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The Africanization of honey bees (Apis mellifera L.) in the Americas is among the most extensive insect invasions in the world, with large-scale effects on the economy and ecology of a whole continent. Africanized honey bees (AHBs) are a distinctive lineage of A. mellifera, resulting of the extensive admixture between African subspecies (A. m. scutellata and A.m. adansonii) with resident European stocks of honey bees introduced into the Americas. Despite its great importance, to date, the outcome of Africanization of honey bees has not been evaluated in detail. In this article we use the case of Mexico, one of the top beekeeping countries in the world, to assess the effects of Africanization of honey bees and its outcome. There is evidence of African genes in honey bee populations across Mexico, with prevalence in the tropical areas and less so in temperate ones. The Africanization of honey bees resulted in lower honey yields per hive in temperate climates of Mexico, but this has not been assessed in the tropical regions. Mexico’s total honey production and exports at the start of the Africanization process decreased, but today, they have partially rebounded and have remained stable. As in all countries where Africanization has occurred, the defensive behavior of honey bees in Mexico increased but notably, stinging incidents involving humans have been relatively insignificant (0.23 fatalities per million people). Ecologically, AHBs seem to have posed limited impact on the native apifauna and have contributed to pollination of major economic crops, but more studies are needed to evaluate the overall effect. AHBs can be potentially more resistant to parasites and diseases and worth of note is that AHBs in Mexico resulted in a new generation of beekeepers that propelled management and selective breeding. In general, the evidence suggests that the Africanization of honey bees in Mexico has had a less severe impact than originally predicted. We suggest some lines for future directions that may help to better understand the effects, make sustainable use and ameliorate the negative characteristics of AHBs.
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INTRODUCTION

The Western honey bee (Apis mellifera L.) originated in the Old World (Europe, Africa and the near East), where influenced by different selective environments, diversified into several subspecies (Ruttner, 1988). In the Americas, early European settlers introduced Western European A. m. mellifera and A. m. iberiensis, followed by later introductions of Eastern European races, mainly A. m. ligustica (Whitfield et al., 2006). Thus, up to 1956, honey bees of predominantly European-descent existed in the Americas. In that year, Brazilian researchers introduced queens of A. m. scutellata and A.m. adansonii, from South Africa and Tanzania to the state of São Paulo, Brazil, to develop a selective breeding program (Kerr, 1967). European honey bees (EHBs) kept in Brazil were not well adapted to tropical conditions, and a hybrid bee could be better suited for these regions (Kerr, 1967). An accident caused the release of pure African colonies, which interbred with locally existing EHBs, thereof, originating the so-called Africanized honey bee (AHB) through the process of Africanization (Nogueira-Neto, 1964; Rinderer and Hellmich, 1991).

The process of Africanization is one of the most dramatic invasion events by any animal species (Page, 1989; Clarke et al., 2002). In spite of many attempts to stop the advance of AHBs, they expanded rapidly and produced large feral populations, which in the course of 30 years, colonized most of the Americas displacing resident EHBs, except in temperate areas, presumably because of reduced adaptation to these environments (Rinderer and Hellmich, 1991; Schneider et al., 2004). In their northward and southward advance, AHBs disrupted beekeeping in many countries of South and Central America, in part, because the beekeeping industry was not extensively developed and only low concentrations of EHB colonies existed (Rinderer and Hellmich, 1991; Rinderer et al., 1991). In contrast, Mexico has one of the highest concentrations of managed EHB colonies worldwide, and a great diversity of climates, ecosystems and beekeeping regions (Labougle and Zozaya, 1986; Quezada-Euán, 2007). In Mexico, beekeeping is a major activity of great economic and social importance, making the country the sixth world’s largest honey producer and the third largest honey exporter (Programa Nacional para el Control de la Abeja Africana [PNCAA], 2010). The organization of Mexican beekeepers and the management techniques were more developed than in much of Central and South America (Labougle and Zozaya, 1986; Guzman-Novoa, 1996; Programa Nacional para el Control de la Abeja Africana [PNCAA], 2010). Initial predictions of the effects of Africanization were highly pessimistic, foreseeing a collapse of beekeeping. More than 60 years after the start of Africanization of honey bees, no account had been conducted on the effect and consequences of AHBs in the Americas. Mexico is a good country to assess the impact of colonization, adaptation and husbandry of this invading insect. Some of the most comprehensive studies about the defensive behavior, genetics of the Africanization process, ecology and selective breeding of honey bee populations, have been conducted in Mexico. In this review article, we document what is known about different aspects of the biology of AHB populations established in Mexico, the spread across different ecological environments, and how their behaviors and other traits have contributed to their adaptation and impact on human health, the beekeeping industry and ecosystems.



HISTORY AND GENETIC MAKEUP OF AHBS IN MEXICO

The genetic nature of AHBs had been strongly debated (Hall and Muralidharan, 1989; Smith et al., 1989; Rinderer and Hellmich, 1991). The expansion front and feral populations of AHBs in South and Central America showed little contribution of EHBs (Smith et al., 1989). This evidence suggested that AHBs were mostly of African ancestry and that there may have been reproductive and genetic mechanisms preventing hybridization with EHBs (Harrison and Hall, 1993). However, in opposition to that view, it was argued that asymmetric hybridization and, thus, little evidence of European genes in feral populations would be expected if European colonies were vastly outnumbered by AHBs (Rinderer and Hellmich, 1991). Studies in South America revealed that the asymmetry of the process of Africanization was reinforced by several reproductive strategies of AHBs such as a larger investment in swarms per year, a significantly higher production of drones, drone and queen parasitism of EHB colonies, higher absconding rates, assortative mating and, rapid ontogenetic development of AHBs queens (Rinderer et al., 1985a,b, 1987; Hellmich, 1991; Rinderer and Hellmich, 1991; Danka et al., 1992; Schneider and McNally, 1992; Vergara et al., 1993; DeGrandi-Hoffman et al., 1998b; Taylor, 1999; Quezada-Euán and May-Itza, 2001; Schneider et al., 2004). The course of Africanization in Mexico was crucial to test those two opposing hypotheses because in Mexico, the advancing Africanized front would encounter a large population of managed EHB colonies, thus, both being for the first time in comparable numerical conditions (Hellmich and Rinderer, 1991; Taylor, 1999; Clarke et al., 2002).

AHB swarms were first detected in 1986 in the state of Chiapas, Mexico, near the border with Guatemala (Fierro et al., 1987; Moffett et al., 1987). Swarm trap lines were established between 1986 and 1987 in all states of Mexico to evaluate the movement of AHBs across the country, using morphometric and allozyme analyses (Daly and Balling, 1978; Fierro et al., 1987). Chiapas is a state clearly marked by two regions, the tropical lowlands and the temperate highlands and differences in the rate of movement of colonizing swarms were found in both climate types. Only 3% of the colonizing swarms moved at altitudes above 400–500 m, but there was a fast migration and occupation of the tropical lowlands, where swarms moved at an average of 400 km/year (Quezada-Euán, 2007). It was also evident that the large mountain ranges in the South of the country and those surrounding the high plateau posed a barrier for the movement of swarms into this region in which they were only found until 1990 (Quezada-Euán, 2007). Therefore, the Africanization of honey bees in Mexico rapidly occurred along two fronts of migrating swarms that moved from Central America across the tropical Pacific and Gulf Coast lowlands and into the Yucatan Peninsula. Notably, genetic differences were found in swarms composing both colonizing fronts. Morphometric and allozyme analysis of swarms of the Gulf coast showed that they had higher frequency of African markers compared to the ones of the Pacific coast (Labougle et al., 1989). Long-term studies of the immigrant AHBs show that swarm numbers may wane some years after initial colonization (Roubik, 1989).

The Africanization of apiaries in Mexico was first studied in the Yucatan Peninsula (Rinderer et al., 1991; Quezada-Euán et al., 1996). Managed colonies showed rapid evidence of African gene introgression, but also extensive hybridization with resident honey bees of European descent (Rinderer et al., 1991; Quezada-Euán and Paxton, 1999). Moreover, although the majority of feral colonies in Yucatan had African mitotypes (mtDNA) and wing lengths not different from those of A. m. scutellata, notably, 20% had European mtDNA and European morphometrics, which indicated a contribution of the managed EHB population to the feral AHBs (Quezada-Euán and Hinsull, 1995). The presence of European markers in the feral bee population of Yucatan was explained by the large population size of resident EHBs that existed in that region at the arrival of AHBs (Quezada-Euán and Hinsull, 1995).

Similar results have been found in the temperate regions of Northern of Mexico. There, the frequency of African and European morphotypes and mitotypes was analyzed at three different altitudes (Medina-Flores et al., 2014, 2015). It was found that the frequency of colonies with African or European mitotypes and morphotypes varied significantly between regions, with results indicating a higher degree of Africanization in warm semi-dry and subtropical regions. Conversely, the highest frequency of colonies with European morphotype and mitotype occurred in temperate regions, supporting the notion that the environment and climate influence the outcome of Africanization of honey bee colonies (Rinderer et al., 1991; Sheppard et al., 1991a). Likewise, at higher altitudes, more colonies have European genotype compared with colonies established in tropical and low-altitude regions (Quezada-Euán et al., 2003). Conversely, in tropical Veracruz, Kraus et al. (2007) did not find evidence of lower frequency of African markers in honey bee colonies at high altitudes in Veracruz, Mexico. Nonetheless, it is possible that the bees collected from feral colonies at high altitudes in their study had been derived from colonies transported by migratory beekeepers from low lands to high lands, a common practice carried out with thousands of hives every year to take advantage of different blossoms in the regions where the study by Kraus et al. (2007) was conducted.

Climate and genetic differences of the Africanization fronts (Quezada-Euán, 2007) may explain differential Africanization rates in the North of Mexico. In Northwestern Mexico, frequencies of up to 56% of European mitotypes were still found in apiaries in 2004 (Zamora et al., 2008). In contrast, in Northeastern Mexico, only 30% of the colonies sampled had European mtDNA (Silva-Contreras et al., 2019). These results support the notion that the movement of AHBs across the Eastern region was more intense and preserved better the African lineage compared with the front in the Western region (Quezada-Euán, 2007).

Recently, a comprehensive study including 500 colonies collected from the five beekeeping regions of Mexico yielded a better picture of the current genotypic composition of honey bees in the country (Domínguez-Ayala et al., 2016). About half of the colonies sampled (51.5%) had African mitotypes. The highest frequency of African mitotypes was found in the tropical beekeeping region of the Gulf coast (69.8%), followed by the Yucatan Peninsula (63.8%), and the Pacific coast region (63.1%). The lowest frequency of African mitotypes was observed in the Northern region (24.9%), where European mitotypes predominated. European mitotypes were also more frequently found in the high plateau region. Morphometric data showed a similar pattern, with larger frequencies of European morphometrics in colonies of the high plateau and North and an opposite trend in the tropics (Figure 1). Interestingly, only 8% of the samples had both European mitotype and morphology, suggesting that the majority of honey bee populations in Mexico show a degree of African gene introgression. This study confirmed that as originally proposed, the degree of Africanization is climate-driven given the differential adaptation of EHBs and AHBs to temperate and tropical environments, respectively (Sheppard et al., 1991a). It is likely that traits making AHBs successful tropical honey bees (high investment in swarms and brood, eclectic use of lodgings, reduced ability to control nest temperature, and other traits) could severely limit their progress in temperate areas (Sheppard et al., 1991a; Schneider et al., 2004).
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FIGURE 1. Map of Mexico showing the five main beekeeping regions of the country: North (N), Central highlands (CH), Pacific coast (PC), Gulf coast (GC), and Yucatan Peninsula (YP). The relative frequencies of mitotypes (bar graphs) and morphotypes (pie graphs) in each region show African in black, European in white and intermediate in gray. Letters refer to three different mitotypes of A. mellifera, namely, African (A), West-European (M), and East-European (C) (data from Domínguez-Ayala et al., 2016).


Presently, the process of Africanization of Mexico’s honey bees seems to have stabilized to a large extent (Domínguez-Ayala et al., 2016). In general, the honey bees of Mexico show evidence that hybridization has occurred extensively and that climate drives introgression of African genes into local populations. As a consequence, there are two clear populations, one mainly composed by AHBs on the tropical beekeeping regions of the Yucatan Peninsula, the Gulf of Mexico and the Pacific Coast and, another where EHBs predominate, in the temperate beekeeping regions of the high plateau and the North of the country. In general, the results of Mexico are in agreement with what has also been found in South America and the United States. Hybrid honey bee populations occur near the historic origin of AHBs in Brazil (Sheppard et al., 1991b). In Southern Texas, 23 years after the first report of AHBs, nearly 90% of the colonies had A. m. scutellata maternal ancestry, but nuclear DNA markers revealed little change in African genes compared to populations from the period 1991–2001 (Rangel et al., 2016). Thus, the general outcome of Africanization in Mexico and elsewhere indicates the existence of a hybrid swarm (Rinderer and Hellmich, 1991) with different contribution of African and European genes depending on climatic conditions.



THE ECOLOGICAL IMPACT OF AHBS IN MEXICO

During the colonization of the Americas, AHBs expanded across some 16 million Km2 (Roubik, 1987). Most of this area was devoid of honey bees, as EHBs never established feral populations (Quezada-Euán and Hinsull, 1995; Roubik, 2000). However, by the end of last century, the tropics and subtropics contained a large population estimated in approximately one trillion colonies of honey bees of African descent from Northern Argentina to Mexico. They may consume two billion Kg of pollen and 20 billion Kg of nectar annually (Roubik, 1989). As dramatic as this may seem, compared with the rapid and hard impact on beekeeping, the influence and changes caused by the huge population of AHB colonies in the native ecosystems have been slow and difficult to detect (Roubik, 1989). There are several ways in which exotic bees can affect native bees (Goulson, 2003). These include: competition with native flower visitors for floral resources, competition with native organisms for nest sites, changes in seed set of native plants (either increases or decreases) and exotic weeds, plus transmission of parasites or pathogens to native organisms (Goulson, 2003).

The honey bee is well adapted to exploit a wide range of floral resources. Colonies are generalists and can rapidly recruit to and exploit more efficiently these resources than native bees (Roubik, 1989). Thus, a first impact could be on competition for floral resources and the displacement of native bees. Notably, although AHBs can be present in large numbers on flower patches, they do not display aggression toward other bees. Indeed, aggression is more frequent the other way around and among AHBs (Roubik and Villanueva-Gutiérrez, 2017). Rather, AHBs may displace native species by numerical advantage (Roubik, 1989). Surprisingly, long-term studies from Central America and Southern Mexico have revealed that the Neotropical bee-plant assemblages in those regions do not exist in a delicate balance and that the introduction of honey bees do not invariably upset the system (Roubik, 2000). Evidence for high resiliency of native bee populations (solitary or social) to the arriving AHBs was obtained from a long-term study in Quintana Roo, Mexico. There, native bees abandoned some resources and changed their pollen preferences to other resources after the arrival of AHBs (Roubik, 2009; Roubik and Villanueva-Gutiérrez, 2009). The native bees also shifted their foraging times to avoid competition with AHBs. Surprisingly, solitary bee abundance also increased in some years after feral AHBs were well established, so indirect benefits from the invader, such as greater pollination and abundance of certain native plants used as food by native bees could be occurring (Roubik and Villanueva-Gutiérrez, 2009). However, native bee flexibility on the use of floral resources may be constrained by the abundance and diversity of the local plant assemblage (Roubik, 2009). This means that food competition among exotic and native bees could be more intense when floral resources are limited and the resiliency of native communities could then be more compromised (Roubik, 1989, 2009). Additionally, recent studies have shown that the effect of AHBs on specialized bees and plants that depend on them may be more severe. A study from the United States revealed that the oligolectic bees Perdita meconis and Eucera quadricincta have disappeared in Southern Utah as a result of AHBs monopolizing Arctomecon humilis, the main pollen source for females of those species (Portman et al., 2018). Oligolectic bee species being unable to switch host-plants, can be left with little food needed to rear their progeny (Portman et al., 2018).

By affecting the diversity of native floral visitors, AHBs can also have an impact on the composition of local flora, but this has been seldom analyzed. One study showed that floral visitation by AHBs affects male fitness and probably fruit and seed production of the tropical tree Clusia arrudae, but without affecting the resource sought by native pollinators (Do Carmo et al., 2004). In Brazil, applying networks theory, Santos et al. (2012) found that AHBs induced significant changes in the structure of native pollination networks, mainly by making them more cohesive and monopolizing many interactions. Another network study conducted in four regions of Mexico showed that areas high in endemic species can have more specialized plant-bee interactions, and thus can be more susceptible to the effect of AHBs (Ramírez-Flores et al., 2015).

Conversely, AHBs can provide good pollination services and increase the productivity of plants and cash crops that do not require specialized pollinators. Coffee production has increased in the Americas and Mexico, probably as a result of AHBs increased floral visitation (Roubik, 2002; Vergara and Badano, 2009). On economically important Mexican crops like avocado, tomato, chilli and, physic nut, AHBs can be frequent visitors even after heavy insecticide spraying, when local apifauna wanes (Macías-Macías et al., 2009; Pérez-Balam et al., 2012; Romero and Quezada-Euán, 2013; Landaverde-González et al., 2017). Furthermore, in the light of pollinator declines (Potts et al., 2010), AHBs may act complementing the pollination services of scarce native floral visitors. One study conducted in Yucatan, Mexico, on the buzz-pollinated annatto (Bixa orellana), showed a high individual efficiency of the native stingless bee Melipona beecheii, compared with AHBs (Caro et al., 2017). However, AHBs were present in significantly higher numbers and were observed gleaning pollen previously extracted by M. beecheii, acting as a commensal. As M. beecheii is normally rare in this region of Mexico, AHBs may compensate the numeric lack of the original pollinator (Caro et al., 2017). On the Pacific coast of Mexico, temporal variation in the pollinator community and in the pollination efficiency of the main pollinators of Cucurbita moschata was found (Delgado-Carrillo et al., 2018). In the wet season, solitary native bees of the genus Peponapis were the most frequent and effective pollinators of C. moschata, whereas in the dry season, Peponapis bees were scarce. However, AHBs became the most frequent floral visitor providing an effective pollination service in this season (Delgado-Carrillo et al., 2018). Evidently, more studies are needed to understand the dynamics of AHBs with native pollinators and plants that require specialized pollination.

Nest site competition between AHBs and native stingless bees seems minimal because the former accept cavities with large openings that are not suitable for most native species and they also frequently build nests in the open (Roubik, 1989). However, the effect on other cavity nesting animals (birds and mammals) can be more severe (Efsthation and Kern, 2016). Arguably, total competition for nest sites and food could become more intense between AHBs than between the honey bees and native bees. Such competition among AHBs may be one factor contributing to curb their rate of population growth and the production of swarms (Roubik, 1989).

One less evident positive impact of honey bee Africanization in Mexico is the collateral impulse of stingless beekeeping. Before the arrival of AHBs, stingless beekeeping, an ancient activity dating from pre-Columbian times, was at the verge of extinction (Quezada-Euán et al., 2001). However, after 1986, to avoid stinging incidents, apiaries had to be relocated in the forests, further away from human settlements where they were normally kept. This opened a niche for the buildup of stingless bee backyards or meliponarios, which posed no risk to people (Quezada-Euán, 2018). New techniques started to be developed and applied, which propelled the modernization and rebirth of stingless beekeeping in Mexico (Quezada-Euán, 2018).

Native bee predators may have benefited by the sudden abundance of feral AHBs colonies. Army ants, for instance, are some of the major predators of stingless bees, but these have evolved different mechanisms to efficiently defend their colonies (Quezada-Euán, 2018). Instead, army ants frequently decimate AHBs colonies in apiaries, whilst only a few stingless bee colonies are lost in meliponarios (Quezada-Euán, 2018).

The Africanization of honey bees has resulted in extensive and more frequent interactions between honey bees and native bees (Roubik, 1989). One potential problem of such close interactions is the transmission of parasites and diseases, the dynamics of which are still not well understood. It is known that AHBs can be more resistant to some parasites like the mite Varroa destructor (Guzman-Novoa et al., 1999; Martin and Medina-Medina, 2004) that has decimated colonies of EHBs elsewhere (Guzman-Novoa et al., 2010). AHBs can also be more resistant than EHBs to viral infections (Hamiduzzaman et al., 2015). Seemingly, most honey bee parasites are not transmissible to native stingless bees and no major epidemics have been recorded in the latter (Quezada-Euán, 2018). However, several viruses found in honey bees have recently been detected in other bee species (McMahon et al., 2015; Tehel et al., 2016), raising the possibility of spill-over from AHBs to native bees. Honey bee viruses have been found in native stingless bees from Brazil (Ueira-Vieira et al., 2015) and Mexico (Guzman-Novoa et al., 2015). Surprisingly, although honey bee viruses have been found to replicate in Mexican stingless bees, no signs of disease have been found in colonies (Tapia-González et al., 2019; Morfin et al., 2020). Notably, a study conducted in the Brazilian island of Fernando de Noronha, found ubiquitous presence of deformed wing virus type C (DWV-C) in M. subnitida colonies, but rarity in A. mellifera, which suggested limited viral exchange between these two species (De Souza et al., 2019). It is possible that the so-called honey bee viruses may be generalist bee viruses or insect viruses and thus they could spread also from native bees to honey bees. More research is thus needed to clarify the issue of potential pathogen spillover between different bee species and other pollinators. AHBs seem to be also tolerant to other parasites that are damaging to EHBs, such as Nosema ceranae (Fleites-Ayil et al., 2018), and this microsporidian has also been found to multiply in M. colimana, an endemic stingless bee from Jalisco, Mexico (Macías-Macías et al., 2020). However, not much more is known about the potential virulence of honey bee pathogens in native bees. Clearly, the nature and extent of disease spillover from and between AHBs and native bees is still in early stages and deserves further investigation.



THE ECONOMIC IMPACT OF AHBS IN MEXICO


Honey Production

Honey production is a complex trait affected by many factors including floral resources, climate, colony populations and beekeeping practices. However, under similar environmental conditions of food resources, climate and management, differences in honey yields between colonies are directly associated to the population size of colonies, the length of life of forager bees and the foraging efficiency of bees (Woyke, 1984; Guzman-Novoa and Gary, 1993; Becerra-Guzmán et al., 2005). Therefore, differences in these traits between bee ecotypes could partially explain differences in honey production.

For reproduction rates, it is well established that AHBs reproduce at a faster rate than EHBs (Winston, 1979, 1992). For length of life and foraging efficiency, few studies have analyzed and compared AHBs and EHBs in a Mexican environment. Becerra-Guzmán et al. (2005) established colonies of both bee ecotypes in Tonatico, Mexico, and co-fostered marked AHBs and EHBs in the same colonies to study genotypic effects on their lifespan and foraging behavior. Both, EHBs and AHBs varied for length of life within a range of 20–26 days, but there was no significant difference for this trait between the two types of bees. Hive environment greatly influenced the lifespan of both bee types, indicating that genetic effects have less influence on this trait than environmental effects. By comparison, the length of life of worker bees of colonies from South America was reported to vary and no clear difference for this trait was found between EHBs and AHBs (Winston and Katz, 1981), which is similar to what Becerra-Guzmán et al. (2005) concluded in Mexico. What differed between the two bee types in the study by Becerra-Guzmán et al. (2005) was their foraging life; AHBs had shorter foraging lives (9 ± 0.4 days) than EHBs (12 ± 0.5 days), which could have a significant impact on food stores and honey yields of colonies. Additionally, work done in the same region of Mexico, showed that AHBs and EHBs did not differ in foraging force, number of total foraging trips and amount of nectar or pollen collected per individual bee, but they differed in how the foraging force was allocated. AHBs dedicated a significantly lower proportion of nectar foragers and a significantly higher proportion of pollen foragers in comparison with EHBs (Neuman, 2001). Other studies conducted in South America have reported that when different components of foraging behavior are considered altogether, such as the number of trips to flowers, as well as the quantity and quality of the nectar (sugar concentration of the nectar) transported to the hive, there are no differences between AHBs and EHBs for the amount of calories that each individual bee dedicated to the collection of nectar contributes to its colony (Rinderer et al., 1985a; Pesante et al., 1987; Rinderer and Collins, 1991). However, it has been well established that AHBs collect more pollen than EHBs because they allocate a higher proportion of their foraging force to collect pollen than bees of EHB colonies. Danka et al. (1987) compared the proportion of foragers dedicated to pollen foraging in colonies of both bee types in Venezuela, and found that more than 30% of the bees from AHB colonies performed pollen trips, while less than 15% of the bees from EHB colonies did it. Fewell and Bertram (2002) corroborated these findings in Arizona.

The consistency of results on the length of life, foraging efficiency and foraging strategy of honey bees in studies conducted in Mexico and South America, indicate that the main differences for these traits between AHBs and EHBs are longer foraging lives and higher proportions of foragers dedicated to nectar collection in EHB colonies. These differences in foraging life and foraging strategy give an advantage to EHBs over AHBs for honey production, and an advantage to AHBs for increased reproduction and colonization of new environments.

Honey production has decreased in all countries where AHBs have become established in at least half of their territory, with the exemption of Brazil (Gonçalves et al., 1991; Rinderer and Collins, 1991; Guzman-Novoa and Page, 1994b; Caron, 2001). This is one of the reasons why there is controversy about whether these bees are better suited for honey production than EHBs. The controversy has not been totally resolved because few side by side studies between colonies of the two bee eco-types have been conducted to compare them for honey yields (Kerr, 1967; Rinderer et al., 1985b; Spivak et al., 1989). Moreover, the number of colonies used in those studies (<15 per treatment) was low for valid statistical comparisons (small sample sizes) because the variation for honey yields among colonies is high (Uribe-Rubio et al., 2003). Additionally, the results of the above studies have been inconsistent. For example, Kerr (1967) found that AHBs were more productive than EHBs, Rinderer et al. (1985b) concluded that EHBs produced more honey than AHBs, and Spivak et al. (1989) did not find differences between colonies of the two bee types. Clearly, studies with a larger number of colonies conducted in different environments are necessary to obtain consistent results and to draw firm conclusions about the effect that the Africanization of honey bee populations has on honey production. Considering the above, Guzman-Novoa and Uribe-Rubio (2004) compared the honey yields of 118 EHB, 80 AHB and 84 hybrid colonies in a temperate region of Mexico. EHB colonies yielded over 30% more honey than AHB and hybrid colonies of Africanized maternal ancestry, which was significant. Hybrid bee colonies of European maternal ancestry produced slightly more honey than EHB colonies, but their yields were not significantly different. Additionally, hybrid colonies of Africanized maternal ancestry produced similar yields of honey to those of AHB colonies (Figure 2). These results demonstrate that colonies of primarily African ancestry produce less honey than colonies of primarily European ancestry. Moreover, they suggest maternal or dominance effects for honey production, and demonstrate that Africanization decreases honey yields of honey bee colonies, at least under the temperate environment of Mexico where they were tested. Uribe-Rubio et al. (2003), working in the same geographical area where the study by Guzman-Novoa and Uribe-Rubio (2004) was conducted, had previously found in a large study involving 416 colonies, that colonies having bees with African mtDNA produced significantly less honey than those having bees with European mtDNA. Therefore, it does not seem advantageous to work with populations of honey bees with a high degree of Africanization if honey yields are the primary objective of beekeeping operations. Mexican beekeepers have to work with AHBs because they are present and well adapted to most beekeeping regions in Mexico, but perhaps they can reduce the level of Africanization of colonies through selective breeding.
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FIGURE 2. Mean (± SE) honey yield per hive for 282 honey bee colonies of European, Africanized and hybrid genotypes (data from Guzman-Novoa and Uribe-Rubio, 2004).


The reasons why EHB and AHB colonies vary for stored honey that can be harvested are not well known, but they may be related with the behavioral adaptations of the two bee ecotypes to different environments in the regions of the world where they evolved (Page, 1989). AHB colonies collect more pollen and less nectar compared to EHB colonies of similar strength because they allocate less bees for nectar collection than EHB colonies (Danka et al., 1987; Pesante et al., 1987). Additionally, AHB colonies tend to keep lower food stores than EHB colonies because they use more of their food resources for reproduction than EHB colonies (Pesante et al., 1987; Winston, 1992). Another factor that may explain, at least in part, why AHB colonies produce on average less honey that EHB colonies, is a higher swarming frequency (Winston, 1992). Colonies swarming before or during the nectar flow season will be less populated than colonies that do not swarm and therefore will be less productive. Also, absconding (hive abandonment), a tactic of tropical bees to avoid starvation and predation, can partially explain the lower mean honey yields per colony in Africanized areas of Mexico (Guzman-Novoa et al., 2011).

The above studies have shown that at the colony level, AHBs seem to produce less honey per hive than EHBs, at least under temperate environments in Mexico. At the country level, it is more difficult to establish the actual impact that the Africanization of honey bees has had on honey production. Nevertheless, coincidentally with the arrival and spread of AHBs in Mexico, the production of honey in the country, progressively decreased within 10 years after that event (Guzman-Novoa et al., 2011).

Even when honey production decreased in Mexico during the first decade after the arrival of AHBs, the reduction was not as severe as in Venezuela or Central America (Hellmich and Rinderer, 1991; Guzman-Novoa, 1996; Caron, 2001), probably because there is better beekeeping infrastructure in Mexico than in those countries (Guzman-Novoa, 1996, 2004; Programa Nacional para el Control de la Abeja Africana [PNCAA], 2010). In 1986, the year when AHBs arrived in Mexico, the country’s honey production was 74,613 tons, whereas honey exports exceeded 48,000 tons (Sader, 2020). Ten years after their arrival, in 1996, honey production was estimated to be under 49,000 tons, while honey exports were less than 27,000 tons, which is equivalent to 66 and 56% of the honey that was produced and exported, respectively, the year of arrival of AHBs to the country. Twenty years after the arrival of AHBs, in 2006, honey production exceeded 55,000 tons and honey exports reached 29,000 tons (Sader, 2020), which reflects a slight increase relative to 10 years before (Figures 3, 4), despite the fact that new detrimental factors have menaced the beekeeping industry of Mexico, such as the discovery of the parasitic mite V. destructor in 1992 (Chihu et al., 1992) and destructive climatic events, such as hurricanes (Guzman-Novoa et al., 2011). One decade later, in 2016, honey production statistics were similar to those of 2006. This pattern of decrease in honey production, followed by a posterior increase, is consistent with what has happened in Brazil and Venezuela. Initially, beekeepers experienced a loss of hives and production, but when they adopted new management practices and replaced or increased their lost colonies, honey production increased gradually (Hellmich and Rinderer, 1991; Rinderer and Collins, 1991; Gonçalves et al., 1991). Despite the partial increase of honey production in the last two decades, total honey production in Mexico has not been recovered to the levels prior to the Africanization of colonies. Selective breeding could contribute to increase honey production as Guzman-Novoa and Page (1999a, b) demonstrated, using local populations of AHBs in which they increased the frequency of EHB genes and colony honey yields, in an Africanized region of Mexico.
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FIGURE 3. Honey production in Mexico the year of the arrival of AHBs (1986), 10 (1996), 20 (2006), and 30 (2016) years later (data from Sader, 2020).
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FIGURE 4. Honey exports in Mexico the year of the arrival of AHBs (1986), 10 (1996), 20 (2006), and 30 (2016) years later (data from Sader, 2020).




Defensive Behavior

One of the most noticeable changes in honey bee colonies as a result of Africanization, is their increased defensiveness, which occurs at a rapid pace (Quezada-Euán and Paxton, 1999). AHBs react faster, with more individuals that pursue and sting, and their defensive responses last longer compared with EHB colonies (Stort, 1975a,b; Collins et al., 1982; Collins and Rinderer, 1991; Guzman-Novoa et al., 1994, 2002a,b; Giray et al., 2000; Uribe-Rubio et al., 2003; Breed et al., 2004). Numerous studies conducted in Mexico have contributed to better understand how environmental and genetic effects, as well as worker interactions, affect the defensive behavior of AHBs, and how this behavior has impacted society and beekeeping practices.

The defensive behavior of honey bees consists of several tasks, including guarding, pursuing and stinging (Breed et al., 2004). Guarding is a specialized behavior performed by less than 40% of the bees in a colony (Moore et al., 1987; Unger and Guzman-Novoa, 2012). Guards inspect incoming bees with their antennae at the colony entrance to distinguish foreign bees and other invertebrates from nestmates. They use olfactory cues to allow nestmates enter the colony and to reject foreign bees and other invertebrates (Moore et al., 1987). When guards cannot repel intruders, particularly vertebrates, they release alarm pheromones to recruit bees from the interior of the hive to pursue and sting intruders (Breed et al., 2004). Guards thus, play an important role in impeding the entrance of invertebrates to the colony and in recruiting nestmates to defend their colony against vertebrates.

To analyze genetic and environmental effects on the guarding behavior of AHBs and EHBs in Mexico, Hunt et al. (2003a) co-fostered known numbers of individually marked AHBs and EHBs of the same age in common colonies of both genotypes, and observed their guarding behavior. They found that AHBs guarded at a younger age, in higher numbers and during more days than EHBs. On average, AHBs guarded for 5 days and EHBs for 3 days. They concluded that genotypic, environmental and genotype x environmental effects significantly increased guarding bouts in the AHB genotype. In another study, Hunt et al. (2003b) reported that when bees of the two genotypes co-fostered in a common colony were exposed to alarm pheromone components (emulating a recruiting event by guard bees), AHBs responded in greater numbers.

Soldiers (the bees recruited by guards) comprise another group of defenders that pursue intruders to deter them from the colony and sting them if they do not go away (Breed et al., 2004). The association of guarding and soldiering tasks was demonstrated by Guzman-Novoa et al. (2004), who found a correlation between individual guarding and other components of defensive behavior, such as response to alarm pheromone, pursuing tendency, and stinging. Moreover, the distance and number of bees pursuing experimenters was the component that best separated gentle and defensive colonies. The mean number of pursuing AHBs at different distances was >81 times greater than that of pursuing EHBs (Guzman-Novoa et al., 2003).

Environmental effects and worker interactions also affect the defensive behavior of honey bees (Uribe-Rubio et al., 2003, 2008, 2013). It is likely that in Africanized areas, honey bee colonies are composed of multiple worker genotypes because queens mate with many drones of different genetic origins. To emulate these conditions, colonies were assembled by co-fostering EHBs and AHBs in common colonies in Tonatico, Mexico, and their stinging responses were quantified with leather patches presented at different times. During the first 10 s of the test, 81% of the bees that stung were AHBs, but from 10 to 30 s, AHBs and EHBs were equally likely to sting. However, when tested in their own environments, bees of two of the three EHB colonies used did not sting and did not pursue in any of the eight trials conducted, whereas all three AHB colonies did (Guzman-Novoa et al., 2004). These results suggest behavioral interactions among bees of different genotypes when they share a common nest. The more defensive type of bees may affect the response thresholds of less defensive bee genotypes, recruiting them to sting. Similarly, in a previous study, changes in propensity to sting in a gentle bee genotype were demonstrated. Co-fostered EHBs were more likely to sting in colonies containing hybrid (Africanized/European) bees than in their natal nests (Guzman-Novoa and Page, 2000).

In addition to environmental influences and worker interactions, genetic effects strongly influence the defensive behavior of AHBs (Hunt et al., 2007). Their intense defensive responses are highly heritable and apparently genetically dominant (Stort, 1975a,b; Collins and Rinderer, 1991; Guzman-Novoa and Page, 1994a; DeGrandi-Hoffman et al., 1998a; Hunt et al., 1998; Guzman-Novoa et al., 2002a), but when crossed with EHBs and analyzed by type of hybrid or backcross, it was found that AHB colonies in Mexico are strongly affected by paternal effects. Paternal effects could explain why in each of four sets of crosses, bees from hybrid colonies of Africanized paternity left more stings in leather patches than bees from hybrid colonies of European paternity (Guzman-Novoa et al., 2005). Although some degree of dominance was observed for high-defensive behavior in crosses involving European paternity, most of the dominance effects appear to be the result of paternal effects (Figure 5). Paternal effects on the defensive behavior of honey bees may explain in part the ecological success of AHBs. Defensive traits are beneficial to honey bee colonies in tropical environments because they help them reduce predation (Rinderer and Hellmich, 1991). Two potential mechanisms may explain a paternal effect for defensive behavior. First, interactions between European mitochondrial genes and African nuclear alleles could result in a more defensive response. Another explanation for the observed paternal effects is that imprinting mechanisms selectively reduce expression of maternal alleles or increase expression of paternal alleles. Imprinting usually is caused by methylation that silence particular alleles depending on the sex of the parent from which the alleles were inherited (Constancia et al., 1998).
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FIGURE 5. Mean number of stings per minute on leather patches from four years of testing for colonies of four honey bee genotypes: E (European), AxE (F1 of European paternity) ExA (F1 of Africanized paternity), A (Africanized) (data from Guzman-Novoa et al., 2005).


Five putative quantitative trait loci (QTLs), including sting-1-5 that influence honey bee defensive behavior were mapped in a population of more than 300 backcrossed colonies tested in Mexico (Hunt et al., 1998). In another study, the marker genotypes near sting-1 were associated with the tasks of guarding and fast stinging, thus confirming the effects of sting-1 on defensive behavior (Guzman-Novoa et al., 2002b). Seven additional QTLs that regulate alarm pheromone production were mapped in Mexican AHB backcrossed colonies (Hunt et al., 1999). Other genes that regulate and have influenced the evolution of defensive responses in AHBs and EHBs were identified with microarray studies conducted in Mexico (Alaux et al., 2009; Ament et al., 2012). Recent work using pooled sequencing of AHBs identified 65 loci associated to defensive behavior from colonies that diverged in defensive responses, and showed that they contained African and European alleles that interacted (Harpur et al., 2020). By comparison, the apparently gentle AHB of Puerto Rico (Rivera-Marchand et al., 2008) differs in genetic structure from AHB populations in mainland United States, probably as a consequence of local selection and evolutionary processes on the island (Galindo-Cardona et al., 2013; Avalos et al., 2017; Acevedo-Gonzalez et al., 2019). Therefore, it is possible that different sets of genes may affect the defensive behavior of AHBs in different populations as a consequence of regional selection and interaction of African and European alleles.

Clearly, the numerous studies that have been conducted in Mexico have evidenced that the defensive behavior of AHB populations in the country varies, but it is clearly more pronounced than that of EHB populations and is affected by genetic effects, environmental effects, and complex interactions between worker bees in their nests. This higher level of defensiveness of AHBs has impacted human and animal health, and the beekeeping industry of Mexico.



Impact of Defensive Behavior

For many people in Mexico, the characterization of AHBs as “killer bees” added to public awareness of honey bee defensive behavior. Unfortunately, this characterization has created a fear-driven public climate in some regions of the country that is often antagonistic to populations of honey bees, regardless of actual hazards. This is because isolated stinging incidents and human fatalities cause a great impression in people and are not easily forgotten (Guzman-Novoa et al., 2011). Beekeepers are able to take precautions in the apiary and avoid serious stinging incidents, but it is not always possible to prevent interactions between the public and managed AHBs, particularly in dense populated areas. Incidents often occur when animals or humans walk nearby apiaries that have been recently manipulated by beekeepers, and are more common just before the main nectar flow because colonies are strongly populated (Guzman-Novoa et al., 2011).

The number people killed by honey bees in Mexico between 1988 and 2009 was 21.8 per year, or 0.23 per million people (Becerril-Ángeles et al., 2013), which is relatively insignificant. By comparison, scorpion stings cause 2.87 fatalities per million people (Celis et al., 2007). Therefore, the probability of being killed by honey bee stinging incidents in Mexico is about 12 times lower than being killed by scorpion stinging incidents, and it is 3,500 times less likely to die of bee stings than to die of diabetes (Becerril-Ángeles et al., 2013). However, despite the low probability of mortality, the arrival of AHBs temporarily increased the number of human fatalities between 1988 and 1993 and then progressively decreased in the following years until 2009, the last year of recorded fatalities by honey bee stings in Mexico (Figure 6). From 1988 to 2009 there were 480 fatality cases, and more than 70% of them were people 50 years of age or older (Becerril-Ángeles et al., 2013). It is believed that the gradual decrease in the number of human fatalities between 1994 and 2009 was probably due to the sum of several factors, including more awareness in the population about the danger that approaching honey bee nests and hives represents, the elimination of more than 100,000 swarms annually by fire fighters (Becerril-Ángeles et al., 2013), the relocation of apiaries away from urban areas and main roads by beekeepers, and a higher requeening rate of honey bee colonies with gentler stock (Guzman-Novoa et al., 2011).
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FIGURE 6. Number of death people from honey bee stings in Mexico between 1988 and 2009 (data from Becerril-Ángeles et al., 2013). By comparison, the probability of being killed by honey bee stinging incidents in Mexico is about 12 times lower than the probability of being killed by scorpion stinging incidents.




Management Practices and Breeding

A consequence of working with more defensive bees after the arrival of AHBs is that some beekeepers have abandoned the activity, or in the case of commercial beekeepers, reduced their colony numbers, because finding locations suitable for apiaries has become more difficult. Landowners who have fields suitable for beekeeping do not easily accept the establishment of hives within their property because they want to avoid problems related to stinging incidents (Guzman-Novoa et al., 2011). In fact, large operations of more than 5,000 hives mainly dedicated to honey production went out of business. Examples of this were “Miel Carlota,” “Acapulco Miel,” and “Veramiel” companies with more than 40,000, 20,000, and 10,000 colonies, respectively. The only large beekeeping operations remaining in Mexico after the colonization of AHBs of most beekeeping regions of the country, are those mainly dedicated to rent their colonies for crop pollination, because hive rental fees are high enough to provide profits above hive management costs (Magaña-Magaña et al., 2016). Those operations use bee stocks selected for reduced defensive behavior (Guzman-Novoa et al., 2011).

Although large commercial beekeeping operations have decreased since the arrival of AHBs, the number of small-scale and sideline beekeepers owning between 20 and 500 hives has increased, and it is expected that this trend continue (Guzman-Novoa et al., 2011). These beekeepers do not hire labor because they manage their own colonies or receive help from family members and relatives, with which labor costs and the difficulty of finding beekeeping employees do not affect them as much as large commercial companies are affected. Furthermore, their apiaries are normally located on sites close to their place of residence. Therefore, they do not have the transportation costs or the difficulties associated with finding suitable locations to place their apiaries as large commercial beekeeping companies have experienced.

Mexican beekeepers have adapted to the “new” bees by changing their management practices to better deal with some of the pronounced behaviors of AHBs, particularly their extreme defensive, swarming, and absconding behaviors. Small-scale beekeepers have adopted fewer changes than commercial beekeepers, but all have changed their management practices to some extent. According to Guzman-Novoa et al. (2011), among the practices most commonly adopted by beekeepers to manage honey bee colonies in Africanized areas of Mexico are: (1) the use of better protective equipment such as coveralls and gloves, (2) the requeening of defensive colonies with queens from gentler stock, (3) the relocation of apiaries to isolated areas to reduce the probability of stinging incidents involving humans and livestock, (4) the feeding of colonies during dearth periods to decrease colony loses due to absconding behavior, and (5) the more frequent swarming control and honey harvests.

The above practices have improved the management and productivity of honey bee colonies in Africanized areas. Requeening is an important measure because queens in tropical environments are frequently superseded. In a study conducted in an Africanized area of Mexico, the queens introduced into more than 350 colonies were monitored for 1 year. After 6 and 12 months, only 61% and less than 30% of the introduced queens, respectively, were found in the colonies (Guzman-Novoa et al., 1998). Therefore, the requeening of colonies is recommended as a minimum once a year (Guzman-Novoa et al., 2011). Fortunately, queen acceptance rates in AHB colonies are as high as those in EHB colonies (Guzman-Novoa et al., 1997). Additionally, the relocation of apiaries has decreased the number of stinging incidents (Becerril-Ángeles et al., 2013), and the last two measures have resulted in increased honey yields (Guzman-Novoa et al., 2011).

Previous studies have demonstrated that if the Africanization level of colonies is 25% or lower, bees of these colonies do not differ in stinging behavior with EHB colonies (Hellmich, 1991; Guzman-Novoa and Page, 1993, 1999a,b). Therefore, selective bee breeding could increase honey yields and decrease the defensive behavior of AHB populations by decreasing the Africanization level of colonies. Guzman-Novoa and Page (1999b) conducted a long-term selective breeding program in an open honey bee population of more than 3,000 colonies located in an Africanized area of Mexico. This program is the largest selective breeding program so far conducted in Africanized bee regions. After 5 years of selection, honey yields increased 16%, stinging behavior decreased 54%, and the length of worker wings increased >1%. Additionally, the percentage of colonies having bees with African mtDNA decreased from 28% before selection to 7% after four generations of selection. These results suggest that the level of Africanization in the selected population was reduced to some degree over time, and demonstrate that it is possible to breed gentler and more productive bees in Africanized areas without the use of instrumental insemination of queen bees. Programs like this, stimulated the implementation of other selective breeding programs for low defensive behavior (Esquivel-Rojas et al., 2015) and also queen breeders who selectively breed honey bee stock for higher honey yields and lower defensiveness, have considerably increased the number of queens they rear and sell. In fact, according to the Mexican association of queen breeders, the number of queens reared tripled in 30 years (Guzman-Novoa et al., 2011). In the Yucatan peninsula, selection of AHBs has also resulted in increased honey yields, disease resistance and lower defensiveness. Those promising results suggest that selection of AHBs, rather than the introduction of European stock seems to be the best option for tropical areas (Quezada-Euán et al., 2008; Zárate et al., 2008).



CONCLUSION AND FURTHER DIRECTIONS

The Africanization of the honey bees of Mexico has resulted in extensive hybridization strongly driven by climatic conditions. As a result, AHB colonies are amongst the most genetically diverse A. mellifera yet recorded (Tarpy et al., 2010; Harpur et al., 2012, 2020). Notably, AHBs do not resemble anymore their original ancestors, they are genetically and biologically distinct, and might be considered a separate A. mellifera lineage well adapted to the Neotropics. Presently, the managed colonies of honey bees in Mexico show two contrasting patterns, one mainly composed by AHBs in the tropical beekeeping regions of the Yucatan peninsula, the Gulf of Mexico’s coast and the Pacific Coast, and another where EHBs predominate, in the temperate beekeeping regions of the high plateau and the North of the country. However, little is known about the composition of feral populations elsewhere in the country. Future studies of Mexican honey bees involving high-density molecular markers should be useful in revealing their population genetic structure, especially in lesser studied regions. No information exists on the patterns of introgression at nuclear loci. Thus, the level of selection that has occurred for African and European-derived genes in different regions as well as the genetic stability of such populations is still unclear. Moreover, possible AHBs-EHBs clines and hybrid zones may exist in Mexico, but this has not been studied extensively (see Kraus et al., 2007).

The Africanization of honey bees has resulted in lower honey yields per colony in temperate climates of Mexico, but how it has affected honey yields in the tropics is unknown. Therefore, side by side comparative studies of honey production and about the underlying factors that affect this trait between AHB and EHB colonies in the tropics are warranted. The defensive behavior of bees in Mexico has increased, but the impact of this behavior on stinging incidents involving humans has been relatively insignificant. A new generation of beekeepers emerged and learned how to manage AHBs to reduce their impact and to make them more productive. A corollary is that breeding programs in Mexico and elsewhere in the Neotropics, may benefit from using honey bees that are already present and better adapted to their respective tropical and temperate zones. These populations have been largely confronted to various environmental conditions and in the process are better adapted compared with foreign stock (Domínguez-Ayala et al., 2016). This is particularly relevant considering the low frequency of massive colony losses in Mexico and Latin America due to Colony Collapse Disorder and diseases, compared to what occurs in the United States and Europe (Vandame and Palacio, 2010). Moreover, the discovery and use of nuclear markers for assisted selection, should accelerate the breeding of gentler, more productive and disease resistant honey bees.

In comparison with the economic impact, in Mexico (as well as all over the Americas), the assessment of ecological impacts as a result of the Africanization of honey bees is meager. Although some positive effects have occurred, such as the increase of pollination services to some crops and the concomitant impulse of stingless beekeeping, the large-scale impact of AHBs on native ecosystems as well as on specialized bee-plant interactions is virtually unknown. Further studies should focus on ways that help maintaining an equilibrium between AHBs and native species. Better characterization of pollination mutualisms in wild and managed systems is also crucial to ensure habitat stability and agricultural production (Roubik, 2000). The evidence suggests that under limited food resources, competition can become more intense, possibly leading to limits where the systems can no longer adapt (Roubik, 2009). Therefore, one way to protect such equilibrium is by preserving and, if possible, increasing natural areas with rich floral resources, especially in regions where beekeeping is intensively practiced. Recent evidence suggests that AHBs may tolerate high levels of heat stress (Medina et al., 2018; Medina et al., 2020; Poot-Baez et al., 2020), a fact that should be considered for the sustainability of beekeeping under the threat of climate change but, comparative studies with EHBs are still needed. Research could help to better understand the basis of biological adaptations and behaviors of AHBs to develop technologies aimed at making them more productive and less defensive. AHBs are in the Americas to stay and the challenge is to make sustainable use of them while preserving the ecosystems in which they now thrive.
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