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7 
I. ABSTRACT 

 
 

Animals in general vary immensely in body size, which greatly affects their 

morphology, physiology, survival, and nutritional requirements. The nervous 

system is also affected by variation in body size, which, in turn, shapes the 

perception of environmental stimuli and the behavior of animals. Comparative 

studies of vertebrates suggest that larger brains and their integrative centers 

comprise more and generally larger neurons (Jerison, 1973; Kaas, 2000), but 

much less is known about brain - body size relations in invertebrates. Closely 

related social bee species are well suited to study correlations between body size 

and brain composition.  Different honey bee species vary in body size yet differ 

little in their ecological requirements and behavior and bumblebees feature a 

large range of body sizes even within a single colony. 

 

In this dissertation, I explore how the brain and brain components scale 

with body size in four honey bee species (the small Apis florea, the intermediate 

A. cerana and A. mellifera, and the large A. dorsata) and in a bumblebee species 

(Bombus impatiens).  In the first chapter of this dissertation, I show that brain 

size positively correlates with body size and that A. mellifera have larger brains 

than expected for their body size. Most of the brain components are similar in 

size across species, except that A. mellifera have larger antennal lobes and A. 

dorsata differ in their visual neuropils, featuring a larger lamina and smaller 

medulla and lobula compared to the other bee species, suggesting adaptations 

for nocturnal vision. Neurons were largest in A. dorsata while A. mellifera had 
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more neurons compared to the other species. I discuss possible explanations for 

why certain brain measures in A. mellifera and A. dorsata might diverge from the 

expected allometric relationship. 

 

In the second chapter, I compare the size of the prothoracic ganglion and 

the size and number of its neurons in the four honey bee species mentioned 

above. I show that the size of the prothoracic ganglia and the neuron size and 

number positively correlate with the bees’ body size. Neurons were largest in A. 

dorsata while A. mellifera had smaller yet more neurons than expected for their 

body size. I discuss the possible explanation for the differences in cell size and 

number in honey bees. 

 

In the third chapter, I show that brain and brain component size and the 

number of ommatidia in the bumblebee Bombus impatiens allometrically 

correlate with body size. The relative brain composition regarding sensory and 

central brain neuropils is independent of brain size except for the visual lamina, 

which is disproportionately large in larger bumblebees. Neurons associated with 

sensory neuropils (the optic and antennal lobes) increase in size and number 

with increasing brain size whereas central neurons associated with the 

mushroom body only increase in number but not in size. This suggests that 

conventional allometric brain - neuron scaling does not apply universally. 
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Using comparative neuroanatomical and morphometric approaches, this 

dissertation documents the brain and brain component scaling across honey bee 

species and a bumblebee species. This study expands the general idea that 

larger brains contain larger and more numerous neurons beyond vertebrates, 

and will serve as a reference and basis for future studies on behavioral 

capacities and peculiarities of these bee species. 
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II. GENERAL INTRODUCTION 

 
 

Animals in general vary enormously in body size. The smallest mammalian 

shrew (Suncus estruscus) weighs only 2g, humans weigh up to 100 kg, the 

largest terrestrial animal, the African elephant (Loxodonta africana), weighs up to 

7.5x103 Kg, and the largest animal is the blue whale (Balaenoptera musculus) 

which weighs up to 2x105 Kg (Dicke and Roth, 2015 and references therein; 

Schmidt-Nielsen, 1984). Similarly, there is a tremendous body size variation 

among insect species and most of them are substantially smaller than 

vertebrates. The largest insect is the giant weta grasshopper (Deinacrida 

heteracantha) weighs over 75 g (Watts and Thornburrow, 2011); bumblebees 

weigh about 50-500 mg (Mares et al., 2005; Riveros and Gronenberg, 2009); 

Western honey bees weigh 20-100 mg (Gronenberg and Couvillon, 2010; Mares 

et al., 2005); leaf-cutter ant (Atta colombica) minor workers weigh about 1.4 mg 

(Seid et al., 2011); fruit flies (Drosophila melanogaster) weigh less than 1 mg 

(Partridge et al., 1994) and one of the smallest Hymenoptera (the egg parasitoid 

Megaphragma mymaripenne) has a body weight of less than 1μg (estimated 

based on data in Polilov, 2012).Thus, across animals there is an overall body 

size range of about 12 orders of magnitude.  

 

Body size has profound consequences for the structure and function of 

organisms. The size of an organism affects their morphology, physiology, 

survival, and nutritional requirements, as well as their behavioral flexibility and 
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perception of environmental stimuli (Jerison, 1973; Jerison, 1977; Schmidt-

Nielsen, 1984a).  

 

Like body size, brain size varies immensely across animals. The smallest 

mammalian brain occurs in the bat (Tylonycteris pachypus). It weighs about 74 

mg (Dicke and Roth, 2015). In primates brain sizes range from 1.67 g in the 

prosimian mouse lemur (Microcebus myoxinus) to about 1350 g in Homo sapiens 

(Dicke and Roth, 2015). The largest brains of all animals − in the sperm whale 

(Physter macrocephalus) and the killer whale (Orcinus orca)–weigh up to 10 Kg 

(Dicke and Roth, 2015; Haug, 1987; Russell, 1979). The African elephant brain 

weighs up to 6 kg (Haug, 1987; Jerison, 1973; Russell, 1979; Schmidt-Nielsen, 

1984b). Insects have much smaller body sizes in general compared to 

vertebrates, yet like vertebrates, as their body sizes vary considerably across 

species, so do insect brain sizes. For example, the brain size of female Musca 

domestica (house fly) is about 0.27 mm3 (Strausfeld, 1976); cockroaches 

(Periplaneta americana) have a brain volume of about 1.42 mm3 (Strausfeld, 

1976); brain volumes published for honeybees (Apis mellifera) vary from 0.8 to 

1.5 mm3 (Gronenberg and Couvillon, 2010; Mares et al., 2005; Witthöft, 1967), 

and the brain volume of bumblebees ranges from 0.25 to 3 mm3 (Mares et al., 

2005).  

 

 Body mass has been the best predictor of brain size across species 

(Jerison, 1973; Jerison and Barlow, 1985; Striedter, 2005) and the relative size of 
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the brain with respect to body size is often used as a proxy for species behavioral 

flexibility and cognitive ability (Healy and Rowe, 2007). In spite of this common 

practice in the literature, there is no universally accepted definition of behavioral 

complexity and cognitive ability. Advanced cognitive behaviors include deception, 

innovation, tool use, nest building, predator avoidance, communication, 

gregariousness, spatial orientation, foraging, learning and responding to new 

environments (Healy and Rowe, 2007; Pearce, 2008; Roth and Dicke, 2005). 

Lefebvre et al., (1997) suggested quantifying novel behavioral patterns observed 

in nature, such as the milk bottle-opening behavior that several bird species 

‘invented’ after the introduction of aluminum milk bottle caps all over Europe 

(Fisher and Hinde, 1949) or the potato-washing behavior of Japanese macaques 

(Macaca fuscata) (Kawai, 1965). Such ’inventiveness’ can then serve as a 

measure of behavioral complexity and the occurrence of new behaviors is 

supposed to be correlated with the size of the species’ brain (Lefebvre, 1995; 

Lefebvre et al., 1997). Larger brains supposedly can perform more cognitive and 

behavioral functions and have increased flexibility in learning and memory (Healy 

and Rowe, 2007; Jerison, 1973; Kaas, 2000; Reader and Laland, 2002).  

 

  It is also predicted that larger brains are associated with enhanced 

cognitive ability such as tool use in primates (Deaner et al., 2007; Dunbar, 1995; 

Dunbar and Shultz, 2007; Lefebvre et al., 2004) and corvids (Emery and Clayton, 

2004; Lefebvre et al., 2004; Nicolakakis et al., 2002), numerical learning ability in 

large brained guppies (Kotrschal et al., 2013) and olfactory learning in 
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honeybees (Gronenberg and Couvillon, 2010). However, several considerations 

make this prediction controversial. The prediction is perhaps biased by the fact 

that most examples of brain size relating to behavioral flexibility and cognitive 

ability are derived from studying primates and birds. Compounding this, human 

beings are a rather significant outlier in any attempt to generalize, being 

considered more intelligent than any other organism even though they have 

smaller brains compared to whales and elephants (Emery and Clayton, 2004; 

Jerison, 1973). Evidence for the hypothesis that larger brains result in increased 

cognitive abilities and behavioral repertoires covering a broader range of animal 

taxa is scant and the presence of a larger brain does not necessarily need to 

translate into greater cognitive abilities.  

 

The relative size of a brain or of brain components may be a better 

predictor of behavioral and cognitive performance than absolute brain size, in 

particular when comparing animals of similar body size (Aboitiz, 1996; Catania, 

2000; Deaner et al., 2007). The focus on relative instead of absolute size of brain 

components yields a better correlation of a given brain component and its 

associated behavioral and cognitive functions (Jerison, 1975; Jerison and Barlow, 

1985; Striedter, 2005). Generally, animals that have more advanced or 

specialized sensory systems and motor skills are supported by larger sensory 

and motor brain centers supporting those functions (Aboitiz, 1996; Catania, 2000; 

Catania and Kaas, 1995; Chittka and Niven, 2009). Examples for sensory 

specialization include the enlarged auditory cortex of echolocating bats (Suga 

and Jen, 1976) and the enlarged somatosensory cortex of star-nosed moles 
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(Catania and Kaas, 1995); examples of specialized motor region enlargements 

include seasonal brain volume changes in song nuclei of male song birds 

(Nottebohm, 1981), and advanced associative capacities correlate with 

hippocampal enlargement as seen in food storing birds (Clayton and Krebs, 

1995). In insects focus has been given to the paired neuropil called mushroom 

bodies (MBs) involved in learning and memory, sensory integration and 

behavioral plasticity (Erber et al., 1980; Fahrbach et al., 1998; Farris, 2015; 

Farris et al., 2001; Heisenberg et al., 1985; Strausfeld et al., 1998). For example, 

the volume of the MB is substantially increased as a result of the behavioral 

transition from nursing to foraging in bees (Fahrbach et al., 1995; Fahrbach et al., 

1998); the MB volume is positively correlated with olfactory learning performance 

in honeybees (Gronenberg and Couvillon, 2010); independently founding queens 

had larger MB than their workers in paper wasps due to cognitive demands 

required during the nest founding and identifying individuals within the colony 

(Molina et al., 2009); and generalist scarab beetle have enlarged MBs compared 

to specialist scarab beetles (Farris and Roberts, 2005). These studies on insects 

suggest that an enlargement of mushroom bodies or mushroom body calyces 

correlates with their specialized behaviors and relevant sensory stimuli, similar to 

the cortical or hippocampal enlargements described above for mammals and 

birds. 

 

The number of neurons and glial cells, the size of cell bodies, dendritic 

and axonal arborizations, the number and elaboration of presynaptic 
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specializations and postsynaptic spines as well as the amount of vasculature and 

extracellular spaces all contribute to the brain size (Herculano-Houzel, 2011; 

Herculano-Houzel and Lent, 2005; Mota and Herculano-Houzel, 2014). There 

has been a recent surge in studies investigating the cellular scaling across 

mammalian taxa that differ in brain size. For example, a mouse brain contains 

100 million neurons; a tree shrew brain contains about 260 million neurons; the 

human brain contains about 93 billion neurons and the African elephant brain 

contains 257 billion neurons (Herculano-Houzel, 2009; Herculano-Houzel and 

Kaas, 2011; Herculano-Houzel et al., 2007a; Mota and Herculano-Houzel, 2014). 

Moreover the scaling relationship are demonstrated to vary across species, for 

example in rodents the neuron number and size increases with the body size, 

whereas in primates, neuron size remains constant, yet increases in number with 

the body size (Herculano-Houzel et al., 2006; Herculano-Houzel et al., 2007a). 

However, we know very little about how the cellular composition varies with brain 

size within and across species in other animal taxa.  

 

Compared to vertebrates, very few attempts have been made to relate the 

brain and brain component sizes to behavior and cognition in insects. Many 

insects demonstrate highly complex motor repertoires, perform advanced 

cognitive tasks and sophisticated behaviors. Some social insects can produce 

behaviors comparable to those of birds and mammals, such as nest building; 

symbolic communication (dance language in honeybees); path integration (bees 

and ants) and unique behavioral adaptation, such as division of labor (see review 

Chittka and Niven, 2009; Chittka and Skorupski, 2011 and references therein).  
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Social bees have attracted the attention of biologists due to their complex social 

organization and their large behavioral repertoires (Chittka and Niven, 2009). 

There is a profound variation in body size across different bee species: small 

Melipona (stingless bees), large carpenter bees (Xylocopa) and bumblebees 

(Bombus). Within a honeybee (Apis mellifera) colony, workers are almost uniform 

in size (Goulson, 2010). However, there is a large variation in body size among 

individual bumblebees (Bombus species) within a given colony where the body 

mass varies five to six-fold (Goulson et al., 2002; Mares et al., 2005; Riveros and 

Gronenberg, 2009). Recent studies have shown that larger bumblebees show 

better learning performance and longer memory retention capacity when they are 

exposed to the cognitive challenges as compared to smaller bumblebees 

(Riveros and Gronenberg, 2009; Worden et al., 2005). These findings coincide 

with findings that larger workers have larger brains (Mares et al., 2005) and 

larger sense organs such as antennae and eyes (Spaethe and Chittka, 2003; 

Spaethe et al., 2007). In spite of all of this remarkable body size variation in 

social bees, little is known about the brain and brain component sizes as well as 

neuron size and number within and among honeybee species. 

 

Studies in mammals and birds suggest a general principle that brain and 

brain components scale with body size (Byrne and Bates, 2007a; Dicke and Roth, 

2015; Ducatez et al., 2015; Dunbar, 1992; Dunbar and Shultz, 2007; Healy and 

Rowe, 2007; Jerison and Barlow, 1985; Kotrschal et al., 2013; Striedter, 2006).  

However, the majority of these brain and cellular scaling studies are primarily 
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focused on mammalian taxa, often comparing species that differ in body size. It 

is currently not known whether scaling relationship established for mammals are 

representative of animal taxa in general. Another problem with comparisons 

across different species is that the focus on body and brain size is confounded by 

other interspecific differences. For example, in the closely related chimpanzees 

and gorillas, which differ in body size, other factors such as social group size, 

diet, social and other behaviors (Reynolds, 1965) obfuscate brain-body size  

correlations as all these factors can have independent implications on brain and 

brain component size (Byrne and Bates, 2007a; Byrne and Bates, 2007b; Dunbar 

and Shultz, 2007). It would therefore be advantageous to address the question of 

body size-related brain modifications within animals that differ as little as possible 

in traits other than body size. 

 

Social bees are particularly suitable for studying brain-body scaling 

relationships, since they are closely related social bee species with profound 

variation in body size and complex social behavior. This study will test how 

brains vary across closely related species and poses the question of whether do 

these brains change in structural aspects, such as brain structures, neuronal cell 

body size and number as they vary in size. I studied the brain and brain 

component size in four closely related honeybee species (genus Apis) and also 

in individuals of different body size within a single bumblebee species (Bombus 

impatiens). 
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This comparative and comprehensive study is timely, as there is a recent 

surge of interest in social honey bee sensory ecology, foraging behavior and 

learning capacities (Balamurali et al., 2015; Nagaraja and Brockmann, 2009; Qin 

et al., 2012; Somanathan et al., 2009; Streinzer et al., 2013). All these recent 

studies in social bees have certainly stimulated, though not directly addressed, 

the question of how brain and brain components vary across social bee species, 

as the differences in species’ brains could relate to behavior and ecology.  In 

order to address the above question, it is important to understand how the brain 

and brain components vary across species.  Moreover, this study will serve as a 

reference for future studies on behavioral comparison across these species. 

Lastly, this study might garner new data to support the general idea that larger 

brains contain larger and more neurons.  
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CHAPTER 1 

 
CORRELATION OF BODY SIZE AND BRAIN AND BRAIN COMPONENTS IN 

DIFFERENT HONEY BEE SPECIES (GENUS APIS) 
 

 

1.1 ABSTRACT 

Comparative studies of vertebrates suggest that larger brains and their 

integrative centers require more and generally larger neurons (Jerison, 1973; 

Kaas, 2000). Much less is known about the relationship between brain size and 

neuron number and size in invertebrates, in particular in insects that are thought 

to express primitive cognition. Here I ask whether corresponding differences of 

brain size, integrative centers and neuronal characteristics are revealed by four 

honey bee species that differ in body size and, to some degrees by their 

behaviors. These are the Asian bees Apis florea (small), A. cerana (intermediate) 

and A. dorsata (large), and the European honey bee A. mellifera (intermediate). I 

show that brain size positively correlates with body size and that A. mellifera 

bees have larger brains than expected for their body size. Most of the brain 

components are similar in size across species, but A. mellifera have larger 

antennal lobes, and A. dorsata differ in their visual neuropils, featuring a larger 

lamina and smaller medulla and lobula compared to the other bee species, 

suggesting adaptations for nocturnal vision. Neurons were largest in the large A. 

dorsata while A. mellifera had more neurons compared to the other species. I 

discuss possible explanations for why certain brain measures in A. mellifera and 

A. dorsata might diverge from the expected allometric relationship. 
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1.2 INTRODUCTION 

Animals in general vary enormously in body size, from tiny bumblebee bats 

(Craseonycteris thonglongyai; <2g) to blue whales (Balaenoptera musculus; 

>100,000,000g) across mammals alone. This goes along with tremendous 

variation in brain sizes (Jerison 1973; Schmidt-Nielsen 1984); the brain of the tiny 

lesser bamboo bat (Tylonycteris pachypus) weighs about 74 mg; in primates 

brain sizes ranges from 1.67 g in the prosimian mouse lemur (Microcebus 

myoxinus) to about 1400 g in humans and the largest brains of all animals are 

found in African elephants (Loxodonta africana; brain weight up to 6 kg) and in 

sperm whales (Physter macrocephalus) and killer whales (Orcinus orca; brain 

weights up to 10 kg; Dicke and Roth, 2015; Haug, 1987; Jerison, 1973, 1975; 

Russell, 1979; Schmidt-Nielsen, 1984).  

 

Generally accepted collective wisdom implies that larger brains provide 

animals with enhanced cognitive abilities and enlarged behavioral repertoires 

(Deaner et al., 2007; Emery and Clayton, 2004; Kaas, 2000). Examples of 

elaborate behaviors are tool use in primates (Deaner et al., 2007; Dunbar, 1998) 

and corvids (Emery and Clayton, 2004; Nicolakakis et al., 2002), complex social 

behaviors in spotted hyenas with large frontal cortex (Sakai et al., 2011) and 

superior numerical learning ability in guppies with larger brains (Kotrschal et al., 

2013). Humans have particularly large brains, neocortex, cerebellum and 

prefrontal cortex relative to their body size, and are believed to represent the 
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most advanced cognitive abilities and behaviors among animals (Emery and 

Clayton, 2004; Jerison, 1973, 1975; Kaas, 2000; Striedter, 2005). 

 

The ‘ecological intelligence hypothesis’ formulated for primates suggests 

that broader foraging range and ecological challenges result in larger brain 

components and advanced cognitive abilities (Dunbar, 1995; Dunbar and Shultz, 

2007; Whiten and Byrne, 1988). The ‘social intelligence hypothesis’ suggests that 

enlarged brains facilitate the processing of more complex information about 

social relationships in social groups and novel experiences in social learning 

(Byrne, 1993; Dunbar, 1992; Dunbar, 1995). The ‘behavioral flexibility and 

innovation hypothesis’ developed for birds suggests that birds with larger brains 

are more likely to be successful in new environments compared to birds with 

smaller brains (Sol and Lefebvre, 2000; Sol et al., 2002; Sol et al., 2005). 

However, these ideas are derived from studies in birds and primates and have 

not found much support in other taxa (Healy and Rowe, 2007).  

 

Studies on brain allometry compare interspecific differences in absolute 

brain size with the respective species’ body size or compare the relative size of 

brain components across different animals (Armstrong, 1983). Over the last 

century, several studies have reported on brain-body scaling in vertebrates 

(Striedter, 2005; van Dongen, 1998 and references therein). Since then it has 

been known that brain size allometrically scales with the body size in vertebrates 

(Armstrong, 1985; Jerison, 1973; Schoenemann, 2006; Striedter, 2005; van 
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Dongen, 1998).The past scaling studies have focused on entire brain and brain 

components and how they change with the body size across different vertebrate 

taxa. Moreover, recent efforts have concentrated on the cellular scaling in 

mammalian brains, and have reported that cellular scaling varies across 

mammalian taxa and within brain components, suggesting that brain size can no 

longer be considered a proxy for the number and size of neurons in the brain 

(Herculano-Houzel, 2009). However, the majority of the studies of brain and brain 

component scaling and cellular scaling are primarily focused on mammalian taxa, 

often comparing species that differ in body size. In contrast, less is known about 

brain allometry in insects and there are only few studies looking at the brain 

allometry in insects (Gronenberg and Hölldobler, 1999; Mares et al., 2005; 

Riveros and Gronenberg, 2009; Wehner et al 2007; Seid et al., 2011). To better 

understand the brain and brain component scaling in insects, it is most suitable 

to compare closely related species that exhibit similar behavioral patterns and 

ecological preferences, yet differ in body size.  

 

In order to investigate this, I chose four honey bee species (Fig. 1.1), the 

European honey bee (Apis mellifera) and three Asian honey bee species, the 

Indian/ eastern honey bee (A. cerana), the dwarf honey bee (A. florea), and the 

giant honey bee (A. dorsata). These honey bees show similarly advanced social 

behaviors (division of labor, communication of food location and quality, ‘dance 

language’, etc.; Lindauer, 1952; Seeley, 1982; Dyer and Seeley, 1991a; Frisch, 

1966; Oldroyd and Thompson, 2006; Seeley, 1995) but differ in body size and in 
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colony size from (6000 in A. florea to 35000 workers in A. dorsata); Fig. 1.2; Dyer 

and Seeley, 1991a; Seeley, 1995). The cavity nesting A. mellifera and A. cerana 

are closely related (Koeniger et al., 2011; Lo et al., 2010; Sen Sarma et al., 2007) 

as are the open nesting species A. florea and A. dorsata (Koeniger et al., 2011; 

Lo et al., 2010; Sen Sarma et al., 2007). Apis mellifera is found world-wide while 

the Asian bee species are sympatric in most parts of tropical Asia (Dyer and 

Seeley, 1991a; Dyer and Seeley, 1991b; Somanathan et al., 2009). Lastly, A. 

florea, A.cerana and A. mellifera are known to forage during the day (Dyer and 

Seeley, 1991a) whereas A. dorsata is reported to forage occasionally during the 

twilight and moonlit nights (Dyer, 1985; Somanathan et al., 2009).  

 

1.3 MATERIALS AND METHODS 

1.3.1 Specimens /Sample collection  

Workers of three Asian honey bee species were collected from natural colonies 

on and around the campus of the Indian Institute of Science, Bangalore, India 

(Fig. 1.1 & 1.2): Apis cerana (subspecies indica, the South-Asian cavity nesting 

bee), A. dorsata (Asian giant or rock honey bee) and A. florea (the Asian dwarf 

honey bee)(Ruttner, 1988). These bees were collected while foraging on floral 

patches during the peak foraging hours (10:00-12:00) in June 2012, June 2014 

and June 2015. In addition, I used European honey bees (Apis mellifera carnica) 

raised and collected at the Carl Hayden Bee Laboratory, USDA ARS, Tucson, 

Arizona, where they were caught at a watering spot in August 2013. All bees 
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were of unknown age and were either nectar foragers (Asian honey bees; 

foragers with a pollen load were excluded) or water foragers (A. mellifera).  

 

Asian honey bees were collected in the field using an aspirator while they 

were foraging on the flowers; once the bees were collected they were transferred 

to a mesh-covered plastic container (500 mL) with a lid covered with mesh to 

facilitate aeration to the bees. The container was later transferred to an ice chest 

to cool the bees. Within less than an hour bees were transferred to the lab 

refrigerator (4oC) at the Center for Ecological Sciences, Indian Institute of 

Science, Bangalore.  The abdomen of the cold-anesthetized bees was removed 

and the head and thorax (with the intact legs and wings) were weighed. This 

measure is here referred to as body weight.  

 

After recording the body weight of individual bees, the ventral part of the 

head (comprising the mouthparts and part of the clypeus) was cut of to facilitate 

the penetration of the fixative solution. The samples were then transferred to 

individually labeled glass vials and fixed in 4% phosphate-buffered formaldehyde 

solution for 24 hours on a shaker for uniform fixation. The samples were then 

rinsed twice and preserved and shipped to Tucson, Arizona in 0.1 M cocodylate 

buffer to prevent any microbial activity during the shipping period.  
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1.3.2 Histology and Morphometry 

Bees were decapitated, the head mounted in a small dish using a warm mixture 

of wax and rosin, the head capsule cut open frontally, and the brain dissected out 

under fixative (4% formaldehyde in cacodylate buffer; pH 6.8) and fixed overnight. 

Brains were rinsed in distilled water twice and then stained in 1% aqueous 

osmium tetroxide solution for 2 hours at 4oC and for an additional hour at room 

temperature. Brains were then rinsed in water for 4 hours, dehydrated in acidified 

2,2-dimethoxypropane (Thorpe and Harvey, 1979) for 15 minutes, and 

transferred into Spurr’s low viscosity embedding medium (Electron microscopy 

Science; Hartfield, PA) via acetone. Brains were polymerized at 70oC, sectioned 

on a sliding microtome at 15 μm thickness, covered with a cover slip and the 

slide sealed using Cytoseal (Thermo Scientific). 

 

Outlines of the brains and brain components shown in the diagram of an A. 

mellifera brain (Fig. 1.4) were traced at 88x magnification using a camera lucida 

attachment to the microscope. Drawings were scanned on a flatbed scanner and 

brain areas in the digitized images were measured using the Photoshop (Adobe) 

pixel counting tool. Brain volumes were calculated from the area measurements 

multiplied by the section thickness.  

 

The volumes of each brain and its components (antennal lobes, medulla, 

lobula, lamina, mushroom body and central body but excluding the retina) were 

thus measured (Fig. 1.4). Within the mushroom body, the medial and lateral 
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calyx were measured separately; the mushroom body peduncle and lobes are 

difficult to discriminate in individual sections and were therefore combined into a 

single measure.  All the additional, less compartmentalized brain neuropil, which 

also includes the subesophageal ganglion and fiber tracts, was combined and is 

here referred to as ‘rest neuropil’ for short. The volume occupied by cell bodies 

was also assessed separately. The volumes of each brain and its components 

were calculated from the area measurements multiplied by the section thickness. 

Relative volumes of brain components were calculated by dividing the respective 

volume by the overall volume of the brain including cell bodies. I sampled every 

second or third section (15-μm thickness) by employing a slightly modified 

“Cavalieri” method, a standard morphometric technique in which the sequence of 

analyzed sections is randomized (Gundersen and Jensen, 1987; Mares et al., 

2005; Michel and Cruz-Orive, 1988). To determine the required number of 

sections to be sampled, for one brain I measured all the sections as described 

and estimated the overall volume and then performed the same calculations 

considering only every second, third, fourth or fifth section, respectively, to 

determine the sampling error. I found differences of less than 1% when including 

every other section and every third section for all the brain components. I thus 

settled on sampling every other or (for larger brains) every third section for three 

smaller species (A. florea, A. cerana and A. mellifera); every third section was 

measured for A.dorsata, thus assessing the brains at 30μm or 45 μm intervals, 

respectively, incurring a sampling error of well below 5%, a value commonly 
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deemed acceptable in other studies on honey bee and bumblebee brains 

(Fahrbach et al., 1995; Mares et al., 2005; Withers et al., 1995).  

 

1.3.3 Estimating Cell Number and Cell Size 

I compared the neuron soma size in three regions of the brain where cell body 

clusters could be distinctly defined: two types of mushroom body Kenyon cells 

within the calyces (Fig. 1.5 a b): compact type / class-I neurons and non-compact 

type / class II neurons according to Farris. Similarly, I sampled the cell body rind 

surrounding the glomerular part of the antennal lobes (Fig. 1.6a) and the cells 

situated between the lobula and the antennal lobe (Fig. 1.6b). To estimate the 

neuron numbers, preliminary measurements indicated the appropriate number of 

sections to be investigated per bee (n= 10), the appropriate probe area (20 x 20 

μm), and the appropriate frequency of sections to be measured (1 in 3). Serial 

images were taken at 3μm intervals within each section at 63x magnification 

using an oil immersion lens (Zeiss Axioplan). Individual images were stacked 

using Adobe Photoshop CS5 software. I used the unbiased stereological 

procedure (Cavalieri method) to count nucleoli rather than the whole cell (Howard 

and Reed, 1998; Miller et al., 2014; Williams and Rakic, 1988). Nucleoli are small 

argyrophillic structures in a cell nucleus that provide unambiguous indicators of 

neuronal somata. Every third brain section comprising the respective cell body 

clusters was traced for all the honey bee samples to estimate the volume 

occupied by the above mentioned cell body types.  
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After counting the number of cell bodies in a given area, I estimated the 

mean cross-sectional area of the cell bodies in order to then calculate their 

respective volumes as follows: Treating the neuronal cell bodies as densely 

packed spheres, Kepler’s theory suggests that with the densest packing of 

circles, only 90 percent of any given two-dimensional cross section of the packed 

area will be occupied by those circles. This theory has recently been empirically 

supported by cell aggregation studies in bacterial and yeast cells and computer 

modeling (Arnold, 2000; Arnold and Lacy, 1977; Hales, 2000). Accordingly, the 

cross-sectional areas of the neurons counted within the sampling frame of 20μm 

x 20μm was adjusted to reflect only 90 percent of the area (example: 20μm x 

20μm = 400μ2sampled area x 0.90 = 360 μ2 area composed of cell body cross 

sections). The cross-sectional area of an individual cell body was estimated by 

dividing the adjusted sampling frame area by the average number of cells 

counted in the sampling frame (example: 360 μ2/ 4.40 circles per square = 81.82 

μ2 per circle). After thus calculating the average cross-sectional area of the cell 

bodies, I calculated their mean radius (r =√(A/π); example: √ (81.82 μ2 / 3.14)= 

5.10 μ). I then calculated the volume of an average cell body as that of a sphere 

based on its radius (V= 4/3* 3.14* r3; example: V = 4/3* 3.14* 5.10^3 = 556.86 

μm3). These calculated volumes will here be referred to as ‘neuron size’.  

 

Next, I estimated the absolute number of neurons in the volume of the 

respective region (MB calyx, AL cell body rind, or the cell cluster between the 

lobula and the antennal lobe). To do so, I divided the volume of the respective 
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brain region by the estimated mean volume of its cell bodies, considering the 

packing density. Kepler’s conjecture suggests that the greatest possible packing 

densities of spheres will only occupy 74 percent of any given volume. Thus, I 

estimated the number of cell bodies as: 'volume of brain region'/'mean cell body 

volume'*0.74. 

 

1.3.4 Data Analysis 

Correlations between brain volumes and body weight or head width were 

compared using linear regressions and ANOVA (Microsoft Excel, 2010 and JMP 

11.0.0, SAS institute Inc., NC USA), and the mean brain and brain component 

volumes were compared using a one-way ANOVA, Tukey-Kramer test and 

Student's t test for independent samples (Stata pro for Mac office and JMP 

11.0.0, SAS Institute Inc., NC, USA). Head width and body weight were sampled 

for 30 to 35 bees per species, and the brain volume was measured for 8-9 bees 

per species.  

 

1.4 RESULTS  

1.4.1 Body size  

Each of the four honey bee species studied showed some variation in body mass 

and head width (Fig. 1.7; one-way ANOVA F = 1631.3; p <0.0001). However, 

each species occupied a distinct size range and species did not overlap in size 

(Fig. 1.7). As expected, A. florea had the smallest head width and body weight 

(Fig. 1.7: mean head width 2.40 ± 0.085 mm; mean body weight 14.64 ± 1.0 mg; 

n = 30); A. cerana and A. mellifera showed intermediate sizes (Fig. 1.7; A. 
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cerana: mean head width = 3.0 ± 0.13 mm, mean body weight = 30.06 ± 2.94 

mg; n = 31; A. mellifera: mean head width 3.52 ± 0.16 mm; mean body weight 

49.06 ± 5.57 mg; n = 42) and Apis dorsata had the largest head width (4.06 ± 

0.09 mm) and body weight (71.08 ± 4.37 mg; n = 28). I found a significant and 

strong correlation between head width and body size across the four bee species 

(Fig. 1.7; linear regression: y = 0.028x + 2.11; R2 = 0.92, p <0.0001; n = 131). 

 

1.4.2 Correlation Of Brain And Body Size 

Brain sizes of the three Asian bee species A. florea, A. cerana and A. dorsata 

showed some variation within species but were distinct and did not overlap 

across species (Fig. 1.8; one-way ANOVA F = 142.8 and 244.8; p <0.0001, 

respectively). The relationship between brain volume and, respectively, head 

width and body weight was strong and significant for the three Asian bee species 

[linear regression for head width (Fig. 1.8A): y = 0.66x – 1.03; R2 = 0.89; One-

way ANOVA p <0.0001; n = 31); linear regression for body weight (Fig. 1.8B): y = 

0.01x + 0.42; R2 = 0.83; p <0.0001; n = 31].   

 

Surprisingly, the European honey bee A. mellifera on average had a brain 

size comparable to that of the larger giant Asian honey bee A. dorsata (Fig. 1.8; 

mean brain volume A. mellifera: 1.54 ± 0.07 mm3; A. dorsata: 1.56 ± 0.06 mm3; 

Tukey- Kramer test p <0.38; n = 31). Accordingly, the brain volume data for A. 

mellifera do not perfectly fall on the regression line for the three Asian bee 

species (Fig. 1.8. A, B) and the comprehensive correlations of all four-bee 
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species are characterized by a lower R2 value for both the regression of brain 

size onto head width and onto body weight, respectively. Hence, A. mellifera are 

characterized by a having larger brains than expected for their body size when 

compared to the Asian honey bee species.  

 

Overall, smaller bees had relatively larger brains when compared to their 

body size (Fig. 1.9A; one-way ANOVA F = 103.58; p < 0.0001; Tukey-Kramer 

test p <0.0001; n = 31), as is expected for animals in general (Jerison, 1975; 

Jerison and Barlow, 1985). However, this correlation did not hold for the bee’s 

head widths: A. mellifera had the largest brain and A. florea the smallest brain 

relative to their head width (Fig. 1.9B; One-way ANOVA F = 125.92; p <0.0001; 

Tukey-Kramer test p <0.01; n = 31).  

 

1.4.3 Brain Component Size Across Species  

In order to examine potential differences in brain composition, I compared the 

relative size of particular brain components across species. I did not find any 

statistically significant differences across species regarding the relative volumes 

of the 'rest neuropil' and the mushroom body or its components (median and 

lateral calyces and mushroom body lobes). I found, however, that the antennal 

lobes were relatively larger in A. mellifera (n = 7; p <0.00001) and A. cerana 

(n=8; p <0.0002) than in A. florea (n = 8; p <0.0004) and A. dorsata (n = 8; p 

<0.001; Tukey -Kramer tests; one-way ANOVA F = 20.37; p <0.0001; Fig. 1.10). 

The lobula was relatively larger in A. cerana and A. florea compared to A. 
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mellifera and A. dorsata (Fig. 1.10. one-way ANOVA F = 20.0; p <0.00001; 

Tukey-Kramer test p <0.0001 and 0.0006; n = 31), whereas A. dorsata had 

smaller lobulae compared to other species (one-way ANOVA p <0.00001; n = 31; 

Tukey-Kramer HSD test p = 0.0057; n = 31).  The relative volume of the medulla 

was significantly larger in A. florea (n = 8; one-way ANOVA p <0.003) compared 

to other three species, yet significantly smaller in A. dorsata (Fig. 1.10; one-way 

ANOVA F = 11.86, p <0.003; Tukey-Kramer test p <0.0061; n = 31). While these 

differences were moderate (although highly significant), the volume of the lamina 

was considerably larger in A. dorsata than in the other three species when 

compared to the medulla and lobula (Figs. 1.11 and 1.12; one-way ANOVA F = 

88.65; p <0.0001; n = 31).  Apis dorsata invests more in the peripheral lamina 

while the three smaller bee species invest more in the medulla and lobula.  

 

1.4.4 Cell Body Size And Estimates 

I compared the estimated cell body sizes (the volume associated with one cell 

body) across the species in three different regions of the brain [compact type / 

class-I neurons (MBKC-I) and non-compact type / class II neurons (MBKC-II)], 

antennal lobe cell bodies and lobula-related cell bodies, respectively (Fig. 1.5 

&1.6).  I found that the lobula-related cells and the Kenyon cells were larger on 

average in A. dorsata compared to A. mellifera, A. cerana and A. florea (Fig. 

1.13; one-way ANOVA F = 107.0, 130.76, and 421.64 respectively p <0.0001; 

Tukey-Kramer test p <0.001; n = 20). The size of antennal lobe cell bodies did 

not differ between A. dorsata and A. mellifera (Fig. 1.13; F = 111.08; Tukey-
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Kramer test p <0.80, n= 20). There was also no difference in the size of lobula-

associated cell bodies and mushroom body neurons between A. cerana and A. 

florea (Fig. 1.13; F = 107.05, 130.76, 421.64; Tukey-Kramer test p <0.37, 0.37, 

and 0.90 respectively). However, there was a significant difference in the size of 

antennal lobe related somata between A. cerana and A. florea (Fig. 1.13; F = 

20.65; Tukey-Kramer test p < 0.0001).  

 

I also estimated the neuron numbers for each of the three soma regions 

across the four species. I found that A. mellifera had significantly more antennal 

lobe cell bodies compared to A. florea and A. cerana (Fig. 1.14; F = 8.1; Tukey-

Kramer test p<0.005; p <0.004; n = 20). Apis mellifera and A. cerana had 

significantly more lobula-associated neurons compared to A. florea and A. 

dorsata [Fig. 1.14; F = 65.39; Tukey-Kramer test (A. cerana p <0.0001; p 

<0.0001; n = 20 and A. dorsata p < 0.0001; p <0.0005), while there was no 

difference between A. mellifera and A. cerana (Fig. 1.14; F = 65.39; p <0.25; n = 

20)].  Similarly, A. florea had significantly fewer MBKC-I neurons compared to A. 

mellifera and A. cerana (Fig. 1.14; F = 29.47; Tukey-Kramer test p <0.0001 and p 

<0.0005 respectively; n = 20). There was no significant difference in neuron 

number of MBKC-I in A. dorsata compared to A. florea and A. cerana (Fig. 1.14; 

F = 29.47, Tukey-Kramer test p <0.23 and p <0.028; n = 20). There was a 

significant difference in number of MBKC-II neurons in A. mellifera compared to 

A. dorsata and A. florea (Fig. 1.14; F = 49.51; Tukey-Kramer test p <0.0001; n = 

20). Likewise, A. cerana had significantly more MBKC-II neurons compared to A. 
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florea and A. dorsata (Fig. 1.14; F = 49.51; Tukey- Kramer test p <0.0001 and p 

<0.0001 respectively). There was no significant difference in MBKC-II neuron 

numbers between A. dorsata and A. florea (Fig. 1.14; F = 49.51; Tukey- Kramer 

test p <0.99; n = 20). In summary, A. dorsata had generally larger neurons, as 

one might expect of a larger bee. Interesting, however, the smaller A. mellifera 

and A. cerana had more neurons in all (A. mellifera) or most (A. cerana) of the 

brain regions analyzed, compared to their larger congener.  

 

1.5 DISCUSSION 

As is the case for related animal taxa in general, I found an allometric 

relationship where absolute brain volume of the four honey bee species strongly 

correlates with their body mass and head width. More importantly, this study 

finds that all four species fall on the same regression line for body weight, and 

three species seem nicely matched regarding brain size. Interestingly, A. 

mellifera has a relatively larger brain compared to the Asian species. Regarding 

individual brain components, I found that the brain composition is similar across 

species with the exception that the antennal lobes are larger in A. mellifera and 

the lamina is larger in A. dorsata compared to the other species. Additionally, the 

cell body size in three different regions of the brain is larger in A. dorsata and A. 

mellifera compared to the other two species and numbers of cell bodies are 

significantly greater in A. mellifera and A. cerana. 
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1.5.1 Brain And Body Size 

Among the study species, A. dorsata is the largest bee and A. florea is the 

smallest bee. Surprisingly, I found that the large A. dorsata features about the 

same brain size (in absolute terms) as the smaller A. mellifera (Fig. 1.8). 

Accordingly, A. mellifera have the largest brain relative to their body size (1.9 A). 

 

In the earlier literature, the absolute brain volumes presented for A. 

mellifera differed considerably from 0.64 to 0.90 mm3 (Gronenberg and Couvillon, 

2010; Mares et al., 2005; Strausfeld, 1976; Witthöft, 1967). I think this variation is 

largely due to methodological factors: one of the earlier studies has a calculation 

error for the brain volume and the later studies have employed different staining 

methods and also included more or less of the optic lobe neuropil and 

photoreceptors, which makes comparison of published absolute values difficult. 

However, my study and that of DeGrandi-Hoffman et al., (2008) included the 

same components in calculating the total brain volume and the same staining 

methodology for calculation of brain volumes of A. mellifera, and the results are 

very similar. More importantly, I have employed the same methods for analyzing 

the four honey bee species; hence it is unlikely that the interspecific differences I 

find are the result of any technical artifacts.  

 

Following the generally accepted idea that in related species brain size 

correlates with body size (Jerison, 1975) I would have expected A. mellifera to 

have smaller brains than the larger A. dorsata (Fig. 1.8). Head width and body 
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weight show a highly significant correlation for all four bee species (Fig. 1.7), and 

the brain vs. body weight or head width correlations fall on tight regression lines 

for A. florea, A. cerana and A. dorsata (Fig. 1.8), whereas A. mellifera data lie 

above these lines, indicating that A. mellifera differ from the other three species 

in having relatively larger brains than expected by allometric scaling (Jerison, 

1975; Schmidt-Nielsen, 1984a). 

 

This raises the question of the biological significance of the brain 

enlargement in A. mellifera. This is a difficult question as little is known about 

how the brain size is related to behavior in Asian honey bees (or in most animals 

for that matter) and there are no comparative studies comparing the behavior of 

A. mellifera and Asian honey bee species (Dyer and Seeley, 1991b; Hepburn 

and Radloff, 2011; Lindauer, 1952). I offer three possible explanations for the 

disproportionate brain size in A. mellifera. The first potential explanation for the 

enlarged brain volume of A. mellifera is that A. mellifera appears to be a more 

generalist forager compared to the Asian honey bee species. This idea is based 

on the fact that Asian honey bees species are mainly distributed throughout the 

continental and oceanic Asia, whereas A. mellifera is distributed world-wide as a 

consequence of natural and anthropogenic dispersal (Hepburn and Radloff, 

2011). This suggests that A. mellifera has a particularly wide range of feeding 

habitats compared to the Asian honey bee species, and their enlarged brains 

may support A. mellifera’s behavioral flexibility to respond to novel ecological 

challenges such as new food sources and handling techniques.  
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A similar positive relationship between diet composition and brain size has 

recently been reported in mammals and birds (Ducatez et al., 2015; Sol et al., 

2008). These authors suggest that generalist species endowed by larger brains, 

are behaviorally more able to incorporate new food types and handling 

techniques in new environments, although they may not exhibit overall enhanced 

cognitive skills (Ducatez et al., 2015).  A similar trend has been reported in 

generalist and specialist scarab and predatory beetles, where generalist beetles 

have larger and more elaborate mushroom bodies compared to specialist beetles 

(Farris and Roberts, 2005). While my results would be supported by the idea that 

A. mellifera are more generalist foragers than the Asian honey bee species, this 

idea must be tested by ecological surveys and by comparing the behavioral 

flexibility of these species and their abilities to handle different and unfamiliar 

flower types, as studied in bumblebee species (Graham and Jones, 1996; 

Laverty and Plowright, 1988).  

 

A second possible explanation is based on the fact that A. mellifera are 

known for their unique cognitive capabilities, such as their associative learning 

capacities for multiple stimuli or their categorical and contextual learning with 

visual and olfactory stimuli (Bitterman et al., 1983; Giurfa, 2003; Giurfa, 2007; 

Menzel and Backhaus, 1991; Stach et al., 2004). The comparatively large brain 

of A. mellifera might thus underlie their enhanced cognitive abilities. A recent 

study showing better color learning and memory in A. cerana (Qin et al., 2012) 

seems to challenge this idea. However, A. cerana show considerable geographic 
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variation in body size and subspecies in Japan (A. cerana japonica) and in 

Northern China (A. cerana cerana) are even larger than A. mellifera (Fuchs et al., 

1996; Ken et al., 2003; Hepburn and Radloff, 2011). As learning and memory 

performance in honey bees and bumblebees correlate with body size 

(Gronenberg and Couvillon, 2010; Riveros and Gronenberg, 2009; Worden et al., 

2005), the superior color learning and memory performance in A. cerana might 

be correlated with the larger body size (and thus, likely, brain size) of the A. 

cerana cerana bees studied by Qin et al., (2012) compared to the smaller 

Southern subspecies of the current study. However, all Asian honey bee species 

are understudied regarding their behavior and biology in general and it is 

therefore currently difficult to interpret the brain size of A. mellifera in terms of 

underlying behavioral abilities. 

 

The third, although less likely, explanation for the disproportionate brain 

size of A. mellifera is that the bees differed in age and experience, which 

potentially might contribute to the brain size difference as a positive correlation 

between brain volume and foraging experience and age has been demonstrated 

in A. mellifera (Fahrbach et al., 1998; Withers et al., 1993; Withers et al., 1995). 

While it is potentially possible that I have sampled young first time foragers of the 

Asian bee species and experienced foragers in A. mellifera, this is unlikely as all 

bees were caught in the field and away from their hives, suggesting that they 

were all experienced foragers, and the differences in age or experience would 

most likely have been random. Moreover, foraging experience in A. mellifera only 
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appears to affect the volume of mushroom body neuropil but not total brain 

volume (Withers et al., 1993). In conclusion, the first explanation seems to make 

the most sense - that A. mellifera’s large brain size underlies the species’ 

generalist foraging habits. 

 

 

1.5.2 Brain Components Size 

The relative size of most of the brain components did not differ strongly across 

the four studied species (mushroom body calyx and lobes, central body, other 

central neuropils) irrespective of their body size. However, the optic lobe 

composition of A. dorsata was strikingly different from that of the other three 

species. Specifically, the lamina was considerably larger whereas the medulla 

and lobula were relatively smaller in A. dorsata (Fig. 1.10, 1.11, 1.12). Upon first 

glance, this may seem somewhat unexpected, considering that A. dorsata has 

relatively larger eyes and more ommatidia (Somanathan et al., 2009; Streinzer et 

al., 2013). However, A. dorsata are diurnal and crepuscular foragers and their 

eyes seem adapted for increased light sensitivity (increased light-gathering 

abilities of their larger ommatidia) at the expense of spatial resolution 

(Somanathan et al., 2009).  

 

Studies on the nocturnal bees Megalopta genalis (Greiner et al., 2004) 

and Xylocopa tranquebarica (Somanathan et al., 2009) have suggested that in 

addition to retinal and optical adaptation, neuronal specializations support the 
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ability of nocturnal vision. By analogy to these nocturnal bees I suggest that the 

increased light sensitivity of A. dorsata is achieved by pooling the input of several 

ommatidia, thus increasing the signal-to-noise while decreasing spatial resolution. 

Analogy to other nocturnal insects suggests that this pooling occurs at the level 

of lamina monopolar cells by tangential collaterals (Greiner et al., 2004; 

Strausfeld, 2012). This would explain the enlarged size of the lamina, where the 

number of input channels is reduced by lateral interactions. This would result in 

fewer channels (columns) in the medulla and lobula, thus explaining the reduced 

size of these neuropils in A. dorsata. The enlarged lamina would probably allow 

for reducing the receptor noise and enhancing contrast at low light intensities 

(Strausfeld, 2012) while the relatively smaller size of the medulla and lobula 

would correlate with the reduced spatial acuity of A. dorsata (Somanathan et al., 

2009). 

 

1.5.3 Neuronal Cell Size And Neuronal Numbers 

When comparing related species of vertebrates, larger brains generally comprise 

more as well as larger neurons compared to smaller brains (Haug, 1987; 

Herculano-Houzel et al., 2006; Kaas, 2000). Larger neurons generally give rise to 

more and / or larger dendritic arbors and to longer and thicker axons and more or 

larger axon terminals (Haug, 1987; Herculano-Houzel et al., 2006; Kaas, 2000), 

hence larger brains generally comprise more synapses and thus more 

information processing capacities.  
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To examine the expected correlation between brain and neuron size 

across the four differently sized bee species I compared the neuronal cell body 

size and the number of neurons in three different brain regions. My data 

generally confirmed the expected neuronal size difference across species: larger 

bees have larger neurons (Fig. 1.13). My data also strongly support the general 

rule that larger brains comprise more neurons (Kaas, 2000; Striedter, 2005). This 

correlation was significant for all examined cell types for A. florea, A. cerana and 

A. mellifera (Fig. 1.14). However, in all the brain regions examined, the large A. 

dorsata had fewer neurons than its smaller congener A. mellifera, even though A. 

dorsata’s brain size was the same (statistically indistinguishable) as that of A. 

mellifera (Fig.  1.8). 

 

My mushroom body cell count (ca. 170000) is congruent with previously 

reported numbers of Kenyon cells in A. mellifera (Witthöft, 1967), indicating that 

the differences in the estimated neuronal cell body size and numbers are not 

affected by potential methodological or technical problems such as staining or 

sampling errors. I found the sizes and numbers of neurons to be positively 

correlated with the brain size, just as has been demonstrated for rodents, where 

both the neuronal cell size and number increases with increasing brain size 

(Herculano-Houzel et al., 2006). In contrast, in primates the average neuronal 

cell size does not change much across species of different brain size but the 

number of neurons increases considerably in larger primate brains (Herculano-

Houzel et al., 2007b). This suggests that neuronal scaling rules are not quite as 
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universal and may differ across neuronal cell population or animal taxa. The 

increased number of neurons in A. mellifera compared to A. dorsata may be 

comparable to the case in primates cellular scaling rules, where the cell number 

and cell size do not increase at the same rate with overall changes in brain size 

(Herculano-Houzel et al., 2007b).  

 

How can we explain the differences in neuron number across similarly 

sized brains like those of A. mellifera and A. dorsata? Neuron size and number is 

controlled by different factors such as genetics, environment and nutrition during 

early developmental stages. In general, genetic factors determine developmental 

trajectories, but gene expression profiles during adult brain development appear 

to be very similar across the four bee species (Sen Sarma et al., 2007). 

Environmental temperature also plays a major role in neuronal cell growth and 

division during pupal development. However, all four honey bee species are 

known to maintain an optimum brood temperature of 33-35OC in their nests using 

heat production or evaporative cooling by workers (Dyer and Seeley, 1991a; 

Kleinhenz et al., 2003; Koeniger and Koeniger, 1978; Lindauer, 1952). Finally, 

nutrition also plays a major role in cell growth and division by modulating the 

genetic program to control the cell size and number, as seen in Drosophila 

melanogaster, where optimally -fed flies had larger neurons than nutrient-

deficient flies (Hietakangas and Cohen, 2009; Lanet et al., 2013; Puig et al., 

2003). However, while in flies and many other insects’ variation in larval food 

availability may result in changes in body size and brain size, this is unlikely in 
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honey bees: because of highly controlled brood care, fluctuation in food 

availability would only affect the number of new bees produced, but not their size. 

 

Future studies should focus on comparing additional sympatric Apis 

species (A. koshevnikovi, A. nigrocincta, A. laboriosa, and A. andreniformis) to 

examine if brain and brain component size of these species confirm the general 

allometric correlations found in the current study, or if other species exist that 

have larger (or smaller) brains or brain components than expected for their 

respective body size. Very little is known about the biology and behavior of these 

Apis species and it would be interesting to rigorously test different behavioral 

abilities, such as learning and memory or navigation abilities, across a range of 

Apis species to see whether their behavioral performance correlates with their 

brain and brain component size or neuron number. Such behavioral performance 

data are currently only available for A. mellifera, which have been a model 

species for behavioral studies for over a century (Bitterman et al., 1983; Giurfa, 

2003; Giurfa et al., 2001; Takeda, 1961). Regarding the peculiar optic lobe 

differences between A. dorsata and the other honey bee species it would be 

interesting to examine in detail the neuronal pathways and potential summation 

effects in the lamina of A. dorsata and to compare them to the lamina 

architecture of other crepuscular and nocturnal Hymenoptera. 

 

 

 



 

53 
1.6. FIGURES AND LEGENDS 
 

 

 

 

 

 

 

 

 

Fig. 1.1: Photographs of the four honeybee species (http://www.padil.gov.au).  
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Fig. 1.2: Pictures of nests and combs of the four honeybee species (Koeniger et al., 
2011) 
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Fig. 1.3: The major brain components of the four honeybee species: photomontages 
of osmium-stained brain sections representing two anterior-posterior depths normally 
not seen within the same section (right sides: 100-150 μm and left side: 300-400 μm 
from frontal brain surface, respectively). 
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Fig. 1.5: Micrograph of mushroom body Kenyon cell bodies (MBKC-I & II) in 
the lateral calyx (A); example of cell body sampling with superimposed 20x20 
μm grid at 63x magnification (B).  

Fig. 1.4: Schematic drawing of a honeybee brain and its major components 
highlighting the regions measured in the study. (la = lamina; me = medulla; lo = 
lobula; al = antennal lobe; mb = mushroom body and cb = central body)  
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Fig. 1.6: Images showing the location of cell bodies examined in this study; (A) 
antennal lobe; (B) cell bodies adjacent to the ventromedial lobula. 
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Fig. 1.7: Correlation between the body mass and head width of the four bee 
species. N = 131, p < 0.0001   
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Fig. 1.8: Correlation between brain volume and head width (A) or body weight (B), 
respectively, of the four bee species; N = 31, p< 0.0001 
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Fig. 1.9: Mean brain volume to body mass ratio (A) and brain volume to head width ratio 
of bees (B) for the four bee species; N = 31, p < 0.001   
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Fig. 1.10: Comparison of relative size of different brain components among the four honey bee 
species. N = 31  

Fig. 1.11: Correlation between the relative volumes of the lamina and the medulla of the 
four bee species; N = 31, p< 0.0001. 
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Fig. 1.12: Correlation between the relative volume of the lamina and the lobula 
of the four bee species; N = 31, p< 0.0001 

Fig. 1.13: Comparison of cell body size equivalents in different brain regions 
for the four honey bee species.  
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Fig. 1.14: Comparison of estimated neuron numbers in different brain regions for the four 
honey bee species. N = 20 
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CHAPTER 2 

 
 

MORPHOMETRIC ANALYSIS OF THE PROTHORACIC GANGLION AND ITS 
COMPONENTS ACROSS FOUR HONEY BEE SPECIES (GENUS APIS). 

 
 

2.1 ABSTRACT 

The thoracic and abdominal ganglia of insects are mainly concerned with 

sensorimotor integration, movement control, and visceral functions such as 

breathing and may be less variable than insect brains, which serve more 

advanced cognitive functions. Thoracic ganglia may thus be better suited than 

brains to establish general correlations between body and central nervous 

system size, as their evolutionary variety seems much less constrained by 

ecological and behavioral variation.  Here I compare the size of the prothoracic 

ganglion and its cell body rind as well as the size and number of its neurons in 

four honey bee species that differ in body size: Apis florea, A. cerana, A. dorsata, 

and A. mellifera. I show that the size of the prothoracic ganglia and the neuron 

size and number positively correlate with the bees’ body size. Neurons were 

largest in A. dorsata while A. mellifera had smaller neurons, but more than 

expected for their body size. I discuss the possible explanation for the differences 

in cell size and number of neurons in honey bees. 

 

2.2 INTRODUCTION 

Brain size varies across the animal kingdom by over 100,000 fold (Haug, 1987) 

and it has been known and argued that body mass is an important predictor of 
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brain size (Jerison, 1973, 1975; Jerison and Barlow, 1985; Haug, 1987). Brain 

size generally shows an allometric relationship with body size. For example, in 

shrews the brain size makes up 10% of their body weight, whereas in elephants 

their brain size is less than 0.001% of their body weight (Dicke and Roth, 2015; 

Healy and Rowe, 2007; Kaas, 2000; Russell, 1979; Striedter, 2005). Within more 

closely related taxa, it is generally agreed that larger brains provide animals with 

enhanced cognitive abilities and enlarged behavioral repertoires (Jerison, 1973; 

Jerison, 1975; Kaas, 2000; Striedter, 2005). 

 

The spinal cord in vertebrates and the ventral nerve cord in invertebrates are part 

of the central nervous system and are considered a major sensorimotor interface 

between body and the brain, involved in aspects of (mainly) mechanosensory 

perception and in regulation of body movements (Burish et al., 2010; Niven et al., 

2008; Passingham, 1975; Rehder, 1988). The spinal cord allometrically 

correlates with body size, and the details of this scaling relationship with brain 

and body size have been discussed by Herculano-Houzel et al. (2014) and 

Passingham (1975). Previous studies in primates have suggested that, as the 

neocortex disproportionately increases in size, so does the number of motor 

projections to the spinal cord, resulting in larger spinal cords in more advanced 

primates (Heffner and Masterton, 1983; Nakajima et al., 2000; Striedter, 2005). A 

recent study reports that in primates the number of neurons in the spinal cord 

correlates linearly with the spinal cord length (Burish et al., 2010). No 

comparable data about the number of neurons or the relative size of the ventral 
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nerve cord seem to exist for invertebrates and for insects in particular. Here I 

address the question what is the relationship between the ventral nerve cord size 

and body size in insects? 

 

While brain size and composition varies strongly across different insect taxa, the 

thoracic ganglia appear less variable. They perform more functions common to 

insects in general: in particular, mechanosensory integration and the generation 

and control of flight and ambulation patterns. Hence, thoracic ganglia are not as 

much involved in the taxon-specific behavioral and cognitive specializations, 

which are mainly controlled by the brain proper. The thoracic ganglia may thus 

be better suited than brains for establishing general correlations between body 

and central nervous system size, as the thoracic ganglia seem much less 

affected by interspecific ecological and behavioral variations.   

 

Little is known about the size of the prothoracic ganglion and its properties and 

how it is related to the body and brain size in honey bees. Here I used a 

stereological method to estimate the size of the prothoracic ganglia and the size 

and number of prothoracic neuron cell bodies in closely related honey bee 

species of different body size in order to determine how the prothoracic ganglion 

and its properties scale with the body size.   

2.3 MATERIALS AND METHODS 

2.3.1 Sample collection/ Histology and Morphometry 
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The thoracic ganglia of the bee species listed in chapter 1 [the Asian bees Apis 

florea (small), A. cerana (intermediate) and A. dorsata (large), and the European 

honey bee A. mellifera (intermediate)] were dissected as follows:  The legs were 

removed and the thorax was mounted in a small dish using a warm mixture of 

wax and rosin. The thorax was opened ventrally and the prothoracic ganglion 

was dissected under fixative (4% formaldehyde in 0.1M cacodylate buffer; pH 

6.8) and fixed overnight. The prothoracic ganglion was stained in 1% aqueous 

osmium tetroxide for 1 hour at 4oC and an additional 30 minutes at room 

temperature. Prothoracic ganglia were dehydrated in acidified 2,2-

dimethoxypropane for 10 minutes and transferred to Spurr’s low viscosity 

embedding medium (Electron microscopy Science; Hartfield, PA) via acetone. 

Ganglia were polymerized at 70oC, sectioned on a sliding microtome at 15 μm 

thickness and covered with a cover-slip and the slide sealed with cytoseal.  

 

The volume of the prothoracic ganglia and of its cell body rind was estimated 

from sections as described in Chapter 1, and the number and size of prothoracic 

cell bodies was likewise estimated by counting the cells' nucleoli as reported in 

Chapter 1. As the average cell body size was larger in the ganglion compared 

with the brain, I had to increase the grid size from (20μm x 20μm) to (30μm x 

30μm) square to be able to probe appropriate cell numbers per section (Fig. 2.1 

B). Every other section (30μm interval) was sampled, as the ganglia were smaller 

in size than the brains. Cell bodies form a rind around the neuropil of the thoracic 

ganglia, hence mid-horizontal sections such as shown in Fig. 2.1A reveal a mid-
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horizontal section with only a relatively narrow region representing the cell body 

rind of the ganglion. Many more cell bodies were encountered in the dorsal-most 

and ventral-most sections, which are mainly comprised of cell bodies. In order to 

visualize axon fibers running to the prothoracic ganglia, the osmium tetroxide-

stained interganglionic connective, between subesophageal and prothoracic 

ganglia, was serial sectioned transversely at 15μm. Axon fibers were counted 

individually using the Adobe Photoshop cell counter tool.  

 

2.4 RESULTS  

2.4.1 Correlation Between Prothoracic Ganglia Volume And Body Size 

The four honey bee species (A. florea, A. cerana, A. mellifera and A. dorsata) 

showed some variation in prothoracic ganglion volume within species but 

volumes overlapped less across species (Fig. 2.3 A and B); one-way ANOVA F = 

677.7 and 553.8; p <0.0001, n = 56). The relationship between the prothoracic 

ganglion volume and, respectively, head width and body weight was strong and 

significant for all four honey bee species [linear regression for head width (Fig. 

2.3): y = 0.0363x – 0.0471; R2 = 0.92; p <0.0001; n = 56; linear regression for 

body weight: y = 0.0011x + 0.025; R2 = 0.90; p <0.0001; n = 52]. I found that the 

large Asian honey bee A. dorsata had the largest prothoracic ganglion volume 

(0.10 ± 0.007 mm3) followed by A. mellifera (0.079 ± 0.005 mm3), A. cerana 

(0.063 ± 0.004 mm3) and A. florea (0.037 ± 0.003 mm3) (Fig. 2.3; Tukey-Kramer 

test p <0.0001; n = 56).  
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2.4.2 Cell Body Size And Cell Number Estimates 

I compared the equivalent of the prothoracic cell bodies sizes (the average 

volume associated with one cell body) across the species (Fig. 2.1 B). Similar to 

the prothoracic ganglion volume of the four species, the estimated neuron size 

occupied a distinct size range and only overlapped for A. cerana and A. mellifera 

(Fig. 2.4; one-way ANOVA F = 380.17; p <0.0001; n = 51). The relationship 

between the cell body size and, respectively, head width and body weight was 

strong and significant for the four bee species [linear regression for head width 

(Fig. 2.4): y = 269.79x – 227.6; R2 = 0.82; p <0.0001; n = 51; (linear regression 

for body weight: y = 7.854x + 319.54; R2 = 0.78; p <0.0001; n = 51)]. I found that 

the mean cell body size was significantly larger in A. dorsata (922.2 ± 58.49 μm3) 

compared to A. mellifera, A. cerana and A. florea (Fig. 2.4; one-way ANOVA F = 

380.17; p <0.0001; Tukey-Kramer test p <0.0001; n = 51). Surprisingly, A. 

mellifera had significantly smaller cells bodies (613.55 ± 35.69 μm3) compared to 

A. cerana (689.21 ± 27.97 μm3; Fig. 2.4; Tukey-Kramer test p <0.0001; n = 16 

and 11, respectively).  

 

In addition to cell body size, I also estimated the prothoracic neuron numbers 

across the four species.  The cell body numbers showed a strong overlap 

between A. florea an A. cerana and, respectively, between A. mellifera and A. 

dorsata [linear regression for head width (Fig. 2.5): y = 4534.3x + 9128.6; R2 = 

0.58; p <0.0001; linear regression for body weight: y = 143.76x + 17818; R2 = 

0.65; n = 51). I found that A. dorsata and A. mellifera had significantly more 
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neurons compared to A. cerana and A. florea (Fig. 2.5; one-way ANOVA F = 

134.34; Tukey-Kramer test p <0.0001; n = 51). However, there was no significant 

difference in neuron number between A. dorsata and A. mellifera, and, 

respectively, between A. cerana and A. florea (Fig. 2.5; one-way ANOVA F = 

134.34; Tukey-Kramer test p <0.42 and p <0.61).  

 

I also measured the overall cell body volume of the prothoracic ganglia (the total 

volume of the ganglion’s cell body rind) as a proxy to estimate for the respective 

species’ metabolic investment in neuronal cell bodies. Similar to the total 

prothoracic ganglia volumes, the cell body volume of each species’ prothoracic 

ganglia occupied a distinct size range and did not overlap across species (Fig. 

2.6; one-way ANOVA F = 1045.66; p <0.0001, n = 52). The relationship between 

the estimated total cell body volume and body weight was strong and significant 

for all four honey bee species [linear regression (Fig. 2.6): y = 0.0004x + 0.0052; 

R2 = 0.95; p <0.0001; n = 52]. I found that the large Asian honey bee A. dorsata 

had the largest prothoracic ganglia cell body volume (0.034 ± 0.001 mm3) 

followed by A. mellifera (0.022 ± 0.0013 mm3), A. cerana (0.018 ± 0.0009 mm3) 

and A. florea (0.011 ± 0.00099 mm3) (Fig. 2.6: Tukey-Kramer test p <0.0001; n = 

52). 

 

2.4.3 Axon Numbers Estimates 

In primates, there is a proven relationship between the expansion of the 

neocortex and the population of descending spinal cord neurons (Heffner and 
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Masterton, 1983; Nakajima et al., 2000; Striedter, 2005). Might there be a similar 

phenomenon within a defined group of arthropods? To test this, cross sections of 

the ventral cord were taken for two specimens each of the four Apis species 

discussed in this thesis (Fig. 2.2). Many of the smaller axons of A. florea were 

beyond the resolution of the light microscope and thus could not be counted. 

Therefore, estimates of axons numbers were compared across three Apis 

species (Fig. 2.7). Counts demonstrated that A. dorsata has more axons (928) 

than A. mellifera (770) followed by A. cerana (718). As only two specimens per 

species were analyzed, these numbers were not compared statistically. These 

results are discussed below. 

 

2.5 DISCUSSION 

The ventral nerve cord of arthropods is considered homologous to the vertebrate 

spinal cord, which integrates sensory and motor functions at the local level just 

like the insect ventral nerve cord (reviewed in Strausfeld, 2012; Strausfeld et al., 

2006; Whitington and Bacon, 1998). It has been argued that the spinal cord 

scales in close relationship to body size (Jerison, 1977; MacLarnon, 1996; 

Passingham, 1975). Similar comparisons of body size and nerve cord are not 

available for insects. I therefore examined if the prothoracic ganglion size 

allometrically correlates with the body weight and head width of the four closely 

related honey bee species. My data supports this prediction, confirming a highly 

significant correlation between body size (head width and body weight) and the 

total prothoracic ganglion size as well as the volume of the cell body rind. Similar 
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results have been found in mammals where the spinal cord size increases with 

body size (Burish et al., 2010; Jerison, 1977; Striedter, 2005; Striedter, 2006). 

Unlike the brain and brain component sizes, which vary strongly depending on a 

species’ ecological and behavioral specialization, the size of the insect thoracic 

ganglia thus seem to be more predictably correlated with body size. The thoracic 

ganglia size therefore seems to represent a well-suited measure to serve as a 

standard to normalize brain size in comparative analyses.  

 

I also examined the neuronal cell body size and the number of neurons in the 

prothoracic ganglia. My data generally confirmed the expected neuronal size 

difference across species: larger bees have larger neurons with the exception of 

A. mellifera, which had slightly smaller neurons relative to their body size 

compared to A. cerana. With this exception, my data thus suggest that larger 

ganglia generally are comprised of larger neurons. 

 

Just like ganglion size and neuron size, on average the ganglia of larger bees 

include more neurons. However, the differences in neuron number between the 

two smaller species (A. florea and A. cerana) and, respectively, the two larger 

species (A. mellifera and A. dorsata) were not significant (Fig. 2.5). In the 

absence of data on neuron size, number and volumetric data for ventral ganglia 

in other arthropods, or even for vertebrate spinal cords, it is difficult to interpret 

the presence of relatively larger neurons in A. cerana and the relatively higher 

number of neurons in A. mellifera. Similar to what I found for the brains (chapter 
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1), A. mellifera had smaller yet more numerous neurons than expected for their 

body size, again suggesting that they are behaviorally more diverged from the 

other three bee species. Assuming that the higher number of prothoracic neurons 

in A. mellifera represents additional interneurons rather than motor neurons one 

might expect A. mellifera to have a slightly expanded behavioral repertoire 

pertaining to leg movements (flight movements are controlled by the meso- and 

metathoracic ganglia, not by the prothoracic ganglion). This might be relevant for 

“handling” flowers and comb-building or brood care, but in the absence of any 

comparative behavioral observations in the other bee species such speculation 

may be premature. 

 

Additionally, it has been proposed that as certain brain areas, such as the motor 

cortex, increase, there is a correlated increase in the number of axons that 

descend from the brain into the spinal cord (Heffner and Masterton, 1983; 

Nakajima et al., 2000). My data on axon numbers in three Apis species 

demonstrate what might be a similar trend: A. dorsata have more axons 

compared to the other two species. However, since the tested taxa are closely 

related species and exhibit similar behavioral patterns (Dyer and Seeley, 1991a; 

Dyer and Seeley, 1991b) it was expected that they would have a similar number 

of descending axons. In the absence of an unambiguous identification of 

descending (as opposed to ascending) neurons this question thus remains open. 
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The results obtained from counts of axons in cross sections of the ventral cord 

were surprising in that there was indeed variation, with more axons in larger 

species. Why might this be? It is not expected that small and large brains would 

differ with regard to the number of descending neurons. As far as is known, none 

of the “higher” centers of the brain, such as the mushroom bodies, the most 

anterior protocerebral lobes or the central complex give rise to descending 

neurons. Thus, there are no mammalian-like conditions in insects whereby 

increases in, for example, areas corresponding to cerebral cortex might provide 

higher populations of descending axons.  There are several possibilities why the 

present data indicate a variable number of axons. First, the sample size is very 

small, precluding statistical tests. This is mainly due to the limited samples 

available. Second, in my preparations the smallest axons are beyond the 

resolution of the light microscope (for example see; Fig. 2.2 d). Third, it is 

possible that there is a bias in the counting of axon numbers. Since the 

descending axon size increases with the body size, those axons that are clearly 

visible in larger bees are more readily scored. For example, it is extremely 

difficult to obtain reliable axon counts in the smallest species A. florea. However, 

the most plausible explanation is the fourth possibility: namely, that these 

differences relate not to descending axons at all but to ascending axons of 

sensory neurons and sensory interneurons. As described earlier, larger bees 

have large body surfaces and more sensory sensilla (Spaethe and Chittka, 2003; 

Spaethe et al., 2007; Streinzer et al., 2013). Thus, differences of ascending 

sensory axon populations would skew the total number of axons counted. 
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2.6. FIGURES AND LEGENDS 
 

 

 

 

 

 

 

Fig. 2.1: Micrographs of prothoracic ganglion of A. dorsata (ventral view) at 20x 
magnification (A); example of cell body sampling with superimposed 30x30 μm 
grid at 63x magnification (B). 
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Fig. 2.2: Transverse section of the fused neck connective between subesophageal 
and prothoracic ganglia showing arrangement of fibers of different diameter in Apis 
species; Apis dorsata (a); A. mellifera (b); A. cerana (c); A. florea (d).  
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Fig. 2.3: Correlation between prothoracic ganglion volume and head width (A; N = 
55) and body weight, respectively (B; N = 52); p< 0.0001 
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Fig. 2.4: Correlation between estimated cell body volume and the head width (A) and 
body weight (B), respectively, of the four bee species. N = 51, p< 0.0001 
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Fig. 2.5: Correlation between estimated prothoracic ganglion cell body number and head 
width (A) and body weight, respectively (B); N = 51, p < 0.0001  
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Fig. 2.6: Correlation between total cell body volume and body size. N = 52; p < 0.0001  

Fig. 2.7: Comparison of individually counted axon number in three Apis species. N = 2  
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CHAPTER 3 

 
BRAIN, BRAIN COMPONENTS AND SENSORY ALLOMETRY IN THE 

BUMBLEBEE BOMBUS IMPATIENS. 
 

3.1 ABSTRACT 

While it is generally accepted that comparable species that differ in body size 

also differ in brain size, the idea that larger brains typically comprise larger and 

more neurons is based on evidence from only a few taxa and is almost 

exclusively derived from interspecific comparisons. This type of comparison is 

problematic because species or genera that differ in body and brain size also 

generally differ in their behavior and environmental constraints and thus have 

different sensory, motor and cognitive requirements. Interspecific comparisons 

make it difficult to distinguish brain properties underlying an animal’s behavioral 

requirements from those that are based on 'simple' allometric relationships. To 

address the question of size-related brain composition and to disentangle how 

the brain components vary in association with behavior, a single species of 

bumblebee was chosen (Bombus impatiens). In bumblebees, closely related 

workers vary greatly in body and brain size but much less in their behavior, and 

are well suited to examine the correlation between brain size and neuron size 

and number.  Here I confirm that brain and brain component size and the number 

of ommatidia in the bumblebee Bombus impatiens allometrically correlate with 

body size. The relative brain composition regarding sensory and central brain 

neuropils is independent of brain size except for the visual lamina, which is 

disproportionately large in larger bumblebees. Neurons associated with sensory 
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neuropils (the optic and antennal lobes) increase in size and number with 

increasing brain size whereas central neurons associated with the mushroom 

body only increase in number but not in size. This suggests that conventional 

allometric brain - neuron scaling do not apply universally. 

 

3.2 INTRODUCTION 

When comparing related species, e.g. rodents like mice, rats, hamsters, agoutis 

and capybaras, larger animals usually have larger brains (Herculano-Houzel et 

al., 2006). Why do they require larger brains? Larger animals have a larger body 

surface with more sensory structures and, as a rule, possess larger sense 

organs; hence their central nervous systems receive more sensory input. This 

requires more sensory processing neuropil and supports a higher sensory 

resolution (e.g. finer detail, more precise discrimination, higher sensitivity, etc.; 

Jerison, 1973; Jerison, 1975; Kaas, 2000). This increase in sensory information 

also requires more central processing capacities and ultimately allows more 

elaborate motor skills resulting in more complex and adaptive behaviors (Kubke 

et al., 2004). It is generally assumed that larger brains are able to perform more 

advanced cognitive and behavioral functions and support increased flexibility in 

learning and memory (Byrne, 1993; Byrne and Bates, 2007a; Kaas, 2000; Kubke 

et al., 2004; Striedter et al., 2013). Correlations between specialized and highly 

advanced sensory capacities or behavioral complexity and the size of particular 

brain components have been described in primates, birds and bats (Aboitiz, 

1996; Catania and Kaas, 1995; Clayton and Krebs, 1995; Nottebohm, 1981; 
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Suga and Jen, 1976). Much less evidence exists regarding the correlation 

between brain size and composition and behavioral complexity in invertebrates. 

One example is the difference between food generalist and specialist scarab 

beetles: the former need to discriminate many more different plants, secondary 

plant compounds and plant odors, while food specialists only need to recognize a 

small number of nutritious plants. Food generalist scarab beetles show an 

increased size and complexity of a central brain neuropil, the mushroom body, 

compared to related specialist genera (Farris and Roberts, 2005). 

 

Despite the examples mentioned above, brain and brain component size 

are relatively crude measures and may only weakly correspond to behavioral 

complexity, just as the capacity of a computer is not determined by its size or 

weight. The number of neurons and glial cells, the size of neurons the number 

and size of their dendritic and axonal arborizations, and the number of pre- and 

postsynaptic elements all determine the size of a given brain, and they also 

establish a brain's capacity to generate and control advanced behaviors and 

elaborate cognitive functions (Herculano-Houzel et al., 2006, 2007, 2014; Kaas, 

2000). Very little is known about how cellular and subcellular composition varies 

with brain size in any taxon. 

 

Most studies relating brain size and composition to body size or certain 

aspects of behavior are based on comparisons across species, genera or larger 

taxonomic units (Catania and Kaas, 1995; Ducatez et al., 2015; Kubke et al., 
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2004; Lefebvre, 1995; Lefebvre et al., 1997; Lefebvre et al., 2004; Nicolakakis et 

al., 2002; Sol et al., 2008). This is problematic as different species vary not only 

in size, but, more importantly, also in their ecological requirements, behavior and 

biology in general. Hence, any structural brain differences are assumed to be 

correlated with either body size or with certain behaviors. Additionally, particular 

ecological requirements or complex cognitive abilities may be a consequence of 

factors other than the focal one. This problem can be overcome by comparing 

individuals of a single species that vary strongly in body and brain size. 

Bumblebees are such a species. In bumblebees, body mass varies up to five to 

six-fold between individuals in a given colony (Goulson et al., 2002). This 

variation in body size coincides with differences in brain size (Mares et al., 2005) 

as well as differences in antennal sensilla numbers and eye size (Spaethe and 

Chittka, 2003; Spaethe et al., 2007). Moreover, bumblebee workers within a 

colony are all daughters of the same queen and show considerably less genetic 

variation than solitary animals because of the peculiarity of sex determination in 

social Hymenoptera (haplodiploidy and Complementary Sex Determination; 

Goulson, 2010). Bumblebees thus are particularly suited to examine the size 

dependence of parameters of brain composition.  

 

This chapter describes research on how particular sensory and central 

brain regions and the size and number of neurons correlate with overall brain and 

body size. 
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3.3 MATERIALS AND METHODS 

3.3.1 Specimens /Sample Collection   

Colonies of Bombus impatiens (Biobest, Inc.) were maintained at 35% relative 

humidity, 19oC and 12h/12h photoperiod. The nest boxes were connected to a 

foraging cage (2.0 m x 1.2 m x 1.2m) where the bees collected sugar-water (50% 

w/w) from artificial feeders. Honey bee-collected pollen (Bee Healthy Farms, 

USA) and water were supplied inside the nest box. Differently sized foraging 

workers of unknown age were collected from the flight cage or, in case of the 

smallest workers that did not leave the nest were directly taken from inside the 

nest box.  

Bees were cold anesthetized and the combined fresh weight of their head 

and thorax (hereafter referred to as 'body weight') determined to the nearest 

milligram (Scientech SA 80); the abdomen was excluded from the fresh weight to 

avoid variation resulting from differences in the nectar or water content of the 

sampled bees' abdomens. In addition to body weight, head width (distance 

between outer margins of the compound eyes) was measured using digital 

calipers under a stereomicroscope.  

 

3.3.2 Histology And Morphometry 

Bees were decapitated, the head mounted in a small dish using a warm mixture 

of wax and rosin, the head capsule cut open frontally, and the brain dissected out 

under fixative (4% formaldehyde in cacodylate buffer; pH 6.8) and fixed overnight. 

Brains were rinsed in distilled water twice and then stained in 1% aqueous 
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osmium tetroxide solution for 2 hours at 4oC and for an additional hour at room 

temperature. Brains were then rinsed in water for 4 hours, dehydrated in acidified 

2,2-dimethoxypropane (Thorpe and Harvey, 1979) for 15 minutes, and 

transferred into Spurr’s low viscosity embedding medium (Electron Microscopy 

Science; Hartfield, PA) via acetone. Brains were polymerized at 70oC, sectioned 

on a sliding microtome at 15 μm thickness and covered with a cover slip and the 

slide sealed using Cytoseal. 

 

The volumes of the each brain and its components were measured from 

sections (15mm) as described in chapter 1. I compared the neuron soma size in 

three regions of the brain where cell body clusters could be distinctly defined: 

mushroom body Kenyon cells within the calyces (Chapter 1; Fig. 1.5 a b; 

compact type / class-I neurons and non-compact type / class II neurons 

according to Fahrbach, 2006; Farris and Sinakevitch, 2003; Farris et al., 2004); 

cell body rind surrounding the glomerular part of the antennal lobes (Chapter 1; 

Fig. 1.6a) and the cell bodies in a triangular cluster located between the medulla 

and the lateral calyx (Fig. 3.2) and from here on referred to as ‘medulla cell 

bodies’. 

 

3.3.3 Ommatidia Count 

The number of ommatidia was determined by covering the eyes with thin layer of 

clear nail polish (Sally Hansen) to produce cornea replicas, following the 

methods adapted by Ribi (Narendra et al., 2011; Ribi et al., 1989). Once the nail 
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polish was dry, the cornea replicas were carefully removed and flattened by 

making incisions with a scalpel. The replicas were photographed (Fig. 3.3 a) 

using a Zeiss Axioplan microscope. Images files were loaded into imageJ and 

the individual ommatidia were manually counted with the help of cell counter tool 

(Fig. 3.3 b). 

 

3.3.4 Data Analysis 

Correlations between brain volumes and body weight or head width were 

compared using linear regression. Correlation between relative brain 

components and brain volume of bumblebees of different sizes were compared 

using linear regression (JMP 11.0.0, SAS institute Inc., NC USA). Head width 

and body weight were sampled for 25 bumblebees of different sizes, and the 

brain volume was measured for those 25 bees.  

 

3.4. RESULTS  

3.4.1 Correlation Of Brain And Body Size And Ommatidia Numbers 

Bumblebee workers (Bombus impatiens) show large differences in body size (Fig. 

3.1). Head width strongly correlated with body size and body weight in 

bumblebees (Fig. 3.4; linear regression: y = 0.0128x + 2.491; R2 = 0.95; p 

<0.0001; n = 25). The body weight varied from about 22 mg to 155 mg across all 

the bees sampled in a colony (Fig. 3.4).  Brain size also increased significantly 

with the bee’s body weight (Fig. 3.5a; linear regression: y = 0.0104x + 0.9667; R2 

= 0.93; p <0.0001; n = 25) and head width (Fig. 3.5b; linear regression: y = 
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0.788x – 0.9688; R2 = 0.92; p <0.0001; n = 25), ranging from 0.91 mm3 to about 

2.57 mm3 (mean brain volume was about 1.85 mm3) in the bumblebee worker 

sample. The number of ommatidia in bumblebee workers also increased 

significantly with body weight (Fig. 3.6a; linear regression: y = 13.445x + 4206.9; 

R2 = 0.90; p <0.0001; n = 25). Similarly, there was a strong correlation between 

head width and the number of ommatidia (Fig. 3.6b; linear regression: y = 

1050.2x + 1605.2; R2 = 0.93; p <0.0001; n = 25).  

 

3.4.2. Correlation Between Brain And Brain Components Size 

In order to examine the potential differences in the brain composition of 

differently sized bumblebee workers, I compared the relative size of sensory 

neuropil to the respective bee’s brain size.  I did not find any strong correlation 

between brain size and the relative size of the antennal lobe (Fig. 3.7; linear 

regression: y = -0.0467x + 3.273; R2 = 0.010; p <0.26; n = 25), suggesting that 

the relative size of antennal lobe is similar in different sized bumblebee workers.  

Likewise, I did not find any statistically significant correlation between brain size 

and the relative size of the lobula and or the medulla (linear regression: y = 

0.0703x + 5.0652; R2 = 0.00645; p <0.70; n = 24) and/ or the medulla (linear 

regression: y = 0.6362x + 13.559; R2 = 0.076; p <0.17; n = 24; Fig. 3.8). In 

contrast, there was a statistically significant positive correlation between brain 

size and the relative size of the lamina (Fig. 3.8; linear regression: y = 2.28x + 

3.7038; R2 = 0.66; p <0.0001; n = 25). I also found the mean relative size of the 
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lateral calyx (5.19%) to be significantly larger than the medial calyx  (4.17%) 

irrespective of body size (Fig. 3.9; Student t-test: F = 88.15; p <0.0001; n = 25).  

 

3.4.3. Cell Body Size And Estimates  

I compared the neuronal size equivalents (the volume associated with one cell 

body) across the species in three different regions of the brain [Chapter 1; 

Fig.1.5; compact type / class-I neurons (MBKC-I) and non-compact type / class II 

neurons (MBKC-II)], antennal lobe cell bodies (ALCB) and medulla-related cell 

bodies (MeCB), respectively (Chapter 1; Fig. 1.6 and Fig. 3.2). I found a 

statistically significant correlation between brain size and MeCB and ALCB, 

respectively (Fig. 3.10; linear regression: y = 108.39x + 396.77 and 75.597x 

+287.22; R2 = 0.39 and 0.31; p <0.0078 and 0.0024; n = 21, respectively).  

However, I did not find any statistically significant correlation between brain size 

and the MBKC I and II somata size (Fig. 3.11; linear regression: y = 0.1747x + 

30.182 and y = -4.1258x + 70.951; R2 = 0.00012 and 0.025; p <0.49 and 0.95; n 

= 21, respectively).  

 

I found a statistically significant correlation between brain size and cell 

body numbers of ALCB and MeCB (Fig. 3.12 and 3.13; linear regression: y = 

8387x + 7038.1 and y = 1386.8x + 3323.6; R2 = 0.58 and 0.38; p <0.0001 and 

0.002; n = 21, respectively). Similarly, I found a statistically significant correlation 

between brain size and MBKC I and II numbers (Fig. 3.14; linear regression: y = 
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114011x + 69738 and y = 62844x + 59678; R2 = 0.47 and 0.50; p <0.0003 and 

0.0006; n = 21, respectively).  

 

3.5 DISCUSSION 

Similar to previous studies on bumblebee brain allometry (Mares et al., 2005; 

Riveros and Gronenberg, 2009), I found an allometric relationship where 

absolute brain volumes of differently sized bumblebees strongly correlate with 

head width. Moreover, the number of ommatidia allometrically correlated with 

body weight and head width (Spaethe and Chittka, 2003). I found that the 

antennal lobe and the medulla and lobula increase isometrically with brain size 

(same relative size in large and small bees). However, the lamina increases 

allometrically with brain size − larger bees have relatively larger laminae 

compared to smaller bees. Interestingly, the lateral calyx was significantly larger 

than the medial calyx in bumblebees irrespective of brain size, which has not 

been previously shown. The size and number of cell bodies associated with the 

antennal lobe and of cell bodies adjacent to the medulla increased with brain size 

while only the number, but not the size of mushroom body Kenyon cell bodies 

positively correlated with brain size.  

 

3.5.1 Brain And Body Size  

I found that body weight positively correlated with head width. The body weight of 

the bees in my sample ranged from 22 to 150 mg, compared to 50 to 500 mg in 

an earlier report by Mares et al., (2005). I also found that overall brain volume 
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positively correlates with body size (body weight and head width) in my sample 

(Fig. 3.5), as expected for animals in general (Jerison, 1973; Jerison, 1977).  

Similar to body size, the absolute range of brain volumes published for 

bumblebees differed considerably (0.25 mm3 to 3 mm3; Mares et al., 2005; 

Riveros and Gronenberg, 2009a) compared to my data set ranging from 0.90 

mm3 to 2.60 mm3. Three reasons may explain these differences: different studies 

included more or less of the lamina and the photoreceptors in their 

measurements; moreover, I employed a slightly different method of brain tissue 

processing and sampling compared to the earlier studies. Lastly, the earlier 

studies used bumblebee colonies with larger variation in worker body size and 

have included bumblebee queens (Mares et al. 2005), which are larger than the 

largest workers, resulting in a larger range of body and brain sizes compared to 

the current study.  

 

3.5.2 Size Of Sensory Structures And Brain Components 

Here I show that the number of ommatidia allometrically correlates with the body 

mass and head width of bumblebees. This finding is in line with an earlier report 

in which the number of ommatidia of a smaller sample of Bombus terrestris has 

been estimated (rather than counted) from the eye surface area (Kapustjanskij et 

al., 2007; Spaethe and Chittka, 2003). The earlier estimated ommatidia numbers 

range from 3000 to 6000 (Kapustjanskij et al., 2007; Spaethe and Chittka, 2003), 

comparable to my present count of ommatidia (4500 to 6200). Differences may 

be due to differences in the range of body sizes in the respective samples or to 
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the different approaches (number estimation vs. actual counting of ommatidia as 

in the present study).  

 

The relative size of most of the brain components did not differ 

significantly with their body size, indicating an isometric correlation where larger 

brains have basically the same overall composition as smaller ones. However, 

there is one exception to this trend: the relative size of the lamina increased with 

body size (Fig. 3.9), whereas the relative size of the medulla and lobula remained 

the same irrespective of body size. This is reminiscent of the relatively enlarged 

laminae in nocturnal bees such as Xylocopa tranquebarica or Megalopta genalis, 

which are able to fly at low light intensities (Greiner et al., 2004; Somanathan et 

al., 2008; Somanathan et al., 2009). In M.genalis, collaterals of lamina tangential 

neurons pool input across several ommatidia in order to enhance absolute 

sensitivity (Greiner et al., 2004) and similar neuronal adaptations for increased 

light sensitivity might occur in large bumblebees, thus potentially increasing the 

size of their laminae. This would explain why larger bumblebees are able to 

forage at lower light intensities than smaller bees (Kapustjanskij et al., 2007).  

 

 3.5.3 Neuronal Cell Body Size And Neuronal Number 

When comparing across species, larger brains generally comprise more 

as well as larger neurons compared to smaller brains (Herculano-Houzel et al., 

2006; Kaas, 2000). Larger neuron cell bodies generally give rise to more and / or 

larger dendritic arbors and to longer and thicker axons and more or larger axon 
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terminals (Herculano-Houzel et al., 2006; Kaas, 2000), hence it has been 

suggested that larger brains generally comprise more synapses and thus more 

complex information processing capacities (Bassett et al., 2010; Bullmore and 

Sporns, 2009; 2012; Deacon, 1990; Ringo, 1991). My measurements of medullar 

and antennal lobe neurons support the general rule that nerve cell size scales 

with brain size, meaning that larger brains consist of larger neuronal cell bodies 

(Fig. 3.10), as has been observed in rodents of different body sizes (Herculano-

Houzel et al., 2006). However, the size of mushroom body Kenyon cell bodies 

remained constant irrespective of brain size. Thus in the smaller bees there are 

fewer Kenyon cells than in larger conspecifics (Fig. 3.11). This is reminiscent of 

findings in primates, where the average neuron cell body size does not change 

much across species having different brain sizes and only the number of neurons 

increases in larger brains (Herculano-Houzel et al., 2007a). Like in primates, 

neuronal scaling may thus differ across different neuronal cell population in bees, 

too.  

 

My results (Fig. 3.11-3.14) show that neuron number increases with brain 

size, supporting the general idea that large brains comprise more neurons, as 

shown for rodents and primates (Herculano-Houzel et al., 2006; Herculano-

Houzel et al., 2007a). The combined increase in neuron size and number I found 

particularly in sensory neuropil suggests that larger brains allow larger bees to 

process more complex environmental information, which makes them more 

efficient foragers and better performers in learning paradigms (Worden et al., 
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2005; Riveros and Gronenberg) which, in turn, might be a major factor 

contributing to the size polyethism in bumblebees (Kapustjanskij et al., 2007). In 

bumblebees, the body size differences are assumed to be associated with 

division of task in the colony; larger workers are recruited as foragers and the 

smallest workers perform in-hive activities (Goulson, 2010; Goulson et al., 2002; 

Michener, 1974). Likewise, honeybees with larger brains performed better in an 

olfactory learning paradigm (Gronenberg and Couvillon, 2010). This supports the 

general idea that larger brains (comprising more and/ or larger neurons) enable 

the larger bumblebees to process complex environmental stimuli experienced 

outside and the nest and control the more advanced behaviors involved in 

foraging, such as predator avoidance, navigation and learning and memory, 

whereas small bees do not require those sophisticated behavioral abilities. This 

supports the common idea that larger brains facilitate enhanced behavioral 

flexibility and cognitive ability in animals in general (Biegler et al., 2001; Dicke 

and Roth, 2015; Healy and Rowe, 2007; Jerison, 1973; Kotrschal et al., 2013; 

Roth and Dicke, 2005; Whiten and Byrne, 1988)  ).  
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2.6 FIGURES AND LEGENDS 
 

 

 

 

 
Fig. 3.1: Bumblebee workers of different sizes. (Riveros and Gronenberg, 2009) 
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Fig. 3.2: Image showing the location of cell bodies (MeCB) between lateral 
calyx and medulla.  
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Fig. 3.3: Picture of eye cast of a bumblebee (A) and magnified image of marked 
(counted; indicated by teal markings) ommatidia (B).  
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Fig. 3.4: Correlation between body weight and head width of bumblebee workers. 
N  = 25, p < 0.0001    
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Fig. 3.5: Correlation between brain volume and head width of different sized 
bumblebees. N = 25, p < 0.0001 



 

115 
 

  

Fig. 3.6: Correlation between number of ommatidia and bodyweight (A) and head 
width (B), respectively. N = 25, p < 0.0001 
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Fig. 3.7: Correlation between relative antennal lobe volume and brain volume of 
differently sized bumblebees. N = 25, p < 0.387 
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Fig. 3.8: Correlation between relative volume of optic lobe neuropils and head width 
of differently sized bumblebees. N = 24, Medulla p <0.18, Lobula p <0.71 and Lamina 
p < 0.0001 

Fig. 3.9: Comparison of relative volume of lateral calyx and medial calyx of 
bumblebee workers. N = 25, p < 0.0001; F = 88.15 
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Fig. 3.10: Correlation between brain volume and estimated cell body volume of antennal 
lobe and medullar cell bodies across bumblebees of different size.  N = 20, ALCB p < 
0.0078, MeCB p < 0.0024. 

Fig. 3.11: Correlation between brain volume and estimated cell body volume of 
mushroom body Kenyon cell type 1 & 2 of bumblebees of different size.  N = 20, 
MBKC-I p< 0.49, MBKC-II p< 0.95.  
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Fig. 3.12: Correlation between brain volume and estimated number of neurons of 
Antennal lobe of differently sized bumblebees.  N = 20, p < 0.0001   

Fig. 3.13: Correlation between brain volume and estimated number of neurons 
associated with medulla of differently sized bumblebees. N = 20, p < 0.0033     
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Fig. 3.14: Correlation between brain volume and estimated neuron numbers of 
mushroom body Kenyon cell type 1 & 2 of differently sized bumblebees.  N = 20, 
MBKC-I p < 0. 0004, MBKC-II p < 0.0003 
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CONCLUSIONS AND SUMMARY 

 

This dissertation describes my investigations of the body size and brain, and 

brain component scaling relationship across honey bee species and bumble bee 

individuals that strongly vary in body size. Similarly to what has been established 

from the scaling principles for vertebrates, but not a priori expected of insects, 

honey bees’ (Apis species) brain and brain components, including neuron 

number and size, allometrically correlated with their body size, although with a 

few interesting exceptions. Apis mellifera have larger brains than expected for 

their body size, and their larger brain size correlates with this species being the 

most generalist forager. It has a cosmopolitan distribution compared to Asian 

honey bees, which are confined to certain parts of Asia. Across four species of 

comb-building bees, most of the examined brain components were similar in 

relative size, except that A. dorsata differ in their visual neuropils in featuring a 

larger lamina and smaller medulla and lobula compared to the other species. The 

enlarged size of the lamina is here interpreted as a neuronal adaptation for 

crepuscular vision, comparable to the situation in nocturnal bees. 

 

Thoracic ganglia are less variable than insect brains and may be better 

suited to establish general correlations between body and central nervous 

system size. I therefore analyzed the prothoracic ganglia and the size and 

number of its neurons in the four honey bee species. My results show that 

ganglion and neuron size as well as neuron number positively correlate with a 

bee’s body size with one exception: In A. mellifera, neurons were smaller yet 
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more numerous than expected for their body size. Due to the lack of behavioral 

and ecological studies on Asian honey bees it is at present not feasible to 

interpret this finding in a biological context. Overall, thoracic ganglia size and 

composition in the four honey bee species match the general vertebrate brain - 

body size scaling principles even closer than the bees’ brains. 

 

Comparative studies on brain - body scaling principles are hampered by 

the dilemma that species or genera that differ in body and brain size also 

generally differ in their behavior and environmental constraints and thus have 

different sensory, motor and cognitive requirements. In this context, bumble bees 

are well suited to examine body - brain size relationships: bumble bee colonies 

comprise particularly closely related workers that greatly vary in body and brain 

size.  Here I have shown that brain and brain component size as well as the 

number of ommatidia in the bumble bee (Bombus impatiens) allometrically 

correlate with body size. The relative brain composition does not differ among 

large and small bumblebees except for the visual lamina, which increases in 

relative size with the body size. As in the large A. dorsata, the relatively large 

lamina in larger bumble bees may represent a neuronal adaptation for dim light 

vision. Bumble bee neurons associated with sensory neuropils (the optic and 

antennal lobes) increase in size and number with increasing brain size whereas 

central neurons associated with the mushroom body only increase in number but 

not in size.  
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My study on social bees revealed allometric scaling across closely related 

species and within species. As expected from vertebrates, most brain and brain 

components scale with body size. Overall, I confirm for bees the general 

vertebrate trend that larger animals have larger brains and brain components. 

The scaling of some brain components is not uniform across social bees and this 

variation may represent behavioral differences between and within species. 

These differences in brain and brain component size are intriguing and should 

stimulate future studies on the behavior and cognitive abilities of social bees 

beyond the well-studied European honey bee A. mellifera. 
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