized honey bees. Giacobino et al. (2017) found that the environment, measured using climate and landscape variables, was more important than management as a driver of V. destructor infestation in the territory in autumn. In our study, no statistical differences among ecoregions were detected in spring, suggesting that seasonal differences on the relative weights of Varroa drivers may exist. It is worth characterizing the Varroa loads in summer, where the mite’s populations increase in colonies and hence probably at the DCAs. The low levels of infestation detected in spring could be preventing the detection of differences between apiaries and DCA and also between ecoregions. Further characterization of Varroa levels at both apiaries and DCAs for all three seasons of bee activity (i.e., spring, summer, autumn) would shed light on the general dynamics of parasitization since a great variation occurs between years (Harris et al., 2003).

No correlation between Varroa infestation at the apiaries and at the DCAs was observed, but Varroa infestation at the DCAs was positively correlated to the distance to the closest managed apiary. Given that drones prefer closer than farther DCAs (Koeniger N. et al., 2005), we speculate that those DCAs that were located at higher distances from the closest managed apiary received a relatively higher proportion of mite-infested drones from feral colonies. In this sense, both the application of acaricides in the apiaries and the input of feral colonies to DCAs would have an effect in the mite infestation level at these sites, independently of the ecoregion. Taking into account our results, we suggest that the assessment of mite infestation (or other pathogens) in DCAs could be a diagnostic measure of the health of honey bees (both managed and feral) in a particular area. This measure would improve Varroa monitoring strategies by reducing the time and economic costs of evaluating colonies of all the apiaries of a particular area. In relation to other environmental drivers of parasitism, such as climate, additional research is needed to confirm associations, given the low infestation rates detected in our study.

Here, we provided a first description of the genetic variability found in DCAs and their surroundings apiaries from Argentina by identifying the mytotype origin of drones and workers honey bees. We detected the presence of both Africanized and European mitochondrial lineages but at different relative frequencies between the two analyzed regions. According to the previous results obtained by Abrahamovich et al. (2007), we found a high frequency of European haplotypes in the apiaries from the temperate region. This is not surprising as Argentinian beekeepers have imported queens from Europe since the beginning of beekeeping activities in the country. Moreover, in order to conserve the high productivity and gentle character of these bees, local beekeepers have selected these populations based on the yellowish colour of the abdomen of the Italian queens (Abrahamovich et al., 2007). As we expected, African haplotypes were detected at higher frequencies in apiaries from the subtropical region compared to the temperate region. These results are in line with pioneer studies from Sheppard et al. (1991) and Whitfield et al. (2006) and more recent work from Agra et al. (2018), who found a latitudinal cline from north to south for the level of hybridization between Africanized and European honey bees. In addition, these results agree with those from Diniz et al. (2003) for honey bee populations from southern Brazil and Uruguay.

The pattern of haplotypic distribution found between regions for workers (apiaries) was consistently similar for drones (DCAs). However, the DCAs appeared to be more diverse in terms of the quantity and frequencies of the detected haplotypes. These results agree with previous works in which DCAs concentrate drones from several apiaries and feral colonies (Baudry et al., 1998; Collet et al., 2009). Related to the comparisons between DCA and apiaries, we observed a similar pattern of genetic diversity for the temperate region, where the beekeeping is intensive and principally based on European-derived honey bees. Conversely, in the subtropical region, a different pattern of haplotypic frequencies was detected between DCAs and apiaries, with DCAs showing a high frequency of African haplotypes and apiaries showing a higher representation of European haplotypes. These results may suggest that in the subtropical region, despite the beekeepers also using European honey bee stocks in their apiaries, a great contribution of African haplotypes (probably from feral colonies or swarms) to DCAs occurs. In addition, a high natural queen turnover at commercial apiaries occurs in this region. These results probably reflect that DCAs of northern regions of Argentina are more dynamic systems and maintain high genetic diversity compared to southern DCAs, in line with what Jaffé et al. (2009) previously described for African (A. mellifera scutellata) DCAs. These authors found a high turnover of wild colonies that resulted in a temporal genetic differentiation and an effective population size of the DCA. In our case, when non-commercial apiaries (Manantial, Horco Molle) from the subtropical region were analyzed, this pattern was particularly evident. Moreover, this result is in line with previous findings by Mortensen and Ellis (2016) who found that DCAs distant to managed European honey bee apiaries had significantly more African matriline drones than did DCAs located close to managed European honey bee apiaries.

Our results are also consistent with observations made by Collet et al. (2009), who assessed the genetic structure of DCAs and commercial European-derived and Africanized apiaries in southern Brazil. These authors, by employing microsatellite loci, found high genetic similarity between colonies of commercial apiaries and DCAs formed nearby, and differences in genetic structure of Africanized DCAs when compared to the European. It is worth to mention that in our study European drones in DCAs near the apiary of Manantial (TU) were under-represented, while all colonies were of European origin. If drones actually chose the nearest DCA (Koeniger N. et al., 2005), our results could evidence (i) a differential drone contribution of European and Africanized colonies to DCAs (as was observed in Collet et al., 2009), probably with the former drones being displaced by Africanized ones or (ii) colonies from commercial apiaries are underrepresented in the nearest DCAs because of a high density of non-commercial colonies in the area. Given the mentioned trend toward higher Varroa loads in DCAs vs. apiaries, specifically in the subtropical region, further studies need to determine if the relatively higher Varroa parasitism detected at DCA represents an indirect evidence of the tolerance to the mite in these Africanized populations. Understanding these mechanisms will add light into current debate about the vulnerability of honey bee races to different diseases.

Previous evidence (e.g., Collet et al., 2009; Mortensen and Ellis, 2016) jointly with our present results suggest that the proportion of drones of a particular genetic origin in DCAs can be influenced by drone flooding. This technique could have a strong influence in selective breeding programs aimed at influencing mating to partially control the paternal contribution in breeding populations of honey bees. In fact, Guzman-Novoa and Page (1999) conducted a long-term selective breeding program in an open honey bee population of more than 3,000 European-derived colonies located in an Africanized area in Mexico, and found that Africanization was diluted within interference from instrumental insemination. Studying these areas where European-derived and Africanized colonies coexist represents an opportunity for checking how these honey bee populations cooperate in forming a DCA, the dynamics of these sites, and the actions that must be considered for specific breeding strategies.



CONCLUSION

Our results provide valuable information on the dynamics of Varroa parasitism in apiaries and DCAs, and highlight the role of drones in mite dispersion and genetic diversity of new colonies. We demonstrated that distance to the closest apiaries, relative humidity, and precipitation the previous week need to be taken into account when examining Varroa infestation at the DCAs. Further studies need to incorporate DCAs and non-DCAs’ environmental characteristics in order to model DCA occurrence and Varroa loads with more accuracy. Our study also provides a new step toward the study of the genetic variability of DCAs in the Southern hemisphere where European and African-derived honey bee populations coexist. The study of DCAs in general emerges as a tool for investigating not only honey bee reproduction and breeding, but also the impact of the environment on bee epidemiology.
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Significant P-values are shown in bold.
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