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Abstract

:

Simple Summary


The western honey bee (Apis mellifera) is an important ecological pollinator that commercially and economically contributes billions of dollars of free services to our ecosystem. Having the basic knowledge to provide an effective and standardized measure of the trait and check the pollination effectiveness is very important. However, we are still lacking efficient methods that can significantly measure traits. In this study, we checked the morphological structure of hairs on all of the body parts of the western honey bee by using a scanning electron microscope (SEM); furthermore, we also described the slide preparation method to measure hair length, which could also be used for distinct invertebrates. We found two forms of long and short hairs along with five different types of branches. These branches are worthwhile in pollination effectiveness during holding and transporting pollen. The thoracic region is filled with long hairs with maximum branches, which suggests that the thorax in honey bees probably plays a significant role in pollination effectiveness.




Abstract


Bees play a very important role in pollination, especially western honey bees, which contribute upwards of billions of dollars concerning crop pollination. Hairiness plays an important role in pollination success by transporting pollen, and pollen intake, but there is a lack of detailed studies on the morphological mechanisms. The hairiness trait is barely discussed in pollinator trait analysis because of the lack of systematic techniques used to measure hairiness. This paper reports a novel method that is used to measure the hair length of different body parts of a western honey bee through a stereomicroscope equipped with live measurement module software. Scanning electron microscope (SEM) was used to update the knowledge regarding the hair structure of a western honey bee. We explained different types of hairs, hair branches, and their distributions on different body parts, which are discussed in detail. A positive correlation was found between hair length and the number of branches on all body parts. Five types of branches were observed, and these branches vary with different body parts. Our study provides sufficient details about the hair morphology of the western honey bee and a new methodology for measuring hair length. This methodology will improve the knowledge about understanding the pollination efficiency of the western honey bee.
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1. Introduction


Pilosity is an important trait in insect pollinators [1]. Hairy forelegs in honey bees are essential for pollen removal and are also used to remove pollen from the eyes, and spacing in hairs is also beneficial in this process [2]. These hairs on bees are beneficial and perfectly adopted to collect pollen [3]. Hairiness plays an important role in thermoregulation by alleviating the convective loss of heat [4,5,6].



A functional trait can be morphological, phonologic, biological, or behavioral features of an organism that influence its health or performance [7]. Morphological traits are significantly important in certain habitats and under certain conditions when compared with other traits. If the species with specific traits and also responses towards changes in the environment are missed, this can cause alteration in an ecosystem following an intense reaction to human-dependent services [8]. The measurement of some traits containing animal functional diversity, mostly in terrestrial invertebrate communities, is deficient [9], or is measured by using methods that are not effective and also have limitations [1].



Bees act as key regulators and also maintain global biodiversity and food security. Honey bees provide pollination services that are important for a variety of crops. Western honey bees (Apis mellifera Linnaeus, 1758) and eastern honey bees (Apis cerana Fabricius, 1793) have higher pollination efficiency as compared to wasp species (Vespidae) and hoverfly species (Syrphidae) [10]. Honey bees also play an important role in nourishing food security and biodiversity around the world [11].



Pollinators are declining [12,13], including bees across Europe [14,15] and bumblebees in North America [16], facing extreme threats due to climate change, land conversion, excessive use of pesticides, invasive alien species, pollinator’s management, and pathogens [14,17]. These factors have caused a reduction in pollination services provided by plants [15,18].



The western honey bee pollinates wild plants and crops [19,20], acting as a significant key pollinator. The foraging range of honey bees is 2.5–3 km and has not been affected by the landscape context up to 750 m [21]. During the past 5000 years, western honey bees have been misused by humans [22,23] because the colonies of western honey bees and Asian honey bees offer commercial pollination that is exploited and commercialized as managed pollinators [22]. Honey bees are under pressure due to pathogens and environmental stress [20]. Hairiness plays an essential role in collecting pollen and increasing the pollination efficiency, and therefore studies should be conducted focusing on pollinators’ hairiness. We selected the western honey bee as a model bee, however the same study can be conducted on other insect species.



Most studies about western honey bees consider this species as an essential pollinator [24,25], helpful in transporting pollens [26]. The colonies of honey bees can be easily moved from one place to another to collect honey, however pollination is now becoming more profitable than income from honey [27]. The western honey bees are considered an effective pollinator in crop pollination, contributing an estimated value of $ 5–14 billion in the USA per year [27,28].



Pollinators play a very important role in our ecosystem as 87% of the important global food crops are dependent upon animal pollination [29]. In Maoxian County, Sichuan, China, people use sticks and brushes to pollinate apple plants, which reveals a scarcity of pollinators to pollinate fruit plants [30].



Past studies intended to measure hairiness in bees and other insects that rely on the live measurement of hair length [1] and morphology of hairs were described on the thoracic part [4]. These approaches are effective, but usually hair jumbling can cause an error during measurement and hair morphology was not illustrated on whole body parts. Our approach uses the SPM (slide preparation method), which is considered to be a more precise method to measure hair length. An innovative method was proposed to measure entropy attained from the image of the insect body surface as a proxy of hairiness [31], but this was denied by Roquer-Beni et al. [1], declaring that shiny cuticles yielded a high level of entropy because of light reflection. We used a dead specimen of a western honey bee for our measurement, but live (anesthetized) insects can also be used without affected by light reflection. Here, we explain this method to examine the hair structure on different body parts of the honey bee. This study aimed to check the hair structure on different body parts of the honey bee and develop a new method, the slide preparation method (SPM), to measure the hair length. We observed a lack of basic information about hair structure; therefore, this study will contribute towards a better understanding of the importance of hairiness in insect ecology.




2. Materials and Methods


We selected the adult western honey bee (Apis mellifera), collected from the city park of Jinan, PR China (Figure 1), because of its importance as a key pollinator. A stereomicroscope, LEICA M165C (Leica Microsystems Ltd, Heerbrugg, Switzerland), was used to take photographs of different body parts and the Hitachi TM3030 environmental scanning electron microscope (SEM, Hitachi High-Technologies Corporation, Hitachi, Japan) was used to capture ultra-photos of hairs. Photoshop® CS6 (Adobe Systems, San Jose, California, CA, USA) was used to improve the quality of the photos.



2.1. Hair Morphology


A graver (an instrument with sharp removable blades) was used to cut small tissues from desired parts and prepare the slides for the Hitachi TM3030 environmental SEM. The hairs attached to each tissue were observed and ultra-micro-photos were taken which showed the hair morphology (Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6).



For the use of SEM, tissues with hairs were removed from different body parts and coated with gold-ion in a Giko IB-5 Ion Coater, with 15 kV voltages [4,32].



Hairiness structure was observed on the face, dorsal thorax, ventral thorax, dorsal abdomen, ventral abdomen, and hind leg. The leg was further observed looking at each segment: the coxa, trochanter, femur, tibia, basitarsus, and tarsus. We also analyzed the thorax and face because the thorax is supportive in producing endogenous heat [5] and the face and thorax are used to exchange pollen during pollination [33].




2.2. Slide Preparation Method


The slide preparation method was designed to obtain a more accurate measurement of hairiness: 1 × 3 inches long and 1–1.2 mm thick glass slides were used. The hairs were removed from the desired part of the pinned specimen using the graver and these removed hairs were separated from each other by using needles, and the LEICA S9E stereomicroscope (Leica Microsystems Ltd., Heerbrugg, Switzerland) was used for clear observation of the hairs. A drop of pulverized Arabic gum was added and slowly placed on the coverslip to avoid bubbles against the slide. Desiccate slides were used for taking photos.




2.3. Hair Length


Hairs were removed and used to prepare slides: 200 hairs were selected from 20 body parts, the thorax (dorsal, ventral), abdomen (dorsal, ventral), face, foreleg, mid-leg, and hind leg, including five segments (coxa, trochanter, femur, tibia, tarsus) from each leg. The LEICA DM 1000 microscope (Leica Microsystems Ltd., Heerbrugg, Switzerland) was used for observation and taking photos. These photos were taken to measure the hair length while the number of branches was counted live on each hair using a 20× zoom lens. The length measuring tool LAS 4.0 software (Leica Microsystems Ltd., Heerbrugg, Switzerland) in the LEICA M165C stereomicroscope was used to measure the hair length.




2.4. Statistical Analysis


All the statistical analyses and graphs were made by using R v.4.1.1 (https://cran.r-project.org/, accessed on 9 August 2021) [34]. Hair length and the number of branches are discussed in the results as Mean ± SE. The Kolmogorov–Smirnov test [35] and Shapiro–Wilk test [36] were used to check the data normality. Square root transformations were applied to improve the normality of data if needed. The Pearson correlation coefficient was used to check the correlation value (r) between hair length and the number of branches among different body parts. We also checked the correlation of hair length and number of branches among different body parts by using one-way ANOVA followed by a Tukey’s test, for multiple comparisons.





3. Results


3.1. Hair Morphology


We found five types of branches: hairs with long branches (Figure 2a–c), without branches (Figure 2f,h–j), short branches (Figure 2d,e), triangular shape (Figure 5i and Figure 6b,c), and multiple branches (Figure 4g,i), respectively. Two distinct types of short and long hairs followed by five different branches were seen on the body parts. The collected foraging western honey bees were examined using the LEICA M165C stereomicroscope, which showed that pollen attached to hair mostly on the thoracic parts, and it was also found that branches play an important role in holding the pollen (Figure 7).




3.2. Correlation between Hair Length and Number of Branches


Hair length and the number of branches were statistically analyzed. The mean and standard error were calculated as shown in Table 1.



The longest hairs and the maximum number of branches were found on the ventral thorax (29.67 ± 1.80 mm) and the basal part of the legs attached to the ventral thorax, especially the coxa. The mean hair length from all body parts was 22.27 mm, while the mean number of branches was 5.23. The minimum hair length was 8.91 mm, while the maximum hair length was 39.60 mm, as shown in Supplementary Table S1.



The average hair length was (16.65 ± 0.92), (24.05 ± 1.25), and (29.67 ± 1.80) on the face, dorsal thorax, and ventral thorax, respectively. The average number of branches was calculated as (4.63 ± 0.15), (4.38 ± 0.33), and (5.85 ± 0.29) on the face, dorsal thorax, and ventral thorax, respectively.



A significant difference in hair length on whole body parts was found (ANOVA, F19 = 10.32, p < 0.001) as well as in number of branches (ANOVA, F14 = 4.20, p < 0.001). Hair length on the thorax and face showed significant values (ANOVA, F2 = 22.63, p < 0.001), as did the number of branches (ANOVA, F2 = 8.6, p < 0.001). Hair length on legs was also significant (ANOVA, F14 = 8.99, p < 0.001), as well as the number of branches (ANOVA, F9 = 3.14, p < 0.001) (Figure 8, Supplementary Table S2).



Scatter plots were used to demonstrate the intercorrelation between hair length and the number of branches. The number of branches and hair length were positively correlated on all body parts (Pearson correlation r = 0.51, p < 0.001; Figure 9a). The hair length on all body parts ranged from 8.91 mm (Fore leg trochanter) to 39.60 mm (Ventral thorax) (29.67 ± 1.80), while the number of branches ranged from 0 to 8 (Hind leg coxa) (6.86 ± 0.23). Hair length and the number of branches on the thoracic region and face were positively correlated (r = 0.58, p ≤ 0.001; Figure 9b). Hair length and the number of branches on legs, including foreleg, mid-leg, and hind leg, were positively correlated (r = 0.55, p < 0.001; Supplementary Table S3, Figure 9c).





4. Discussion


To our knowledge, this is the first study that has attempted to explain the morphology of hairs on western honey bees on each body part using a scanning electron microscope (SEM) and measuring hair length by using the slide preparation method (SPM). The goal of our study was to check the morphological structure of hairs and to create a standard method to measure hair length and the number of branches. A distinctive improved method has been described in this study to measure the hair length, and quantitative data of hair length and the associated number of branches were also analyzed. This methodology can also be used for all other pollinators, including butterflies, bees, flies, and beetles, to check the morphology and hair length. The hair length is not affected by the cluttering of hairs, which is a negative factor that was recently described [1].



We found a positive correlation between hair length and the number of branches for all measured body parts (r = 0.51–0.58, p < 0.001). Hair length might be affected by body size, as found by Peat et al. [37] in the positive relation between hair length and body size at the intraspecific level in bumblebees.



The results of this study showed the morphological mechanism underlying the association between hairiness and pollination effectiveness. The longer hairs with more branches can hold more pollen grains, and it is significant when related to the size of the pollen grain [38,39], which illustrates significant variations between plant taxa [33]. The outcomes from this study suggest that the western honey bee consists of two forms of hairs that are further divided into five types based on different branches. Interestingly, Phillips et al. [26] and Stavert et al. [31] also found a linkage between hairiness and pollination effectiveness.



The collected specimens were analyzed and it was found that the pollen attached to all body parts, but mostly on the dorsal thorax, face, and legs, especially on the hind leg due to the pollen basket, as shown in Figure 1i and Figure 7. We found a specimen which was full of pollen of Alcea rosea (Figure 7) attached to its hairs, and as Mcgregor [40] stated, honey bees visit only one plant species in a single foraging trip and this hairiness enables the bee to accumulate pollen grains on its body that later come in contact with the floral stigma during subsequent bee visits.



We found that the thorax and hind leg have long hairs, and therefore they could play important roles in pollination effectiveness as they can hold more pollen. It was suggested by Southwick [4] that nearly all the pollen was trapped on the periphery by the long hairs. Meanwhile, more branches were found on longer hairs, and this is probably the morphological mechanism for efficiently holding pollen.



Our methodology will be significant for future pollinator studies, looking at their body structure along the environmental gradient and their response to climate change. Researchers suggest that hair length contributes to maintaining the insulation layer and affects thermoregulation [6], and therefore pollinators would have long hairs in cold environments [41]. It is important to remember that the specimens analyzed in the present study were collected from different urban parks of the same city. A larger-scale sampling is necessary in the future to study the genotypic or geographical variation on the morphological traits.




5. Conclusions


This study will be useful for measuring hairiness traits such as hair length and morphological structure of hairs on different body parts. We observed the hair structure and measured the hair length using the LAS 4.0 software in LEICA M165C. We found two types of hairs, short hair and long hair, with five different branches. While measuring the hair length, we observed the hair branches and found that different types of hairs have different types of branches. Further research will be useful to find the variations in hair structure and hair length to check the micro-evolution and morphological changes within different insects.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/insects13020189/s1, Table S1: Summary of data including minimum values, 1st quartile, median, mean, 3rd quartile, and maximum value of hair length and number of branches among the whole body parts. Table S2: Statistical outputs of ANOVA analyzing differences in hair length and the number of branches first with all body parts and then with three body parts (dorsal thorax, ventral thorax, face). Table S3: Correlation coefficients (Pearson r) of hair length and number of branches (dorsal thorax, ventral thorax, face).





Author Contributions


Conceptualization, K.A.K. and T.L.; data curation, K.A.K.; formal analysis, K.A.K.; funding acquisition, T.L.; methodology, K.A.K.; project administration, T.L.; software, K.A.K.; supervision, T.L.; writing—original draft, K.A.K. and T.L.; writing—review and editing, K.A.K. and T.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Excluded.




Acknowledgments


We would like to thank all of the anonymous reviewers for their insightful feedback, which helped us improve the final version of the article. Authors are grateful to Kaijian Teng and all the students working in the lab of insect systematic ecology and evolution, Shandong Normal University for their kind help. Authors are thankful to Aammar Tufail for online tutorial of R programming.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Roquer-Beni, L.; Rodrigo, A.; Arnan, X.; Klein, A.M.; Fornoff, F.; Boreux, V.; Bosch, J. A novel method to measure hairiness in bees and other insect pollinators. Ecol. Evol. 2020, 10, 2979–2990. [Google Scholar] [CrossRef]

	



Amador, G.J.; Matherne, M.; Waller, D.; Mathews, M.; Gorb, S.N.; Hu, D.L. Honey bee hairs and pollenkitt are essential for pollen capture and removal. Bioinspir. Biomim. 2017, 12, 026015. [Google Scholar] [CrossRef]

	



Percival, M. Floral Biology; Elsevier Science: Burlington, MA, USA, 1965. [Google Scholar]

	



Southwick, E.E. Bee hair structure and the effect of hair on metabolism at low temperature. J. Apic. Res. 1985, 24, 144–149. [Google Scholar] [CrossRef]

	



Heinrich, B. The Hot-Blooded Insects: Strategies and Mechanisms of Thermoregulation; Springer: Berlin/Heidelberg, Germany, 1993. [Google Scholar]

	



May, M.L. Insect Thermoregulation. Annu. Rev. Entomol. 1979, 24, 313–349. [Google Scholar] [CrossRef]

	



Nock, C.A.; Vogt, R.J.; Beisner, B.E. Functional Traits; John Wiley & Sons: Chichester, UK, 2016; pp. 1–8. [Google Scholar]

	



Kühsel, S. Pollinator Trait Diversity: Functional Implications at Different Land-Use Intensities and Environmental Conditions. Ph.D. Thesis, Technische Universität Darmstadt, Chichester, Germany, 2015. [Google Scholar]

	



Moretti, M.; Dias, A.T.; De Bello, F.; Altermatt, F.; Chown, S.L.; Azcarate, F.M.; Bell, J.R.; Fournier, B.; Hedde, M.; Hortal, J. Handbook of protocols for standardized measurement of terrestrial invertebrate functional traits. Funct. Ecol. 2017, 31, 558–567. [Google Scholar] [CrossRef]

	



Liu, R.; Chen, D.; Luo, S.; Xu, S.; Xu, H.; Shi, X.; Zou, Y. Quantifying pollination efficiency of flower-visiting insects and its application in estimating pollination services for common buckwheat. Agric. Ecosyst. Environ. 2020, 301, 107011. [Google Scholar] [CrossRef]

	



Vergara-Amado, J.; Manzi, C.; Franco, L.M.; Contecha, S.C.; Marquez, S.J.; Solano-Iguaran, J.J.; Haro, R.E.; Silva, A.X. Effects of residual doses of neonicotinoid (imidacloprid) on metabolic rate of queen honey bees Apis mellifera (Hymenoptera: Apidae). Apidologie 2020, 51, 1091–1099. [Google Scholar] [CrossRef]

	



Bartomeus, I.; Winfree, R. Pollinator declines: Reconciling scales and implications for ecosystem services. F1000Research 2013, 2, 146. [Google Scholar] [CrossRef]

	



Powney, G.D.; Carvell, C.; Edwards, M.; Morris, R.K.A.; Roy, H.E.; Woodcock, B.A.; Isaac, N.J.B. Widespread losses of pollinating insects in Britain. Nat. Commun. 2019, 10, 1018. [Google Scholar] [CrossRef]

	



Ekroos, J.; Kleijn, D.; Batáry, P.; Albrecht, M.; Báldi, A.; Blüthgen, N.; Knop, E.; Kovács-Hostyánszki, A.; Smith, H.G. High land-use intensity in grasslands constrains wild bee species richness in Europe. Biol. Conserv. 2020, 241, 108255. [Google Scholar] [CrossRef]

	



Biesmeijer, J.C.; Roberts, S.P.; Reemer, M.; Ohlemuller, R.; Edwards, M.; Peeters, T.; Schaffers, A.P.; Potts, S.G.; Kleukers, R.; Thomas, C.D.; et al. Parallel declines in pollinators and insect-pollinated plants in Britain and the Netherlands. Science 2006, 313, 351–354. [Google Scholar] [CrossRef] [PubMed]

	



Colla, S.R.; Gadallah, F.; Richardson, L.; Wagner, D.; Gall, L. Assessing declines of North American bumble bees (Bombus spp.) using museum specimens. Biodivers. Conserv. 2012, 21, 3585–3595. [Google Scholar] [CrossRef]

	



Potts, S.G.; Imperatriz-Fonseca, V.; Ngo, H.T.; Aizen, M.A.; Biesmeijer, J.C.; Breeze, T.D.; Dicks, L.V.; Garibaldi, L.A.; Hill, R.; Settele, J.; et al. Safeguarding pollinators and their values to human well-being. Nature 2016, 540, 220–229. [Google Scholar] [CrossRef] [PubMed]

	



Clough, Y.; Ekroos, J.; Baldi, A.; Batary, P.; Bommarco, R.; Gross, N.; Holzschuh, A.; Hopfenmuller, S.; Knop, E.; Kuussaari, M.; et al. Density of insect-pollinated grassland plants decreases with increasing surrounding land-use intensity. Ecol. Lett. 2014, 17, 1168–1177. [Google Scholar] [CrossRef] [PubMed]

	



Cirkovic, D.; Stevanovic, J.; Glavinic, U.; Aleksic, N.; Djuric, S.; Aleksic, J.; Stanimirovic, Z. Honey bee viruses in Serbian colonies of different strength. PeerJ 2018, 6, e5887. [Google Scholar] [CrossRef]

	



Procházková, M.; Škubník, K.; Füzik, T.; Mukhamedova, L.; Přidal, A.; Plevka, P. Virion structures and genome delivery of honeybee viruses. Curr. Opin. Virol. 2020, 45, 17–24. [Google Scholar] [CrossRef]

	



Steffan-Dewenter, I.; Münzenberg, U.; Bürger, C.; Thies, C.; Tscharntke, T. Scale-dependent effects of landscape context on three pollinator guilds. Ecology 2002, 83, 1421–1432. [Google Scholar] [CrossRef]

	



Gisder, S.; Genersch, E. Viruses of commercialized insect pollinators. J. Invertebr. Pathol. 2017, 147, 51–59. [Google Scholar] [CrossRef]

	



Ullah, A.; Tlak Gajger, I.; Majoros, A.; Dar, S.A.; Khan, S.; Kalimullah; Haleem Shah, A.; Nasir Khabir, M.; Hussain, R.; Khan, H.U.; et al. Viral impacts on honey bee populations: A review. Saudi J. Biol. Sci. 2021, 28, 523–530. [Google Scholar] [CrossRef]

	



Kremen, C.; Williams, N.M.; Thorp, R.W. Crop pollination from native bees at risk from agricultural intensification. Proc. Natl. Acad. Sci. USA 2002, 99, 16812–16816. [Google Scholar] [CrossRef]

	



Iwasaki, J.M.; Hogendoorn, K. How protection of honey bees can help and hinder bee conservation. Curr. Opin. Insect Sci. 2021, 46, 112–118. [Google Scholar] [CrossRef] [PubMed]

	



Phillips, B.B.; Williams, A.; Osborne, J.L.; Shaw, R.F. Shared traits make flies and bees effective pollinators of oilseed rape (Brassica napus L.). Basic Appl. Ecol. 2018, 32, 66–76. [Google Scholar] [CrossRef]

	



Morse, R.A.; Calderone, N.W. The value of honey bees as pollinators of US crops in 2000. Bee Cult. 2000, 128, 1–15. [Google Scholar]

	



Southwick, E.E.; Southwick, L., Jr. Estimating the economic value of honey bees (Hymenoptera: Apidae) as agricultural pollinators in the United States. J. Econ. Entomol. 1992, 85, 621–633. [Google Scholar] [CrossRef]

	



Klein, A.M.; Vaissiere, B.E.; Cane, J.H.; Steffan-Dewenter, I.; Cunningham, S.A.; Kremen, C.; Tscharntke, T. Importance of pollinators in changing landscapes for world crops. Proc. Biol. Sci. 2007, 274, 303–313. [Google Scholar] [CrossRef]

	



Partap, U.; Ya, T. The Human Pollinators of Fruit Crops in Maoxian County, Sichuan, China. Mt. Res. Dev. 2012, 32, 176–186. [Google Scholar] [CrossRef]

	



Stavert, J.R.; Linan-Cembrano, G.; Beggs, J.R.; Howlett, B.G.; Pattemore, D.E.; Bartomeus, I. Hairiness: The missing link between pollinators and pollination. PeerJ 2016, 4, e2779. [Google Scholar] [CrossRef]

	



Liu, T.; Sun, J.; Cai, B.; Wu, Y. Phyllocnistis podocarpa sp. nov. (Lepidoptera, Gracillariidae), a buddhist pine leaf-miner from Japan: Taxonomy, DNA barcodes, damage and parasitoids. Zootaxa 2018, 4422, 558–568. [Google Scholar] [CrossRef]

	



Willmer, P. Pollination and Floral Ecology; Princeton University Press: Princeton, NJ, USA, 2011. [Google Scholar]

	



R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2013. [Google Scholar]

	



Massey, F.J., Jr. The Kolmogorov-Smirnov test for goodness of fit. J. Am. Stat. Assoc. 1951, 46, 68–78. [Google Scholar] [CrossRef]

	



Shapiro, S.S.; Wilk, M.B. An analysis of variance test for normality (complete samples). Biometrika 1965, 52, 591–611. [Google Scholar] [CrossRef]

	



Peat, J.; Darvill, B.; Ellis, J.; Goulson, D. Effects of climate on intra-and interspecific size variation in bumble-bees. Funct. Ecol. 2005, 19, 145–151. [Google Scholar] [CrossRef]

	



Roberts, R.B.; Vallespir, S.R. Specialization of hairs bearing pollen and oil on the legs of bees (Apoidea: Hymenoptera). Ann. Entomol. Soc. Am. 1978, 71, 619–627. [Google Scholar] [CrossRef]

	



Haider, M.; Dorn, S.; Sedivy, C.; Müller, A. Phylogeny and floral hosts of a predominantly pollen generalist group of mason bees (Megachilidae: Osmiini). Biol. J. Linn. Soc. 2014, 111, 78–91. [Google Scholar] [CrossRef]

	



Mcgregor, S. Beekeeping in the United States; Publisher Agricultural Research Service, United States Department of Agriculture: Washington, DC, USA, 1967.

	



Wasserman, D.; Nash, D.J. Variation in body size, hair length, and hair density in the deer mouse Peromyscus maniculatus along an altitudinal gradient. Ecography 1979, 2, 115–118. [Google Scholar] [CrossRef]








[image: Insects 13 00189 g001 550] 





Figure 1. Body parts are used to remove hairs for analysis. (a) Pinned western honey bee, (b) dorsal thorax, (c) ventral thorax, the surface of the ventral thorax is shown in red circle. (d) face, (e) dorsal abdomen, (f) ventral abdomen, (g) foreleg, (h) mid-leg, (i) hind leg, and (j) dorsal thorax, red arrows indicate hair branches. (k–o) Photos taken from the slide by using the LEICA M165C stereomicroscope (Leica Microsystems Ltd., Heerbrugg, Switzerland), (k) hairs without any branch, and (l–o) with branches. 
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Figure 2. (a–g) Hairiness structure on the face, (b) the long branches and (d) short branches, (h–j) compound eye, hairs without branches are shown. 
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Figure 3. Hairiness structure on the thorax. (a–e) dorsal thorax: (a) hairs with very short branches, (b,d) short hair without branches, (c) long hairs with short branches, (e) short hairs with long branches. (f–h) Ventral thorax, two distinct forms of hairs were found on the ventral thorax: (f,h) short hairs with multiple branches, and (g) long hairs with short branches. 
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Figure 4. Hairiness structure on the abdomen. (a–e) Dorsal abdomen: (a–c,e) long hairs with short branches, (d1) short hair with multiple branches and (d2) short hair without branches. (f–i) Ventral abdomen, (f,h) long hair and short branches, and (g,i) short hairs with multiple branches. 






Figure 4. Hairiness structure on the abdomen. (a–e) Dorsal abdomen: (a–c,e) long hairs with short branches, (d1) short hair with multiple branches and (d2) short hair without branches. (f–i) Ventral abdomen, (f,h) long hair and short branches, and (g,i) short hairs with multiple branches.
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Figure 5. Hairiness structure on the leg. (a–e) Coxa, short and thin hairs without branches, (b,c) very few branches at the end of the hair, (d) long hair with short branches. (f–h) Trochanter, (f,g) three forms of hair, including (f,h) long hairs with short branches, (g) short hairs with short branches, and (f) short hairs without branches, were found. (i,j) Femur, two different forms are found: one end with a triangular structure (i) and other ends with very short branches (j). 
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Figure 6. Hairiness structure on the hind leg. (a–d) Femur: (a,d) short hairs without branches (b,c), short hairs without branches and end with triangular structure. (e,f) Tibia, short hairs with small branches and hairs without branches. (g–j) Basitarsus, short hairs without branches. 
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Figure 7. Pollen of Alcea rosea (Malvaceae), attached to body parts of the western honey bee. (a) Whole body, and (b,c) close-up on the dorsal thorax. 
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Figure 8. (a) The results of hair length and the number of branches on legs, where: FLT, foreleg thorax; FLB, foreleg basitarsus; MLB, mid-leg basitarsus; MLT, mid-leg tarsus; HLB, hind leg basitarsus; FLF, foreleg femur; MLF; mid-leg femur; FLC, foreleg coxa; HLC, hind leg coxa; HLT, hind leg trochanter; HLF, hind leg femur; MLC, mid-leg coxa. (b,c) Thorax and face. p-value shows the significant difference. Treatments with the same letter are not significantly different (one-way ANOVA and Pearson correlation coefficient (r)). Tukey’s test showed that the length across all parts was significantly different, while branches show that treatments with the same letter are not significantly different (p > 0.05). 
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Figure 9. Scatter plots showing the correlation (95% confidence interval of the regression line) between hair length and the number of branches, (a) on the whole body parts, (b) the face and thorax, and (c) the legs. 
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Table 1. Hair length and the number of branches on different body parts of the western honey bee.
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Body Parts

	
Hair Length (mm)

	
Number of Branches




	
Mean ± Standard Error

	
Mean ± Standard Error






	
Face

	
16.65 ± 0.92

	
4.63 ± 0.15




	
Thorax

	
Dorsal surface

	
24.05 ± 1.25

	
4.38 ± 0.33




	
Ventral surface

	
29.67 ± 1.80

	
5.85 ± 0.29




	
Abdomen

	
Dorsal surface

	
15.69 ± 1.25

	
4.64 ± 0.33




	
Ventral surface

	
23.49 ± 1.30

	
5.87 ± 0.21




	
Foreleg

	
Coxa

	
25.59 ± 1.48

	
4.74 ± 0.91




	
Trochanter

	
18.76 ± 2.85

	
3.03 ± 1.04




	
Femur

	
24.34 ± 1.42

	
2.70 ± 0.78




	
Tibia

	
12.16 ± 0.84

	
0




	
Basitarsus

	
19.91 ± 1.34

	
0




	
Mid-leg

	
Coxa

	
28.17 ± 2.028

	
4.73 ± 0.80




	
Trochanter

	
21.06 ± 1.57

	
0.85 ± 0.57




	
Femur

	
24.27 ± 1.31

	
4.42 ± 0.65




	
Tibia

	
16.43 ± 1.18

	
1.27 ± 0.58




	
Basitarsus

	
18.90 ± 0.68

	
0




	
Hind leg

	
Coxa

	
26.88 ± 1.29

	
6.86 ± 0.23




	
Trochanter

	
26.06 ± 1.54

	
5.69 ± 0.56




	
Femur

	
26.81 ± 0.89

	
4.61 ± 0.25




	
Tibia

	
24.25 ± 1.88

	
0




	
Basitarsus

	
22.28 ± 0.51

	
0
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