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Thesis Abstract

 

 

Ceratina calcarata mothers choose their nesting location and that choice can have 

developmental consequences for their offspring. Nests in the sun experience higher 

developmental temperatures, reducing self-feeding insect body size through a phenomenon 

called the Temperature-Size Rule. How does temperature affect body size in insects whose 

mothers’ feed them; for example, in mass-provisioning bees where all the food an offspring 

needs to complete development is provided by the mother in advance? What are the 

physiological advantages or disadvantages conveyed to offspring in sunny nests? In this thesis I 

used C. calcarata to investigate the ecological consequences of nest location choice (sun or 

shade) on mothers, as well as the physiological consequences of temperature on their offspring. 

Nests randomly allocated to the shade treatment were more likely to be empty when 

opened, indicating that shaded nesting locations were not preferred. Mothers nesting in the sun 

foraged more often for nectar than shade mothers, but provisioned similar sized pollen masses. 

Sunny nests were hotter than shaded nests, even more so if they were oriented on an angle. 

Offspring from sunny nests were smaller than shade bees in agreement with the Temperature-

Size Rule. Sunny offspring also had higher thermal tolerance than offspring from the shade but 

less frequent DGE bursts at 25°C compared to shade bees, suggesting a lower metabolism at a 

moderate temperature. I conclude offspring from sunny nests displayed developmental thermal 

plasticity and a beneficial thermal trade-off because of their warm developmental conditions; 

they had higher thermal tolerance, but at the expense of a smaller adult body size. Thus, thermal 

compensation acts on the ecological baseline of maternal input to determine offspring body size. 

Such trade-offs may enhance C. calcarata response to climate change.   
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Chapter 1: General Introduction 

 

 

How does temperature affect life? 

At a molecular level, increasing temperature increases the kinetic energy of reactants in a 

chemical reaction (Lutterschmidt and Hutchison 1997). When the kinetic energy of molecules 

increases, the likelihood of a reaction occurring between them increases, therefore temperature 

profoundly influences the biochemical or physiological rates of animals (Lutterschmidt and 

Hutchison 1997; Tattersall et al. 2012; Brooker et al. 2013). The minimum level of energy 

required for a typical biological process to proceed is called the activation energy, and as 

temperature increases, reactions occur more frequently. Within cells, enzymes are the biological 

catalysts that speed up or facilitate reactions without being used up. They also lower the 

activation energy required for certain reactions. As temperature increases, reactants are more 

likely to encounter enzymes, and because enzymes facilitate reactions by lowering the activation 

energy, only a small increase in temperature can greatly affect the rate at which biochemical or 

physiological processes proceed (Tattersall et al. 2012; Brooker et al. 2013). Some physiological 

functions such as metabolic rate are especially thermally sensitive (Tattersall et al. 2012). 

Why is studying a species’ response to temperature important? 

The interaction between an organism and its abiotic environment is a fundamental 

component of physiological ecology. Organisms are typically physiologically adapted to their 

natural environment, and their adaptation to environmental factors such as temperature can even 

govern their distribution (Brooker et al. 2013). With climate change we expect greater seasonal 

temperature fluctuations, more frequent extreme temperature occurrences, and higher overall 
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mean temperature. Maximum summer temperatures frequently approach, but rarely exceed the 

maximum survivable temperatures of organisms at mid-latitudes (25-47°N). However this is 

expected to change as a result of climate change (Kingsolver et al. 2013). With climate change, it 

is predicted that insects at mid-latitudes will frequently experience temperatures close to, or in 

excess of their critical thermal limit, causing heat stress (Kingsolver et al. 2013). 

Seasonal and long-term temperature variability will affect ectotherm fitness (Kingsolver 

et al. 2013). Field experiments that manipulate temperature conditions or microclimate can 

provide a better understanding of the direct effects of temperature changes on insects than 

laboratory experiments, because they incorporate daily temperature fluctuations (CaraDonna et 

al. 2018). Studying how insect species respond to extreme temperature fluctuations or overall 

increases in temperature due to climate change, is an important area of research. Physiological 

(i.e., thermal breadth, metabolic rate) and life history traits (i.e., developmental rate, body size) 

can be used to assess or predict how a species will respond to climate change (Lutterschmidt and 

Hutchison 1997; Sinclair et al. 2016; Penick et al. 2017; CaraDonna et al. 2018).  

Insect body size variation 

 Insects vary greatly in size, from the smallest wasp Dicopomorpha echmepterygis, at 139 

µm long, to one of the largest beetles, Titanus giganteus, measuring upwards of 167 mm in 

length (Chown and Gaston 2010). Body size can also vary considerably between sexes or castes 

of social insects. For example, reproductive individuals in eusocial bees are larger than their 

worker brood (Chole et al. 2019), and workers in the army ant, Eciton hamatum, can vary tenfold 

in size (Chown and Gaston 2010). Body size variation caused by environmental influences is a 

form of phenotypic plasticity (Molles and Sher 2019). Phenotypic plasticity is the ability of 

organisms with the same genotype to express different phenotypes in response to environmental 
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conditions (Rodrigues and Beldade 2020). Environmental influences, including both biotic (i.e., 

amount of food resources) and abiotic factors (i.e., temperature), lead to body size differences 

among individuals of holometabolous insects, which are insects that undergo complete 

metamorphosis during development (Hickman et al. 2008; Chole et al. 2019).  

 There are benefits to being larger as an insect. Larger individuals have higher survival 

during overwintering (Rehan and Richards 2010a), higher fecundity (Honěk 1993; Seehausen et 

al. 2017), are able to fly faster (Palavalli-Nettimi and Narendra 2018), and in the case of males, 

out-compete others for mates (Schowalter 2011). In general, larger individuals have higher 

fitness than smaller individuals, with fitness being the summated ability of an individual to 

survive and produce more offspring than their competitors (Kingsolver and Huey 2008; Whitman 

and Ananthakrishnan 2009). The proximate causes of body size differences can act through 

ecological or physiological processes (Krebs 2014).  

The temperature-size rule  

Most insects’ body temperatures are influenced by their ambient environmental 

temperature, and they are referred to as ectotherms (Hickman et al. 2008; Harrison et al. 2012; 

Brooker et al. 2013). Because insects are ectothermic, they are largely susceptible to, and 

constrained by temperature changes in their environment, especially if they cannot leave those 

conditions (e.g., the immobile pupal stage of holometabolous insects). The inability to escape 

their thermal environment can lead to potential consequences for developing insects, although 

warm temperatures can also bring some advantages as well. In insects, it is thought that warmer 

temperatures are better because they increase biochemical and physiological rates like 

metabolism (Bradley 2007; Kingsolver and Huey 2008; Contreras and Bradley 2009; Harrison et 

al. 2012). Increased metabolic rate tends to lead to increased developmental rate and decreased 
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developmental time in ectothermic insects (Kemp and Bosch 2005; Folguera et al. 2010; 

Giejdasz and Fliszkiewicz 2016).  

Temperature during development can also affect an insect’s final body size (Shelomi 

2012). When insects developing at high temperatures are smaller than those that develop at cool 

temperatures they are said to follow the Temperature-Size Rule (TSR) (Atkinson 1994; Harrison 

et al. 2012). The mechanisms responsible for the TSR are unclear since it is not universal to all 

insects. For instance, grasshoppers and some other hemimetabolous insect orders are instead 

larger at warmer temperatures (Atkinson 1994; Chown and Gaston 2010). “How is it that insects 

develop faster but mature at a smaller size when they develop at warmer temperatures?” is a 

question that researchers have been trying to answer for decades. Many explanations have been 

put forward to explain this phenomenon, but no one solution applies to all taxa (Angilletta, Jr. 

and Dunham 2003; Angilletta et al. 2004; Atkinson et al. 2006). Some theories that have been 

suggested for how temperature affects body size in insects are discussed below (Tabi et al. 

2020). 

Firstly, total food consumption and growth efficiency vary across temperatures, causing 

body size plasticity. Growth efficiency is defined as the efficiency with which resources that are 

consumed are assimilated and used for growth (Angilletta et al. 2004). In the copper butterfly, 

Lycaena tityrus, lower temperatures produced larger individuals, mainly because they consumed 

more food and were more efficient at converting that ingested food into body mass (Karl and 

Fischer 2008). Essentially, faster-growing individuals at higher temperatures end up smaller 

because their growth and development period is shorter, and they are less efficient at turning 

food they eat into body mass than individuals growing more slowly at cooler temperatures 

(Angilletta et al. 2004; Karl and Fischer 2008).  
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Secondly, it has been suggested that growth and development have differential thermal 

sensitivities; DNA replication (i.e., development) is more sensitive to temperature than cell 

growth and protein synthesis (van der Have and de Jong 1996; Verberk et al. 2021). Since 

ectotherms cannot precisely physiologically control their own body temperatures, their metabolic 

processes are mediated by their behaviour or environmental temperature and some of the 

processes are more sensitive to temperature than others. Development occurring at a faster rate 

than growth would explain why a holometabolous insect would develop faster but grow to a 

smaller size when reared at high temperatures. 

Lastly, changes in cell size or number have also been used to explain differences in body 

size due to temperature (Atkinson 1994; Harrison et al. 2012). This theory suggests that at higher 

temperatures, cell number or size is reduced to compensate for the increased demand for 

resources such as food and oxygen in warm environments. For example, Drosophila 

melanogaster body size increased in response to being reared at lower temperature, and this body 

size change was solely due to changes in cell size, not cell number, measured by wing and 

ommatidia size (Partridge et al. 1994; French et al. 1998; Azevedo et al. 2002). Developmental 

temperature has been shown to affect bee cell size and number also (Verberk et al. 2021). For 

instance, Osmia bicornis from cooler, shaded nests were heavier and had larger ommatidia 

(hexagonally-shaped individual facets that make up the compound eye and are assumed to act as 

a proxy for insect cell size) than those reared in warmer nests (Kierat et al. 2017). Additionally, a 

multi-species study examining variation in eye size and ommatidia number found that bee body 

size was the main predictor of the number of ommatidia per eye (Jander and Jander 2002) 

suggesting that body size and cell size are highly correlated. 
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Consequences of extreme temperature 

While warm temperatures can be good for insects, there is a limit; insects experiencing 

overly high temperatures suffer the consequences. High developmental temperatures can lead to 

smaller body sizes in insects (The Temperature-Size Rule; Atkinson 1994). Reduced body size 

means decreased fitness, longevity and overwintering survival (Giejdasz and Fliszkiewicz 2016) 

compared to larger individuals (Kingsolver and Huey 2008; Whitman and Ananthakrishnan 

2009), since exposure to higher temperatures uses up fat stores (Arrese and Soulages 2010; 

CaraDonna et al. 2018). A warming climate can result in changes in season length, and 

phenological changes caused by warming can lead to desynchrony with floral resources and 

potential mates (Giejdasz and Fliszkiewicz 2016; CaraDonna et al. 2018), suggesting 

temperature has profound effects on ecology and physiology.   

Physiological performance and cellular rates increase with temperature up until a 

maximum point. At extreme temperatures, performance declines and cellular damage occurs 

(Harrison et al. 2012). The highest temperature an organism can withstand is called the Critical 

Thermal maximum (CTmax, Harrison et al. 2012; Tattersall et al. 2012) and can increase under 

acclimation at high temperature (Lutterschmidt and Hutchison 1997; Oyen and Dillon 2018). At 

extreme temperatures, organisms initiate a heat-shock response and produce heat shock proteins 

to protect other cellular proteins from damage (Hofmann and Todgham 2010). This re-allocation 

of energy from growth and development to cellular maintenance is hypothesized to lead to 

decreases in growth and development rate (Krebs and Feder 1997). Energy allocated to one 

function will reduce the amount of energy available for other functions; this is the principle of 

allocation (Molles and Sher 2019).  
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In this thesis I use bees to investigate the physiological and ecological effects of 

microclimate (e.g., sun vs. shade nesting location) on mothers and their offspring (Figure 1.1). 

Bees are a model group for studying the effects and consequences of temperature on offspring 

physiology and development because females choose their nesting location, and their offspring 

are confined to the microclimate in which their mother builds the nest. Size polymorphism is 

common in bees, and results from a combination of environmental factors such as temperature, 

availability of plant resources, amount of food provided to the larva, and offspring sex (Giejdasz 

and Fliszkiewicz 2016; Chole et al. 2019).  
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Figure 1.1. The mass-provisioning bee Temperature-Size Rule hypothesis (MPB-TSR). The hypothesis summarizes the combined 

effects of maternal influence and developmental temperature on mass-provisioning bee offspring body size. The arrows suggest the 

direction of causation and the +/- suggests the relationship between quantifiable variables. Indirect effects are summations of 

intermediary steps. The yellow shading are data that were collected and analysed in this thesis. chapter 2 focuses on the ecological 

consequences of sun and shade nesting on mothers and their offspring while chapter 3 investigates the metabolic and thermal 

physiological consequences of sun and shade nesting on offspring.  



 

Ceratina calcarata life history, body size trends and maternal foraging 

Ceratina calcarata is a small, twig-nesting carpenter bee native to Eastern North 

America, and common in the Niagara Region (Rehan and Richards 2010b; Onuferko et al. 2015). 

C. calcarata are solitary univoltine, generalist mass-provisioners (Rehan and Richards 2010a; 

Vickruck et al. 2011; McFrederick and Rehan 2016). They dig nests most commonly in 

raspberry and sumac twigs (Vickruck et al. 2011). Beginning in early- to mid-May, females 

emerge from their winter hibernacula and begin searching for a place to dig a new nest (Rehan 

and Richards 2010b). Females excavate nests by burrowing tunnels down into the exposed pith 

of twigs. Following nest excavation, females begin foraging for pollen and nectar to provision 

their brood. They form provisions into pollen masses, onto which they lay an egg (Johnson 

1988). After laying an egg, the female seals the brood cell with a sawdust partition, scraped from 

the sides of the tunnel, and begins to provision a new brood cell (Rehan and Richards 2010a). 

Nests are unbranching and are serially provisioned until full (Johnson 1988). Mothers can choose 

to build a nest in a sunny or shady location. Since their offspring are confined to the nest for the 

entirety of their development, the location in which the mother chooses to build the nest (i.e., sun 

or shade) dictates their developmental thermal environment.  

Overview of thesis 

 The overall objective of this research is to investigate the consequences of the thermal 

environment of their nests for C. calcarata mothers and their offspring. In chapter 2, I examine 

the effect of microclimate during development on life history traits and ecology of C. calcarata 

offspring and mothers. I start by assessing the temperature difference between nests in the sun 

and shade. By accounting for the known factors that contribute to offspring body size in C. 

calcarata, we can examine the effect that temperature has on size and determine whether C. 
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calcarata follow the Temperature-Size Rule, or whether maternal input (i.e., pollen provision 

size or foraging effort) is adjusted to compensate for the predicted size differences between sun 

and shade nest offspring. Since body size differences can be caused by having more or larger 

cells, we attempt to account for offspring body size differences due to sun or shade nesting by 

examining the size of the hexagonal-shaped facets that make up the compound eye (ommatidia). 

In chapter 3, I assess the acute and chronic physiological effects of temperature exposure 

on developing C. calcarata with the purpose of investigating whether offspring raised in sunny 

nests possess greater heat tolerance than offspring from the shade. I investigate the effects of 

temperature on metabolic rate and gas exchange patterns of C. calcarata pupae and adults, each 

tested at 25°C and 40°C. Finally, I compare the CTmax of adult C. calcarata from sunny and 

shady nests to evaluate their thermal tolerance.  
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Chapter 2: The ecological consequences of nesting microclimate on Ceratina calcarata 

mothers and their offspring 

INRODUCTION 

 

A mother bee’s choice of nesting location can have direct consequences for herself and 

her offspring. Ideally a nest is located close to floral resources in an area sheltered from harsh 

environmental effects like high temperatures or flooding (Schowalter 2011). Competition for 

nesting resources may force a mother to produce offspring in areas with less favourable 

conditions. For example, Ceratina calcarata reduce interspecific competition by conceding their 

favoured nesting microclimate (sun) to a related species C. mikmaqi, to instead build nests in 

their favoured nesting substrate (raspberry, Vickruck and Richards 2012). Mothers can choose to 

build their nests in either sunny or shaded locations, a choice which greatly affects the nest’s 

thermal environment (Vickruck and Richards 2012). In turn, the microclimate of the nest affects 

offspring physiology and survivorship (McKinney et al. 2017). Biotic factors may also affect 

nesting choice. For instance, predation or parasitism may occur at higher rates in shaded areas, so 

mothers producing offspring in those areas could suffer reduced fitness (Vickruck et al. 2010; 

Nooten and Rehan 2019). This chapter investigates the ecological and behavioural consequences 

of sun versus shade nest site choice for C. calcarata mothers and their offspring. 

Temperature and weather affect maternal foraging  

Weather can affect brood number and offspring body size in bees, although indirectly 

through effects on maternal foraging patterns and resource availability (Minckley et al. 1994). 

Seasonal weather conditions affect maternal foraging patterns (Lundberg 1980; Vicens and 

Bosch 2000), and rainfall and temperature affect pollen and nectar availability (Descamps et al. 

2018). For example, Halictus ligatus queens took more and shorter foraging trips during a cool 
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and wet year, compared to foragers in an average weather year, which took fewer and longer 

trips (Richards 2004). These aforementioned environmental conditions resulted in smaller bodied 

offspring in the unfavourably cool year, and larger offspring in the average year, but this could 

have been due to pollen availability rather than strictly maternal effort (Richards and Packer 

1996). C. calcarata mothers foraging during a dry year in Niagara also made fewer but longer 

foraging trips per day compared to a wet year where they made more, shorter trips (Lewis and 

Richards 2017). They also made proportionally fewer pollen than non-pollen (nectar) foraging 

trips during the dry year. This suggests that mothers can adjust their foraging behaviour in 

response to resource availability and seasonal weather conditions. 

The mass-provisioning bee temperature-size rule  

The TSR is easily applied to insects with mobile self-feeding larval stages since 

phenotypic plasticity in body size due to temperature is associated primarily with their growth 

rate and development time (Whitman and Ananthakrishnan 2009). That is to say, the final body 

sizes of independent larvae that feed themselves ad libitum until they pupate is constrained by 

the maximum amount of food they can consume within their feeding phase, and by the efficiency 

with which they can convert that food into tissue. They grow to a smaller size at higher 

temperatures because they develop faster, spend less time feeding, and may not be as efficient at 

converting that food into body mass. This mechanism of the TSR may break down for adult-fed 

insects, which are insects that do not acquire food for themselves but rather are given it by an 

adult, since developmental temperatures likely do not affect the amount of food they consume 

(Richards and Packer 1996). 
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Examples of adult-fed insects include progressive provisioning and mass-provisioning 

bees. In progressive provisioning, larvae are periodically provided with small amounts of food 

over the course of their development (Michener 2007). Mass-provisioning is when offspring 

receive only a lump-sum investment of food. In either case, adults control how much food the 

larvae get, meaning that offspring body size is directly constrained by the total amount of food 

they receive (provided that they finish it) rather than by their growth and development time 

(Figure 1.1, Johnson 1988; Danforth 1990; Lawson et al. 2016). Because adults precisely control 

how much food the larvae get in adult-fed insects, the final adult body size of bees may not be 

affected by developmental temperature in the same way as self-feeding insects. In theory, a 

mother bee could bypass or outweigh the effects of the temperature-size rule by provisioning her 

offspring with more pollen (Richards and Packer 1996). However, if bees raised at different 

temperatures grow to different sizes, and the difference in size is not due to the amount of pollen 

provided by their mother, then the different sizes of offspring could be caused by physiological 

differences in response to developmental temperature (Figure 1.1).  

Known sources of body size variation in bees 

Known factors affecting offspring body size in bees include maternal size, offspring sex 

and nest architecture. A mother’s size can indirectly affect her offspring (Figure 1.1). Larger bee 

mothers can fly further (Gathmann and Tscharntke 2002; Greenleaf et al. 2007) and carry more 

pollen than smaller mothers allowing them to make larger pollen masses (Richards and Packer 

1996; Tomkins et al. 2001; Neff 2008). Sexual size dimorphism exists in some bees because 

males receive less pollen than females, making them smaller (Johnson 1988; Danforth 1990; 

Lawson et al. 2017). In some bees, offspring body size is also correlated with the size or position 

of its brood cell or other nest architecture, which are also maternally controlled. For example, in 
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the alfalfa leafcutter bee, Megachile rotundata, smaller offspring were raised in nests with 

narrower tunnels (O’Neill et al. 2010). In the ground-nesting bee Amegilla dawsoni, differently 

sized major and minor males emerged from different sized brood cells (Tomkins et al. 2001). In 

C. calcarata, the offspring raised in the first brood cell is frequently female and significantly 

smaller than her siblings (Rehan and Richards 2010b; Lawson et al. 2016). Because other factors 

are known to affect body size in bees, it’s important to account for as many of these effects as 

possible when trying to determine the effect of developmental temperature on bee offspring body 

size. 

Body size does appear to be affected by temperature in some bees. In Osmia ribifloris, 

offspring from heated nests emerged lighter and with less stored fat compared to those from 

control nests (CaraDonna et al. 2018). C. calcarata follow the biogeographic trend of 

Bergmann’s Rule (Lawson et al. 2018), which is when animals from cooler climates are larger 

than individuals from warmer climates (Chown and Gaston 2010; Harrison et al. 2012; Shelomi 

2012; Verberk et al. 2021). C. calcarata mothers and offspring from a New Hampshire 

population (i.e., cool climate) were larger than individuals from populations in the more southern 

areas of Missouri and Georgia (i.e., warm climate), consistent with Bergmann’s Rule (Lawson et 

al. 2018; Verberk et al. 2021).  

Research objectives 

The objectives of this chapter were 1) to quantify the temperature difference between sun 

and shade nesting locations, 2) to determine the effect of nesting location on maternal foraging 

behaviour and nest establishment, 3) to investigate the effect of developmental temperature on C. 

calcarata offspring body size and to assess whether they conform to the Temperature-Size Rule, 
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and 4) to determine the mechanism of the TSR in C. calcarata by elucidating whether body size 

differences due to nesting location were caused by differences in cell size or number. Based on 

previous research, I expected sunny nests to be significantly hotter than shady nests. Considering 

the effects of temperature on other mass-provisioning bees like Osmia bicornis and O. ribifloris, 

I hypothesized that C. calcarata follow the TSR and I predicted that offspring raised in sunny 

nests would be smaller than those from shade nests due to having smaller cells. 

 

METHODS 

 

Nest initiation sites 

I collected approximately 400 raspberry twigs (30-40cm length, ~1cm diameter) in April 

2019, from the northern edge of Brock University campus along the Bruce Trail and escarpment, 

between Vallee Residence and the athletic field. The thorns were removed for safe handling and 

each twig was attached to a bamboo stake using zip ties so that they could be placed 

perpendicular to, but off the ground (Figure 2.1). These twigs were used to lure female C. 

calcarata into nesting in them. I placed the raspberry canes at 12 nest initiation sites (9 sunny, 3 

shady) along the northern and western edges of the campus in 2019. In 2020 I used five nest 

initiation sites (all sunny), one each at private residences in Welland and Lincoln, Ontario, and 

three in the Glenridge Quarry Naturalization Site (Figure 2.2). Nest initiation sites were selected 

based on their proximity to wild raspberry and sumac and because they were areas with high 

Ceratina flight activity as noted by M. H. Richards, and students Travis Uhrynuk and Tyler 

Audet.  



16 

 

 

Figure 2.1. Raspberry canes placed in a sunny spot to lure nesting Ceratina calcarata females.  

Raspberry canes were attached to bamboo stakes using zip ties and placed near natural stands of 

raspberry and sumac. A map of nest initiation site locations is given in Figure 2.2 
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Figure 2.2. Nest initiation site locations across the Niagara Region. The 2019 initiation sites (A, 

yellow stars) were located along the Northern edge of the Brock University campus in St. 

Catharines (43.121°N, -79.247°W). Three 2020 sites (red stars) were located in the Glenridge 

Quarry Naturalization Site (43.121°N, -79.237°W), and 2 more (B, small red stars) were located 

at private residences in Lincoln (43.170°N, -79.481°W) and Welland (43.002°N, -79.207°W). 

New nests that were formed at initiation sites were randomly allocated to sunny or shady 

treatment sites located on Brock campus in 2019 (Figure 2.3) and at the Lincoln residence in 

2020 (B). 
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Treatment site locations, descriptions and allocation of nests 

The four treatment sites, two sun (Sun 1, Sun 2) and two shade (Shade 1, Shade 2), used 

in 2019 were located on the west side of Brock University campus (Figure 2.3). The two sun 

sites were in a meadow along the north side of a hydro corridor, and they received full and direct 

sun from 0800 h to 1800 h. The shade sites were located inside the wood margin on the south 

side of the same corridor. Shade sites were never in direct sun but received some dappled 

sunlight in the morning and evening. The two 2020 treatment sites (one sun and one shade) were 

located at a private residence in Lincoln, Ontario. The sun site received full and direct sun from 

0800 h to 1900 h, while the shade site received early morning sunlight prior to 0800 h and was 

shaded the rest of the day. 

I checked the nest initiation sites every two to three days in the morning for the formation 

of new nest entrances. When I noticed a new nest, I confirmed the presence of a female by 

examining whether the nest entrance was blocked by sawdust or by listening for a buzzing sound 

after gently inserting a blade of grass into the nest entrance (Lewis and Richards 2017). If a bee 

was present in the nest, the entrance was taped shut and the nest was randomly assigned to one of 

the treatment sites using a random number generator. The new nests were collected and relocated 

to their treatment sites prior to 0900 h on the same day they were discovered. 
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Figure 2.3. Sun and Shade treatment sites for the 2019 field season.  The sites were in an 

electrical line corridor, west of the athletic field on the Brock University campus in St. 

Catharines (43.117°N, -79.256°W). The sunny sites (Sun 1, Sun 2) were on the North side of the 

corridor, and the shade sites (Shade 1, Shade 2) were located just inside the treeline on the South 

side of the corridor.  
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Measuring nest and air temperatures at sun and shade treatment sites 

I constructed four dummy nests for the purpose of measuring the maximum daily nest 

temperatures of C. calcarata without damaging any developing brood by drilling a 1/8-inch 

diameter by 10 cm long tunnel into the pith of four raspberry canes. One dummy nest was placed 

at each of the 2019 treatment sites. Nest and air temperature were recorded in degrees Celsius 

using an Omega temperature unit (Model HH509R) and wire thermocouple probe (T-type; 0.1°C 

precision, -200°C to 400°C range). The same temperature unit and thermocouple probe was used 

for both years. I measured internal nest temperature by placing the wire probe inside the tunnel 

of a dummy nest, and ambient air temperature by holding the wire probe outside the nest at the 

height of the nest entrance. To measure the effect of nest angle on internal nest temperature, I 

placed two dummy nests at each of the treatment sites in 2020. One was placed perpendicular to 

the ground just like all the other nests (called “Vertical”), and the other was set on a 45° angle 

(called “Angled”). 

Daily maximum temperatures were recorded between 1300 h and 1500 h a total of 82 

times from 28 May to 20 August 2019. Sites within treatment groups (Sun1/Sun2 and 

Shade1/Shade2) experienced nearly identical temperatures in the first 31 days of measurements 

in 2019, so only one site in each treatment was measured in the subsequent 51 days of the 

experiment (Figure 2.4). Daily maximum temperatures were again recorded between 1300 h and 

1500 h a total of 59 times between 3 June and 12 August 2020. On rainy days it was assumed 

that nest temperature was equal to air temperature in both treatments. On rainy days, air 

temperature was recorded on a covered campus patio approximately 750 m from the treatment 

sites in 2019, and from a covered porch approximately 25 m from the treatment sites in 2020.  
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Figure 2.4. Sites within treatments in 2019 experienced similar temperatures. Sun 1 and Sun 2 

sites were located in a sunny nesting location and both sites experienced the same nest and air 

temperatures. Shade 1 and shade 2 were located in a shady nesting location and both sites 

experienced the same nest and air temperatures. For this reason, only Sun 1 and Shade 1 were 

measured for the remainder of the season. A) Ambient air temperature at the shade sites (Pearson 

correlation, r(29)=0.990, p<0.001). B) Internal nest temperature at shade sites (Pearson 

correlation, r(29)=0.991, p<0.001). C) Ambient air temperature at sun sites (Pearson correlation, 

r(29)=0.984, p<0.001). D) Internal nest temperature at sun sites (Pearson correlation, 

r(29)=0.975, p<0.001).  
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Foraging observations 

Maternal foraging observations were made between 26 June and 26 July 2019, with three 

to five observation days at each site (Sun1/Sun2 and Shade1/Shade2). During an observation 

day, a block of 10 nests was randomly selected and observed from 0800 h to 1800 h (10 hours), 

or until 20 minutes had passed without a foraging flight. Not all nests that were selected for 

monitoring on a given day showed activity. I monitored foraging by enclosing nest entrances 

with inverted dixie cups and plastic lids (Figure 2.5, Lewis and Richards 2017). Thus, the 

departing and arriving bees were prevented from exiting or entering their nests until the cup was 

removed, at which point the time of day was recorded. Over the foraging season I observed 

activity at 43 unique nests. However, only the 14 nests that contained a pollen mass in the newest 

cell when they were opened were used in the foraging analyses.  

All flights (departure to arrival) were considered foraging flights, and I recorded the 

presence or absence of pollen on the posterior legs of the forager on each arrival. When the 

forager arrived with pollen it was counted as a pollen foraging flight, and arrivals without pollen 

were counted as non-pollen flights. Flight duration was calculated as the time between a 

departure from the nest and the next arrival. Duration of pollen and non-pollen trips were totaled 

separately to give the total durations of pollen and non-pollen foraging. Total foraging time was 

the summation of all flight durations. Number of foraging trips was the number of all foraging 

trips made by a mother on the observation day. To control for observation effort, average number 

of trips for each mother was calculated as the number of foraging trips divided by the number of 

mothers observed from the sunny (or shady) location. Similarly, average total duration of pollen 

or non-pollen foraging trips were calculated as total duration of pollen/non-pollen foraging for 

each mother divided by the number of mothers observed at a given treatment site. Likewise, 
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average total foraging time was calculated as the total foraging time by all mothers within a 

particular nesting location divided by the number of mothers observed there.  

Following a foraging observation period, nests that were observed were taped shut and 

brought into the lab to be opened that evening. Opening a nest destroyed it, so there was only one 

observation day for each nest. After 23 July 2019,  I only observed full brood nests (i.e., no room 

for new brood cells, or the youngest offspring was at least a larva, Figure 2.6), so this was 

assumed to be the end of the brood provisioning phase (Vickruck and Richards 2012; Rehan and 

Richards 2013). 

Nest opening protocol 

After the brood provisioning phase, I collected six to eight nests daily prior to 0900 h or 

after 1900 h to ensure that both mothers and offspring would be inside the nest. The nest 

entrances were sealed using tape and brought indoors to be opened. Nests were clamped to a lab 

bench using a quick-grip vice and split longitudinally using a pocketknife to expose the contents. 

Nests that contained brood when opened were deemed established nests, while abandoned nests 

did not contain any brood. I weighed any adults, larvae and pupae I found and placed them each 

into their own 0.2 ml microcentrifuge tube with a small air hole in the lid. Nests needed to be 

opened to observe offspring developmental stage. Care was taken to not touch the larvae when 

transferring them, since they were very fragile and would not resume eating if detached from 

their pollen mass (personal observation). Instead, they were transferred by grabbing the pollen 

mass with fine-tipped forceps. I reared 2019 sun and shade offspring to adulthood in the lab at 

room temperature.  
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Figure 2.5. Nest entrances were enclosed with a small plastic cup so that female foraging trip 

data could be recorded. Bees departing the nest were trapped in the cup, and bees arriving were 

prevented from entering until it was removed. In the photo, a male C. calcarata can be seen 

resting on top of the cup.    
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Figure 2.6. Active and full brood nests of C. calcarata. a) Active brood nests were nests in which 

a female was still foraging and provisioning brood, and the youngest brood cell was incomplete 

or contained an egg. b) Full brood nests were nests that the mother had fully provisioned, 

meaning that the youngest brood cell contained an offspring that had reached or surpassed the 

larva stage. The end of the brood provisioning phase was recorded as when I began finding only 

full brood nests (after 23 July 2019). Figure taken from Rehan and Richards, 2013.  
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Body size measurements 

Nora Romero assisted with identifying adults and pupal offspring to species after they 

had died. I recorded the sex of living offspring based on their genitalia on the terminal sternite of 

the abdomen, since the genitalia were also visible in the pupal stage (Rehan and Richards 2008; 

Rehan and Sheffield 2011).  

Wet and dry weight  

Eggs, larvae, pupae and adult bees were weighed at nest opening using an analytical 

balance (Mettler Toledo MX5, 0.00001g precision). Eggs, larvae and pupae were weighed on a 

~5 x 5 mm piece of tinfoil, and the weight of the tinfoil was subtracted to calculate their wet 

weight. For eggs and larvae, wet weight included the mass of any pollen still attached. Adult wet 

weight was calculated by weighing the empty microcentrifuge tube and subtracting it from the 

weight of the tube with the bee inside. Wet weight was not measured in 2020 due to lab closure 

during the COVID-19 pandemic. All adults or offspring that died as pupae were dried in an oven 

for 48 hours at 60°C. Dried specimens were weighed on a ~5 x 5 mm piece of tinfoil, and the 

weight of the tinfoil was subtracted to calculate each specimen’s dry weight.  

Head width and costal vein length 

The head widths of all adults or bees that died as pupae were measured across the widest 

portion of their face, including the compound eyes (Figure 2.7, Vickruck and Richards 2012). 

The costal vein length (CVL) of adults was measured starting from where the costal vein and 

radial vein diverge, to the proximal edge of the stigma (Figure 2.8). Measurements were made to 

the nearest 33μm on an AmScope dissecting microscope at 30X using an ocular micrometer. 

Linear measurements (i.e., head width, CVL) were made using the same microscope, ocular 
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micrometer, and magnification in both 2019 and 2020. All body size metrics were highly 

correlated in both offspring and mothers (Table A2.1; Table A2.2). I used head width as a proxy 

for body size since head width was highly correlated with other body size metrics and is 

frequently used in the literature as a proxy for body size in this species (Rehan and Richards 

2010a; Vickruck and Richards 2012). 

Ommatidia measurements 

Using the tip of an insect pin, I applied a small amount of clear nail polish to the right 

compound eye of adults which eclosed in the wild. After the nail polish dried, I used the insect 

pin to pry up the edges of the cast. The cast was transferred to a microscope slide using tweezers 

and I secured a cover slip on top by placing a bit of nail polish on each of the corners. The 

centroid of each eye cast was photographed using a Keyence microscope at 1000x magnification. 

I calculated the average size of an ommatidium by measuring the width of 30 ommatidia in 

VHX-6000 Communication software and dividing the sum of the widths by 30 (Figure 2.9). 
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Figure 2.7. Measurement of maternal and adult offspring head width. Head width was measured 

across the widest portion of the face including the compound eyes. Head width was measured to 

the nearest 33μm on an Amscope dissecting microscope at 30X using an ocular micrometer. 

Compound eyes are made up of many hexagonally shaped facets called ommatidia (Figure 2.9). 
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Figure 2.8. Measurement of the Costal Vein with an Amscope dissecting microscope at 30X. 

Costal vein length (CVL) was measured from the point where the costal vein separates from the 

radial vein, to the proximal edge of the stigma. CVL was measured to the nearest 33μm using an 

ocular micrometer. The upper labelled portion of the figure was taken from Bees of Maryland: A 

Field Guide (2017). 
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Figure 2.9. Ceratina calcarata eye cast viewed with a Keyence microscope at 1000x 

magnification. The lengths of six rows of five ommatidia were measured at the centroid of each 

eye cast. The average size of an ommatidium was calculated for each bee by dividing the sum of 

the lengths by 30. 
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Data analysis  

I separated males and females for analysis because of their known differences in 

morphology, namely head width (Figure A2.1). Year was treated as a random variable when 

looking for general trends since I was not interested in seasonal effects, but I looked at years 

separately when analysing nest abandonment because different nesting (and initiation) locations 

were used for each year. I used Nest ID as a random variable where it was necessary to account 

for the similarities among siblings due to having the same mother. In general, ANOVAs were 

used to assess the effect of a categorical predictor variable on a continuous response variable, 

while linear models were used to assess the effect of a continuous predictor variable on a 

continuous response variable. A linear mixed model was used to compare temperatures between 

sun and shade nesting locations with the model statement: Temperature ~ Treatment (sun vs. 

shade) x Measurement Location (air vs. nest) with Year as a random variable. Recorded 

temperature was a continuous variable, while treatment (sun/shade) and measurement location 

(air/nest) were categorical variables.  

Effect of sun or shade on nest abandonment was analysed using a Chi-Square test by 

comparing the number of established and abandoned nests at each treatment site. I used the 

average number of trips and average total foraging time to investigate the effect of sun or shade 

on maternal foraging behaviour. A Chi-Square test was used to compare the number of pollen 

and non-pollen foraging trips made by mothers from sun and shade nests. Because nests were 

randomly allocated to treatment sites, there was no difference in maternal head width between 

treatment groups in this experiment (ANOVA: F(1,11)= 0.22, p = 0.645), and so head width was 

not included in any of the foraging models. 
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To investigate the effect of nesting location (i.e., temperature) on offspring body size I 

used a linear mixed model with the model statement: Head Width ~ Treatment, with Cell 

Position, Nest ID and Year as random variables. Brood cell position and Nest ID (a stand in for 

maternal size) were used as random variables in the model because we know from previous 

research that they affect offspring body size (Rehan and Richards 2010a, b; Vickruck and 

Richards 2012; Lewis and Richards 2017). Cell position was a continuous variable, while 

Treatment, Nest ID and Year were categorical. Finally, to compare the ommatidia size of bees 

from sun and shade nesting locations I used a linear mixed model with the model statement: 

Average Ommatidia Size ~ Head Width + Treatment + Sex. Head width was a continuous 

variable and treatment and sex were categorical.  

Data analysis and visualisation were carried out using R version 3.5.3 in R-Studio 

Version 1.2.5033. Components of the tidyverse package (version 1.3.0), particularly plyr and 

dplyr were used for data manipulation and curation. The lm command in the stats package (R 

Core Team, version 3.5.3) was used for ANOVAs and linear models. The lmer command in the 

lmerTest package (version 3.1-1) was used for linear mixed models. All graphs were created 

using ggplot2 (plotting functions, version 3.2.1), cowplot (themes, version 1.0.0), and ggpol 

(facets, version 0.0.5). 
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RESULTS 

 

Temperature differences between sun and shade nesting locations 

Measured temperatures were hotter in the sun than the shade (Figure 2.10). C. calcarata 

offspring raised in sunny nests therefore experienced higher developmental temperatures than 

offspring raised in shady nests. Air temperature was an average 1.86°C ± 1.31 (mean ± sd) hotter 

in the sun than in the shade and it was 3.39°C ± 1.91 hotter inside sunny nests than inside shady 

nests. It was generally hotter inside sunny nests than outside them, while nest and air 

temperatures in the shade were about the same (Figure 2.10; Figure A2.2). Internal nest 

temperature was influenced by air temperature (Figure 2.11). Nest angle also influenced nest 

temperatures, but only for nests in the sun. Internal temperature of angled nests in the sun were 

hotter than vertically oriented nests (Figure 2.12; Figure A2.3).  
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Figure 2.10. Temperatures were hotter in the sunny nesting location than the shady location  (Air 

*, Nest **). (Linear mixed model: Temperature ~ Treatment * Measurement and Year as a 

random variable, Treatment: F(1, 511) = 61.76,  p < 0.001; Measurement: F(1, 511) = 10.71,  p = 

0.001; Treatment x Measurement interaction: F(1, 511) = 5.22,  p = 0.023). It was also generally 

hotter inside sunny nests than outside them, while nest and air temperatures at the shady site 

were the same (Sun - ANOVA: F = 12.95, df = 256, p < 0.001; Shade – ANOVA: F = 0.45, df = 

256, p = 0.501). The median of each group is represented by the thick black line inside the boxes. 

The box shows the interquartile range (IQR), which spans the 25th to 75th percentiles. The 

vertical lines (whiskers) extend 1.5 * IQR in either direction. The dots shown are outliers, which 

are data points that fall outside the 1.5 * IQR.   
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Figure 2.11. Ambient air temperature influenced internal nest temperature. Temperature inside 

sunny nests was typically higher than inside shade nests. (Linear mixed model: Nest temperature 

~ Air temperature x Treatment with Year as a random variable, Air temperature: F(1, 107.46) = 

5703.82, p < 0.001; Treatment: F(1, 253.38) = 3.01, p = 0.084; Air temperature x Treatment 

interaction: F(1, 253.18) = 0.26, p = 0.612). Lines of best fit for each treatment group are show with 

their equations. 
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Figure 2.12. Angled nests in the sun were hotter than vertically oriented nests. Nest orientation 

didn’t affect measured temperature in the shade (Sun – ANOVA: F(1, 84) = 6.23, p = 0.015; Shade 

– ANOVA: F(1, 84) = 0.002, p = 0.963). The boxes show the IQRs and the thick black lines inside 

the boxes are the median of each group. The whiskers extend 1.5 * IQR and the outliers are data 

points that fall outside that range. 
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Effect of nesting location on maternal foraging and nest abandonment 

All the nests except one came from a sunny initiation site. In 2019, 302 individuals were 

extracted from 56 nests: 43 mothers and 259 offspring. Two females were identified as either 

Ceratina dupla or C. mikmaqi and were therefore excluded from further analyses; they did not 

have any offspring. Two adult offspring that escaped into the laboratory and five that died as 

pupae could not be identified to species, and so were excluded from analyses. In 2020, 271 

individuals were extracted from 36 nests: 27 mothers and 244 offspring. Two individuals were 

killed during nest opening, one adult escaped into the room, and 4 mothers and their 35 offspring 

were later identified as C. dupla or C. mikmaqi so were excluded from analyses. Rates of nest 

abandonment in the sun were 37.9% and 37.5% for 2019 and 2020 respectively. Shade sites saw 

much higher rates of nest abandonment at 61.8% and 60.8% for 2019 and 2020 respectively. In 

general, nests in the sun more often contained brood than nests in the shade (Table 2.1).  

 

Table 2.1. Abandonment rates of nests in sun and shade from 2019 and 2020. Established nests 

were those that contained brood when the nest was opened, while abandoned nests did not. Lost 

nests were those that could not be located or that were destroyed by predation. In both years, 

sunny nests more often contained brood than shady nests. Chi-square tests exclude nests that 

were lost. 

  

  2019 2020 

Treatment Sun Shade Total Sun Shade Total 

Established 35 (60.3%) 21 (38.2%) 56 24 (60%) 12 (26.1%) 36 

Abandoned 22 (37.9%) 34 (61.8%) 56 15 (37.5%) 33 (71.7%) 48 

Lost 1 (1.7%) 0 1 1 (2.5%) 1 (2.2%) 2 

Total 58 55 113 40 46 86 

Chi-Square Results X2=5.14, df=1, p=0.023 X2=9.00, df=1, p=0.003 
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Mothers from sunny nests took more non-pollen foraging trips than shade mothers 

(Figure 2.13). Sun mothers spent more total time foraging for nectar than shade mothers 

(Average total duration of non-pollen trips, ANOVA: F(1,12)= 15.13, p = 0.002), but both groups 

of mothers spent similar total time foraging for pollen (Average total duration of pollen trips, 

ANOVA: F(1,12)= 1.60, p = 0.230). More and longer non-pollen foraging trips could indicate that 

the mothers in sunny conditions needed more water.  

Across both treatment groups, maternal foraging trips were an average of 11.9 minutes (± 

9.85 min) in duration, calculated from 233 trips made by 14 mothers (Figure 2.14). The average 

total foraging time (mean ± sd) of sun and shade mothers was 204 ± 48 minutes (sun, n = 8) and 

192 ± 80.4 minutes (shade, n = 6), which were not statistically different (Figure 2.15). Sun 

mothers took an average of 17 foraging trips in a day (± 5.29, range: 11-27) while shade mothers 

took an average of 16.2 foraging trips (± 6.49, range: 7-23) during the observation day, which 

were also not statistically different (Figure 2.16). Finally, the individual mass of the pollen 

provisions extracted from nests at the end of the foraging day did not differ between treatments 

(Figure 2.17). These results suggest that although mothers from sunny and shady nests foraged 

differently for nectar, they provisioned their offspring with similar mass of pollen. 
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Figure 2.13. Number of pollen and non-pollen foraging trips by sun and shade mothers.  Mothers 

with nests in the sun conducted more non-pollen foraging trips than shade mothers. (Chi-Square, 

X2=4.557, df=1, p=0.033; Sun: 136 flights by 8 mothers, Shade: 97 flights by 6 mothers). 
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Figure 2.14. Distribution of pollen and non-pollen foraging trip durations for sun and shade 

mothers.  Bin width is 3 minutes. This figure shows that mothers from sun and shade nests 

foraged similarly for pollen, but sun mothers foraged more for nectar than shade mothers. The 

average trip duration for 14 mothers making 233 trips was 11.9 minutes and is indicated by a 

vertical dashed line.  
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Figure 2.15. Total maternal foraging time of sun and shade mothers.  Mothers from sun and 

shade nests spent similar total time foraging (ANOVA: F(1,12) = 0.10, p = 0.754). The above 

graph shows the data points alongside a boxplot. The boxes span the IQRs and include the 

median as shown by the thick black line. The whiskers above and below the boxes extend 1.5 * 

IQR and the outliers are data points that fall outside the range of the whiskers. 
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Figure 2.16. Total number of foraging trips made by sun and shade mothers.  Mothers from sun 

and shade nests made similar total number of foraging trips on a given day (ANOVA: F(1,12) = 

0.07, p = 0.800). The boxes span the IQRs and the median is the thick black line inside the box. 

Whiskers extend 1.5 * IQR above and below the boxes. 
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Figure 2.17. Mass of individual pollen provisions collected by sun and shade mothers after one 

day of foraging observations.  Mothers from sun and shade nests collected similar amounts of 

pollen over one day (ANOVA: F(1,12) = 0.80, p = 0.388). Boxplots span the IQRs and median 

values are shown as thick black lines inside the boxes. Whiskers extend 1.5 * IQR above and 

below the boxes, and outliers are data points that fall beyond the range of the whiskers.  
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Sun vs. shade effects on offspring body size and cell size  

Nests were randomly allocated to sun and shade, so mothers in sun and shade treatments 

were the same size in this experiment (Linear mixed model: Maternal Head Width ~ Treatment, 

with year as a random variable; F(1,59.03)=1.35, p=0.250). Ultimately, offspring from sunny nests 

were significantly smaller (head width) than those from the shade (Figure 2.18). Ommatidia size 

increased with body size, meaning that bees with the same head width had the same ommatidia 

size, so sun offspring were smaller because they had smaller cells (Figure 2.19). Lastly, I found 

that males had larger ommatidia than females at a given body size (Figure 2.19). 
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Figure 2.18. Bees reared in sun were significantly smaller than those reared in the shade  (*, 

Linear mixed model: Head Width ~ Treatment, plus Cell Position, Nest ID and Year as random 

variables; Females: Treatment, F(1,52.36)= 3.85, p = 0.055; Males: Treatment, F(1,49.60)= 7.32, p = 

0.009). Individual data points appear alongside a boxplot. The boxes show the IQRs and the 

thick black lines inside the boxes are the median of each group. The whiskers extend 1.5 * IQR 

and the outliers are data points that fall outside that range. 
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Figure 2.19. Relationship between C. calcarata head width and ommatidia size by treatment. 

Larger bees had larger ommatidia than smaller ones, and there was a sex effect such that males 

had larger ommatidia than females at a given body size (Linear model: Average Ommatidia Size 

~ Head Width + Treatment + Sex; Head Width, F(1,43) = 3.85, p = 0.056; Treatment, F(1,143) = 

0.001, p = 0.976; Sex, F(1,43) = 11.16, p = 0.002). 
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DISCUSSION  

 

This research sought to investigate the ecological consequences of nesting microclimate 

on Ceratina calcarata mothers and their offspring. To do so, I set out to 1) quantify the 

temperature differences between sun and shade nesting locations, 2) determine what effects if 

any, nesting location has on maternal foraging behaviour and nest abandonment, 3) investigate 

whether C. calcarata conform to the Temperature-Size Rule, and 4) if they do, determine the 

mechanism of the TSR by attributing body size differences due to nesting location to differences 

in either cell size or number. 

Sun vs. shade effects on maternal behaviour and pollen mass size 

Despite distributing nests randomly and in equal numbers to treatment sites, I found some 

empty nests when the twigs were opened. Nest abandonment rates were consistent across both 

years. Lewis and Richards (2017), reported frequencies of nest abandonment in their sunny nests 

similar to mine; they found that many nests were empty when opened after nest collection, and 

only 41% of all nests contained mature brood. This may have been due to early dispersal of the 

brood, as the researchers collected nests after the summer. In my experiment, nests were 

periodically collected over the course of the summer, so the empty nests could not have been due 

to early dispersal. Differences in nest abandonment suggest that there may be maternal fitness 

consequences to nesting in the shade. 

I noticed that many of the abandoned nests contained only short (<10cm), incomplete 

tunnels that were sometimes accompanied by eggs or developing larvae of Oecanthus sp. (“Tree 

Crickets”) in the twig, a pest to raspberry (OMAFRA 2009). Vickruck and Richards (2012) 

noted that nest abandonment may be due to increased parasite pressure in the shade. In a nest 
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substrate choice experiment, they found that 84% of raspberry (shade) nests contained at least 

one parasite, compared to 20% of sumac (shade) and 57% teasel (sun) nests. Giejdasz and 

Fliszkwiewicz (2016) suggest that the reason there were fewer parasites in their Osmia rufa 

population reared at higher temperatures may be because parasites are less tolerant to high 

temperatures than the developing bees.  

It is possible that what I thought were new nests were simply stray males or females of 

Ceratina sp. or other species occupying short tunnels overnight. These occupants would have 

responded to probing with a blade of grass in the same way as a nesting female (by buzzing), and 

then likely left the nest after its relocation. Alternatively, nest abandonment may be due to the 

relocation process itself. Junqueira et al. (2012) found rates of 40% and 50% nest abandonment 

in artificially relocated nests of Xylocopa grisescens and X. frontalis in Brazil, respectively. 

Since shade is not the preferred nesting microhabitat of C. calcarata, the greater rate of nest 

abandonment that I observed in the shade after relocation makes sense (Vickruck and Richards 

2012). Nest abandonment may be a costly decision in a univoltine species since a mother spends 

so much time digging a tunnel only to provision a single brood. However, abandoning the nest 

and starting a new one would be preferable to parasitism. In any case, all the nests in this study 

were initiated in sunny sites and moved to either sun or shade treatment sites, so the higher rate 

of nest abandonment in the shade confirms that mothers do not prefer nesting in shady sites 

(Vickruck and Richards 2012). 

Mothers from sunny nests took more and longer non-pollen foraging trips than shade 

mothers, and these non-pollen trips were presumably nectar foraging trips, since nectar is a 

component in the provisional mass (Danforth 1990). Lewis and Richards (2017) found that 
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mothers foraging in a drought year made proportionally more nectar trips likely in response to 

lower resource availability, since plants under temperature and water stress produce less nectar 

and at a lower sugar quantity compared to non-stressed plants (Descamps et al. 2018). In 

honeybees, the proportion of foragers returning with pollen decreased at high temperature, while 

the proportion of water and nectar foragers increased (Cooper et al. 1985). Halictus ligatus was 

reported to take non-pollen foraging trips; queens took these trips at the end of a day for the 

purpose of adding nectar to the pollen mass, while H. ligatus workers made orientation or nectar 

trips only once per day and usually at the beginning of the day (Richards 2004). Living and 

foraging in a sunny meadow, C. calcarata mothers would be exposed to both high nest and air 

temperatures and therefore may be more susceptible to dehydrating (Chown 2002). If mothers 

with nests in the sun lose more water than shade-nesting mothers, more and longer nectar trips 

would be a way to replenish the water they’re losing.  

C. calcarata mothers took an average of 16.6 foraging trips (Sun: 17, Shade: 16.2) per 

day in this study, while in Lewis and Richards (2017) they took an average of 4.2 trips/day in a 

drought year and 9.2 trips/day in a normal year. Lewis and Richards calculated the average trips 

per day from a complete foraging season while I only observed nests over one day.  Unlike 

Lewis and Richards, I did not mark foragers with paint, so the high number of daily foraging 

trips that I observed may have been due to transient individuals entering and departing the wrong 

nest. Although there were no differences in daily foraging metrics (i.e., number of trips, total 

foraging time) between sun- and shade-nesting mothers in this study, it is possible that there 

could have been differences in lifetime foraging metrics or reproductive output if I had continued 

to monitor the nests over the entire season. Ultimately, the average mass of the individual pollen 

provisions extracted from observation nests at the end of the foraging day did not differ between 
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sun and shade nests. This suggests that despite mothers from sunny nests foraging for more 

nectar, they provisioned their offspring with similar sized individual masses of pollen as shade-

nesting mothers. 

Nest temperature is a consequence of maternal nest location and orientation choice 

Since nests in sun and shade experience different temperatures, nesting location chosen 

by a mother determines the developmental temperatures that her brood experience. A previous 

study investigating the developmental temperatures experienced by bees used only air 

temperature as an approximation of the internal nest environment. Vickruck and Richards (2012) 

used “iButtons” embedded in wood and placed onto the ground to measure temperature at sunny 

and shady sites. They found that sun and shade sites showed significantly different temperature 

distributions, and that the sunny site had much higher maximum and mean temperature than the 

shaded site, but both sites experienced similar low temperatures. The maximum daytime-high 

temperature recorded in the sun in that study exceeded 50°C. Following this, Richards et al. 

(2020) measured internal nest- and surrounding air temperatures using a thermocouple probe, 

and also found nest- and surrounding air temperature in the sunny site to be higher than in the 

shady site, although not to the extreme as previously reported by Vickruck and Richards (2012). 

They found that twigs in the sun were about 4°C hotter than twigs in the shade when measured at 

noon, and the maximum daytime-high temperature measured inside the sunny nests approached 

35°C. Our study also found that bees reared in sun and shade experienced different 

developmental temperatures. Air and nest temperatures were hotter at sunny sites, and internal 

nest temperature in the sun was higher than the surrounding air temperature. Bees reared in the 

sun experienced temperatures on average 3.26°C higher than shade offspring during 
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development because the sunny nests heated up more than shady nests during the warmest part 

of the day.  

The nest’s angle also contributed significantly to its internal temperature. In the sun, the 

“Angled” dummy nest experienced higher temperatures than the “Vertical” nest. Sun intensity is 

greatest on objects when the angle of incidence of solar radiation (i.e., sunlight) strikes the object 

at an angle close to 90° (Figure A2.4). The intensity of solar radiation is diminished as the angle 

of incidence decreases from 90° (Pidwirny 2006). Wilson et al. (2020), studying the 

microclimate choices of Megachile rotundata, found that the temperature of the nesting cavity in 

a 3D printed nesting block varied based on the direction the cavity entrance faced. The highest 

nest temperatures were recorded in southwest facing nests, while the lowest were recorded on the 

northeast side. In that experiment females preferentially nested in the cooler, north-facing 

cavities. Results of mine and previous studies indicate that nest microclimate does not always 

equate to ambient air temperature (Vickruck and Richards 2012; Wilson et al. 2020; Richards et 

al. 2020) suggesting that it is necessary to directly measure the internal nest temperature when 

considering its effect on bee physiology (e.g., metabolism, gas exchange pattern and 

developmental rate). In summary, nesting site and nest orientation are both maternal choices that 

affect the microclimate of developing offspring.  

Sun vs. shade effects on offspring body size and cell size 

I found that C. calcarata males had larger ommatidia than females. Males have larger 

eyes due to having more and larger ommatidia compared to females in some Bombus species 

(Streinzer and Spaethe 2014). Male eye size was also found to differ between Bombus species 

and mating strategies, with perching males having larger eyes with more and larger ommatidia 

than females, compared to patrolling species (Streinzer and Spaethe 2014). Larger ommatidia 
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allows for more light to be captured by one facet, reducing the resolution of an image while 

allowing for greater detection of movement at long distances (Land 1997; Kimball 2014). 

Having more or smaller ommatidia means better visual acuity, which can help in navigation 

(Land 1997). In this context one could argue the adaptive explanation that male C. calcarata 

have larger ommatidia to make finding females easier, while smaller ommatidia in females 

makes navigation and foraging easier. 

Finally, I found evidence of thermal plasticity in bee body size, in which smaller bees 

were produced from sunny nests. Thermal plasticity is a form of phenotypic plasticity in 

response to temperature (Angilletta 2009). Thermal plasticity is irreversible because adult bees 

can no longer grow, therefore their body size phenotype in response to developmental 

temperature is permanent (Rodrigues and Beldade 2020). Despite the potential for their offspring 

to be smaller, C. calcarata mothers choose to nest in the sun anyway, and this choice likely 

contributes to the bimodal body size distribution sometimes observed in this species (Figure 

A2.1; Rehan and Richards 2010a). Offspring from sunny nests were smaller because they had 

smaller cells, similar to Kierat et al. (2017). However, unlike Kierat et al. (2017), I did not find a 

relative difference in cell size between bees from sun and shade meaning that offspring of the 

same body size had similarly sized ommatidia. Similarly, Drosophila melanogaster showed 

thermal plasticity in both body and cell sizes; a higher mean temperature resulted in smaller flies 

because their cells were smaller (Czarnoleski et al. 2013, 2015). Woodlice body size differences 

were also linked to cell size changes such that larger woodlice had larger cells (Antoł et al. 

2020).  

Smaller cells have a larger surface area to volume ratio, but with a relatively larger cell 

membrane they are more costly to maintain. However, smaller cells are better able to facilitate 
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nutrient and oxygen transport (Czarnoleski et al. 2013; Antoł et al. 2020). The theory of optimum 

cell size says that organisms will optimize their cell size to balance their metabolic costs and 

demands, so ectotherms developing at high temperatures should consist of smaller cells to 

balance the higher metabolic demand with oxygen and resource supply (Czarnoleski et al. 2013; 

Antoł et al. 2020). Evidence from this study suggests that C. calcarata follow the Temperature-

Size Rule though the cell size hypothesis. Mothers foraged for similar durations and provisioned 

their brood with similar sized pollen masses, and larvae used in the analysis always ate their 

entire provisional mass. Therefore, differences in offspring body size between sun and shade 

nests were not due to differences in maternal input or behaviour quantified in this study but 

rather because of increased metabolic costs of living in sunny nests. Likely, offspring from sunny 

nests had reduced growth efficiency by diverting resources from growth towards cellular 

maintenance. The metabolic consequence of developing in sun versus shade nests are explored in 

the next chapter. 

Conclusions 

Mothers nesting in either sun or shade sites have the potential to incur consequences. The 

consequences for sun-nesting mothers include higher nest temperatures particularly in nests at an 

angle, smaller offspring, a potential for greater competition with sympatric species, and the need 

to forage for nectar more often. Quantitative pollen input did not differ between sun and shade 

treatments, but rather sun offspring were smaller because they had smaller cells as measured by 

compound eye ommatidia size, which supports the cell size hypothesis of the TSR. The 

difference in cell and offspring body size are due to the metabolic demands of higher 

developmental temperature, reduced growth efficiency due to diverting resources from growth to 

cellular maintenance, or another variable not considered. The main consequence I found for 
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shade-nesting mothers is a higher rate of nest abandonment, confirming that shady areas are not 

preferred as nesting locations which could be due to increased parasite pressure (Vickruck and 

Richards 2012). Despite the potential for their offspring to be smaller, mothers clearly preferred 

nesting in sunny locations compared to shady ones, as evidenced by the nearly identical rates of 

nest abandonment between both years (Sun, 37.9% and 37.5%; Shade, 61.8% and 60.8% for 

2019 and 2020 respectively). Nest abandonment in the shade was nearly twice that of 

abandonment rates in the sun. The choice to nest in the sun, in spite of potential fitness 

consequences (i.e., reduced body size) for offspring, must therefore come with strong inherent 

benefits. I aim to address possible physiological benefits or consequences related to nest location 

in chapter 3. Results of this chapter support the conclusion that C. calcarata follows the TSR 

through the cell size hypothesis, but the physiological mechanisms responsible for smaller bodies 

in response to temperature in this species requires more research.  
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Chapter 3: Acute and chronic physiological effects of high developmental temperature on 

Ceratina calcarata offspring  

INTRODUCTION 

 

Insect physiological rates are influenced by environmental temperature 

Most insects cannot physiologically regulate their body temperature (Harrison et al. 2012; 

Schowalter 2011; but see Heinrich 1993). Since temperature increases the kinetic energy of 

molecules, which in turn increases the likelihood of chemical reactions occurring, the rates of 

biochemical and physiological processes in insects are tightly linked to their environmental 

temperature (Harrison et al. 2012; Tattersall et al. 2012). Examples of physiological processes 

that are affected by environmental temperature in insects include metabolism and developmental 

rate (Kutcherov 2016; Penick et al. 2017; Shik et al. 2019).  

Metabolic Rate: What is it and how is it measured? 

Metabolism is the collection of cellular processes involved in growth and development, 

and can be estimated by measuring the amount of O2 an organism consumes or CO2 it produces 

over time (Schilman 2017). On a molecular level, metabolism is the sum total of all chemical 

reactions, catabolic and anabolic, occurring within an organism that are involved in the 

transformation of matter from the environment into organic structures like proteins (Harrison et 

al. 2012; Brooker et al. 2013). Catabolism is comprised of reactions that break down molecules 

into smaller components. A classic example of a catabolic reaction is cellular respiration in 

which, through a series of reactions, glucose is broken down into CO2 and H2O yielding ATP. 

Anabolic reactions are those that involve the synthesis of larger molecules from smaller 

components, such as the production of proteins from amino acids (Brooker et al. 2013).  
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Respirometry is the process of using specialized equipment to measure the amount of O2 

used or CO2 produced by an organism. In some respirometry set-ups, an organism is placed in a 

sealed system with a known concentration of incurrent gas, and their uptake of O2 and 

production of CO2 changes the concentration of gases in the system. The concentration of gas 

leaving the chamber is measured by specialized sensors (Lighton 2008). This type of 

respirometry system is known as a flow-through system. The main advantage of using a flow-

through respirometry system is the ability to measure real-time changes in gas concentrations, 

specifically the uptake or emission of O2 or CO2 respectively (Lighton and Halsey 2011). This 

also allows for examination of ventilatory patterns in animals. For very small organisms like 

insects, it can be difficult to measure O2 consumption since the sensors need to detect very small 

differences in large values, and the equipment required to do so can be very expensive. 

Therefore, it is common to measure CO2 production in insects instead, since the sensors only 

need to detect small differences from zero and are more affordable (Lighton 2008). 

Gas exchange patterns in insects 

The insect respiratory system consists of serially branching tracheae which terminate in 

tracheoles. The tracheae transport gases from the atmosphere directly to the insect’s cells when 

the spiracles open via muscular control. The efficiency with which gases are exchanged is a 

measure of spiracle conductance, and is a function of trachea and spiracle size, and pressure 

difference (Harrison 1997). Gas exchange between cells and tracheoles occurs via diffusion and 

CO2 is released into the environment when spiracles open (Bradley 2007). Three discrete 

patterns of respiratory gas exchange exist in insects: discontinuous, cyclical, and continuous. 

Each are characterized by distinct expiratory gas trace patterns produced during respirometry, 

consisting of Open, Closed and Flutter spiracle phases (Yocum et al. 2011; Schilman 2017). 
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Discontinuous gas exchange (DGE) occurs at lower temperatures or when metabolic 

demands are lowest (Gibbs and Johnson 2004; Yocum et al. 2011). DGE is characterized by 

alternating flutter, open and closed spiracle phases. When spiracles are completely open there is 

a burst of CO2 released, then the spiracles completely close and no CO2 is released. The open 

phase is preceded by a turbulent flutter phase, giving this respiratory pattern its characteristic, 

regularly repeating, tripartite appearance (Bradley 2007). Insects using cyclical gas exchange do 

not completely close their spiracles between bursts so CO2 emission never drops to zero, leading 

to a wave-like pattern when using flow-through respirometry (Bradley 2007), as the spiracles 

appear to cycle between differing degrees of openness. Finally, continuous respiration occurs at 

higher temperatures or when metabolic demands are highest (Gibbs and Johnson 2004; Yocum et 

al. 2011; Perl and Niven 2018). In continuous gas exchange the spiracles never fully close and 

there is no rhythmic or wave-like pattern observed in the CO2 emissions; CO2 is constantly 

released at the rate it is produced (Bradley 2006, 2007). The 3 distinct patterns of insect 

respiration follow a continuum ranging from discontinuous to cyclical to continuous gas 

exchange (Bradley 2007; Contreras and Bradley 2010; Yocum et al. 2011). Bradley (2007) 

observed that the closed phase in DGE becomes shorter as metabolic rate increases, until 

eventually DGE is not discernible and the respiratory pattern shifts to cyclical. This is known as 

the metabolic rate hypothesis and is one hypothesis that explains the existence and adaptive 

significance of why DGE occurs (Contreras et al. 2014). Overall though, the respiratory pattern 

an insect uses is strongly dependent on the their metabolic rate (Contreras and Bradley 2010).  

Factors affecting metabolic rate in insects 

Respirometry can also be used to study the effects of temperature on an organism’s 

metabolic rate (see Käfer et al. 2013). Overall, temperature influences metabolic rate in insects 
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(Bradley 2007; Kovac et al. 2007; Contreras and Bradley 2010; Yocum et al. 2011). Several 

studies found a positive relationship between metabolic rate and temperatures in the kissing bug 

Rhodnius prolixus (Schilman 2017), the cockroach Gromphadorhina portentosa (Contreras and 

Bradley 2010), four species of ants (Quinlan and Lighton 1999; Shik et al. 2019), the honeybee 

Apis mellifera and the blue-banded bee Amegilla chlorocyanea (Tomlinson et al. 2015). 

Metabolic rate also increases with life stage, age (honeybees; Kovac et al. 2007; Folguera et al. 

2010; bumblebees; Skandalis et al. 2011; Richards et al. 2020) and mass (Harrison et al. 2012; 

Gudowska et al. 2017). 

Developmental rate  

Developmental rate is the rate at which an organism completes the series of cellular, 

tissue and organ changes between birth and maturity (Brooker et al. 2013). Since the rate of 

physiological processes like metabolism speed up with increasing temperature in insects (Neven 

2000), their developmental rate also increases due to higher rates of cell division and DNA 

replication (Folguera et al. 2010; Schowalter 2011; Giejdasz and Fliszkiewicz 2016). 

Developmental rate is positively correlated with ambient temperature in Drosophila buzzatii 

(Folguera et al. 2010) and Osmia lignaria (Kemp and Bosch 2005; Giejdasz and Fliszkiewicz 

2016). However, there are some consequences to a faster developmental rate; Osmia rufa reared 

at higher temperatures did not live as long compared to those reared in cool temperatures or 

under natural conditions (Giejdasz and Fliszkiewicz 2016). Additionally, as we saw in chapter 2, 

insects grow to smaller adult body sizes when reared at higher temperatures likely due to the 

differential thermal sensitivities of growth and development or a less efficient transfer of energy 

into body mass (The Temperature-Size Rule, Atkinson 1994; van der Have and de Jong 1996; 

Harrison et al. 2012; Verberk et al. 2021). 
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Acclimatization, critical thermal maximum, and thermal breadth 

Insect responses to high temperatures can be acute or chronic. An immediate (e.g., 1 min 

to 1 hr) and rapid increase in metabolic rate is an example of an acute response to high 

temperature. Prolonged or chronic exposure to high temperatures in ectotherms can lead to 

acclimation or acclimatization (Hill et al. 2004). Acclimatization is a gradual adjustment of an 

organism’s physiological rates in response to long-lasting, multiple, simultaneous environmental 

changes (i.e., temperature, photoperiod, humidity over many hours or days; Hickman et al. 

2008). While acclimation is a similar phenomenon, this term refers specifically to physiological 

changes in animals as a result of a change in a single environmental variable, usually referring to 

laboratory conditions (Hill et al. 2004). 

The critical thermal maximum (CTmax) of an animal is its maximum functional 

temperature, or the point at which it loses organized motor control, and is a measure of its 

thermal tolerance (Lutterschmidt and Hutchison 1997; DeVries et al. 2016; Oyen and Dillon 

2018). Typical behaviours of insects at their CTmax include muscle spasms and an inability to 

right themselves after falling over (DeVries et al. 2016). In the common eastern bumblebee 

Bombus impatiens, CTmax is marked by the characteristic onset of muscular spasms at ambient 

temperatures of 52-55°C, or a core temperature of 42-44°C (Oyen and Dillon 2018). The range 

of temperatures across which organisms can function is called their thermal breadth, and spans 

from their critical thermal minimum (CTmin: minimum temperature at which locomotory function 

is lost) to CTmax (Tattersall et al. 2012). Thermal tolerance and breadth can change in response to 

previous temperature exposure (Sinclair et al. 2016).  
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Thermal breadth is shown as a performance curve over a range of environmental 

temperatures (Figure 3.1; Molles and Cahill 2008; Sinclair et al. 2016), where “performance” 

represents physiological rates or locomotory functions (i.e., walking or flying). Globally, the 

thermal breadth of insects is astonishing. For example, the CTmax of some ants can be as high as 

57°C and CTmin as low as -1.0°C (Braschler et al. 2020).  The ability to tolerate high 

temperatures increases with warm acclimatization (Lutterschmidt and Hutchison 1997). For 

instance, acclimation to high temperature for 7 days increased CTmax in adult green vegetable 

bugs, Nezara viridula, and high developmental temperature increased adult CTmax in the 

mosquito Culex pipiens (Chanthy et al. 2012; Gray 2013). Temperatures inside cities can be 

several degrees warmer than surrounding habitats (heat island effect), and leaf-cutter ants Atta 

sexdens, from inside Sāo Paulo, Brazil were able to tolerate high temperatures close to their 

CTmax for 20% longer compared to ants from outside the city (Angilletta et al. 2007). Populations 

of the acorn-nesting ant Temnothorax curvisponsus in Cleveland, Ohio also had increased heat 

tolerance compared to nearby rural populations (Diamond et al. 2018).  
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Figure 3.1. A thermal performance curve spans the range of environmental temperatures over 

which an organism can function. That range of temperatures is called the thermal breadth, and 

the curve is bound at each end by the critical thermal minimum and maximum temperatures 

(CTmin, CTmax), defined by the temperatures at which animals lose their locomotory function or 

ability to right themselves after falling over. Figure modified from Angilletta (2009).  



62 

 

What we already know about C. calcarata physiology 

A mother’s choice of nesting location can affect the microclimate that her brood 

experience throughout their development (Chapter 2; Vickruck and Richards 2012; Richards et 

al. 2020). Specifically, mothers and offspring in sunny nests experience higher temperatures than 

shady sites so they may be more prone to heat stress. However, the warmer sunny locations also 

come with apparent benefits compared to shade nests; sunny nests were parasitized less 

frequently compared to shade nests (Vickruck and Richards 2012). Rehan and Richards, (2010a) 

observed that C. calcarata development time in St. Catharines, Ontario was 46 days when reared 

in the lab at 25-27°C. When reared together in laboratory conditions, offspring from shady nests 

developed faster than offspring from sunny nests (Vickruck and Richards 2012). Recent research 

also found that C. calcarata from sunny nests had higher metabolic rates at high temperatures 

compared to shade bees, and this could be due to their routine exposure to higher temperatures 

during development (See chapter 2; Vickruck and Richards 2012; Richards et al. 2020). 

How is it that bees from sunny nests developed more slowly than bees from shady nests 

when reared indoors at a common temperature? Given that lab- and field-pupated offspring from 

sunny nests in Richards et al. (2020) had similar metabolic rates, perhaps there is a long-term or 

permanent physiological effect of developmental temperature (i.e., acclimation) that prevents 

bees from sunny nests from developing optimally at room temperature (Vickruck and Richards 

2012). Thermal acclimation in response to temperature during development may be irreversible 

(Angilletta 2009). 

Research objectives 

In chapter 2 I discussed the ecological consequences of nesting microclimate on C. 

calcarata mothers and offspring. I found that nests in the shade were more likely to be 
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abandoned by mothers, and that higher temperatures in sunny nests produced smaller offspring, 

in agreement with the Temperature-Size Rule. But what physiological consequences could 

offspring experience as a result of being from sunny nests? The objectives of this chapter were 1) 

to measure the acute effects of temperature on C. calcarata metabolic rate, 2) to investigate 

whether there was a chronic effect of rearing temperature (i.e., sun or shade) on metabolic rate, 

3) to characterize the gas exchange patterns used by C. calcarata and compare characteristics of 

DGE between treatment groups, 4) to measure the developmental rate of offspring from sun and 

shade treatments at room temperature, and 5) to compare the CTmax of sun and shade adult 

offspring. 

Since thermal tolerance can be influenced by previous temperature exposure and 

considering that sun nests experience significantly higher daytime temperatures than shade bees, 

I hypothesized that sun bees would have a higher thermal tolerance. To investigate whether 

thermal tolerance has shifted, I compared CTmax in sun and shade bees with the prediction that 

bees from the hotter, sunny nests would have higher CTmax than bees from shady nests. To 

investigate whether thermal tolerance differed between offspring from sun and shade nests, I 

compared average metabolic rates (VCO2) of sun and shade treatment groups at a moderate 

(25°C) and high temperature (40°C). I predicted that C. calcarata offspring raised in sunny nests 

would have higher thermal tolerance and thus higher CTmax and higher metabolic rates than 

shade bees at higher temperatures.  

Note on acronyms 

Throughout this chapter, the terms “gas exchange pattern” or “GE pattern” are used but 

are interchangeable with “respiratory pattern” found in the literature. Additionally, 
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“discontinuous gas exchange” is shortened to DGC in most literature, but because I use GE to 

refer to “gas exchange” patterns in this chapter, I felt that DGE was more intuitive to the reader.  

 

METHODS 

 

Summary of collection methods 

I set out raspberry canes to lure nesting females, monitored for new nest formation, and 

allocated the new nests randomly to either a sunny or shady treatment site. After the brood 

provisioning phase, I collected 6-8 nests each day between 1900 h and 0900 h. The nests were 

opened indoors and the juvenile and adult C. calcarata were each placed in their own 0.2 ml 

microcentrifuge tube with a small hole pierced in the lid. Prior to 7 August 2019, nests were 

chilled in a 4°C fridge for up to 10 minutes to incapacitate the mother and any other adults 

present and to prevent the escape of specimens into the lab during nest opening. I stopped using 

this method over concerns that the chilling might affect offspring metabolism, but ultimately nest 

chilling did not affect offspring metabolic rate (Table A3.1). Nests opened after 7 August 2019 

were not chilled. I identified the sex of each pupa and adult and their wet weight was measured 

at nest opening using an analytical balance (Mettler Toledo MX5, measures to 0.00001g). Life 

stage at nest opening was recorded using the list of stages in Rehan and Richards (2010a). The 

field sites and methods used for nest initiation, nest opening, and body size measurements are 

outlined in greater detail in chapter 2.  

Approximately equal numbers of specimens were selected for metabolic rate testing from 

treatment groups, sex, and life stage, and spanned a range of body sizes (Table 3.1). Individuals 
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selected for metabolic rate testing were classified into one of three life stage groups: early pupae, 

late pupae, or adults. “Early pupae” were approximately 26-36 day old pupae with non-

pigmented bodies and only eye coloration (white to black eyes), while “late pupae” were 

approximately 38-46 days old and had some degree of body pigmentation (1/4 to full-body 

pigmentation; Rehan and Richards 2010a). “Adults” included both newly emerged imagos and 

adult brood (Figure 3.2).  

 

Table 3.1. Number of bees used for metabolic rate testing from each life stage, treatment group 

and sex. Sun treatment bees are shaded in orange and shade bees in blue. 

 

 Females Males  

 Stage Sun Shade Sun Shade Total 

white-eyed pupa 1 4  1 6 

pink-eyed pupa  3  2 5 

red-eyed pupa  2 3 2 7 

brown-eyed pupa  2 6 1 9 

black-eyed pupa 3 4 2 3 12 

1/4 pigmented pupa 3 2 1 2 8 

1/2 pigmented pupa   3 1 4 

3/4 pigmented pupa 1  1 2 4 

fully pigmented pupa 4 2 3 7 16 

imago 2    2 

adult brood 10 7 10 6 33 

Total 24 26 29 27 106 
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Figure 3.2. Classification of the three life stage groups used during metabolic rate testing. Early 

pupae had only eye colouration, while late pupae had some level of body pigmentation. Imagos 

and adults were grouped together. 
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Measurement and calculation of metabolic rate using flow-through respirometry 

The flow-through apparatus 

I used a push flow-through respirometry apparatus to measure the CO2 output of C. 

calcarata subjects during two temperature trials (Figure 3.3). The intake air was first drawn 

through a container of expended Amsorb® Plus (Armstrong Medical Ltd., Coleraine, Northern 

Ireland) by a PP-2 Dual Pump System V1.0 air pump on the low setting (Sable Systems 

International, Las Vegas, NV, USA), to assist with removing incurrent CO2. I used a Volumeter 

(2.0 L) to calibrate flow rate, and a Flo-Box controller and Mass-Trak flow regulator (Sierra 

Instruments Inc., Monterey, CA, USA) to regulate the flow rate to approximately 50 ml/min. The 

incurrent air was then pushed through a Rota-meter flowmeter. Two of these flowmeters were 

used for direct flow rate comparisons near the beginning and end of the flow through system. I 

compared these devices twice daily; any change in the height of the ball would have indicated 

that there was an air leak in the system. After the flowmeter, the incurrent air passed through a 

container of indicating Drierite (W.A. Hammond Drierite Co., LTD., Xenia, OH, USA), to 

remove water vapour, and another container of Amsorb® Plus to fully remove any remaining 

CO2 from the incurrent air on its way to the insect. The CO2 produced by each subject was 

measured by a S151 CO2 Analyzer (Qubit Systems, Kingston, Ontario) in parts per million (ppm, 

set to 500ppm and calibrated with Nitrogen gas). The S151 CO2 analyzer was zeroed each 

morning using the fine adjustment screw after running the apparatus for 20 minutes with CO2-

free air without a bee.   
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Figure 3.3. Schematics of the flow through respirometry apparatus and components used to measure the CO2 production of Ceratina 

calcarata at two experimental temperatures.  Individuals were placed inside chamber “I” and exposed to 25°C and 40°C for 20 

minutes. Their CO2 production over this time was recorded using AcqKnowledge software. Other data recorded by the software 

included the temperature of the chamber, and activity level of the insect. 
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A Pelt5 Temperature Controller was used to set the temperature of the thermal chamber 

(Sable Systems International). I also used an infrared activity meter (AD-2; Sable Systems 

International) to monitor the activity level of each subject during the trials. Bees moving inside 

the chamber caused a spike in the reflected infrared light picked up by the sensor. The output 

from the activity meter was a simple voltage change, and activity level was calculated as the sum 

of the absolute value of these voltages. CO2 production, chamber temperature, and activity level 

were recorded by the data acquisition software AcqKnowledge (MP100 Data Acquisition 

Interface and Universal Interface Module UIM100C, Biopac Systems Inc., Goleta, CA, USA). 

Calculating metabolic rate as average VCO2 production over time 

Individuals were first tested at 25°C and then again at 40°C in the same day, usually on 

the day they were removed from their nests, but a few were tested up to 48 hrs after nest 

opening. Trials lasted 30 minutes and consisted of a five-minute period at the start and end of the 

trial to capture a baseline CO2 value within the chamber, and a 20-minute experimental period in 

which a single bee was added to the chamber (Figure 3.4). The formula for calculating the rate of 

CO2 production is: �̇�𝑐𝑜2 = 𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 × (𝐹𝑒𝐶𝑂2 −  𝐹𝑖𝐶𝑂2) in which FeCO2 is the fraction of 

excurrent carbon dioxide, FiCO2 is the fraction of incurrent carbon dioxide, and Flow Rate is the 

incurrent gas flow rate (ml/min). Since I used chemicals to remove the incurrent CO2, FiCO2 

equals zero. Excurrent CO2 was measured as instantaneous CO2 (ppm) and converted to an 

average rate of CO2 emission (V̇CO2 ml/min) using the simplified equation �̇�𝑐𝑜2 =

(𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 ×
𝑝𝑝𝑚

106
 ) 𝑡𝑖𝑚𝑒⁄  . Average V̇CO2 was calculated over the sampling window for each 

trial, and the average baseline V̇CO2 was used to correct for instrument offset from zero since the 

analyser drifted very slightly (± 0.02 ppm) even when supplied with zero CO2 gas.  
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Figure 3.4. A representative respirometry trial showing the CO2 production of a C. calcarata individual using a flow through system 

and recorded on the data acquisition software AcqKnowledge. Trials were 30 minutes in length; each trial began and finished with a 5-

minute baseline recording where the chamber was empty. There was a CO2 spike when the chamber was opened to add or remove the 

bee due to CO2 from the room rushing in. Bees were measured for 20 minutes. 
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Characterizing and sampling gas exchange patterns 

Once I obtained carbon dioxide traces for each bee at each temperature, I was able to 

characterize the gas exchange pattern they used into one of three patterns described in Heinrich 

(2015) and Contreras et al. (2014). Traces displaying an uninterrupted release of CO2 with no 

cyclical pattern were categorized as Continuous (Figure 3.5). The Cyclical GE pattern was 

characterized by a distinct and repeating wave-like pattern that did not show a closed spiracle 

phase and so the CO2 value never dropped to zero. Discontinuous gas exchange (DGE) was 

characterized by discrete spikes of CO2 release, in which the release of CO2 dropped to zero 

between peaks due to muscular spiracle closure.  

To avoid including periods of handling stress in the calculations, I used a smaller 

sampling window to calculate average V̇CO2 using only the later part of the trials. In bees 

showing Cyclical or Continuous gas exchange, the sampling window was from 4.8 minutes 

upstream to 8 minutes downstream of the midway point of the trace, spanning a total of ~12.8 

minutes (Figure 3.5). I selected the sampling windows for bees displaying DGE by hand to 

ensure that complete gas exchange cycles were captured. Sampling windows varied between 10 

and 14 minutes in duration, but always began at the start of a CO2 peak and ended just after, or 

vice versa (Figure 3.5).  
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Figure 3.5. Ceratina calcarata displayed three distinct patterns of gas exchange during metabolic 

rate trials at 25°C and 40°C. In discontinuous gas exchange, CO2 spikes were clear, and between 

the peaks, the amount of CO2 released dropped to zero. Cyclical gas exchange is categorized by a 

clear wave-like pattern where the amount of CO2 released between peaks does not drop to zero. 

In continuous gas exchange, there are no clear CO2 peaks. Note that each of the sample traces in 

this figure contain a CO2 spike at the beginning and end of the experiment caused by the opening 

of the test chamber to insert or remove the bee. A sampling window was used to capture a stable 

metabolic period from which the average rate of CO2 production was calculated. The DGE (top) 

sampling window spanned approximately 10-14 minutes and always captured at least one 

complete breath cycle; either starting at the beginning of a CO2 peak and ending just before 

another or starting after a peak and ending just after another. Burst VCO2 and interburst period 

are shown on DGE. The sampling window for continuous and cyclical (middle, bottom) gas 

exchange ranged from ~4.8 minutes upstream of the mid way point of the experiment, to ~8 

minutes downstream of the mid way point, encompassing approximately 12.8 minutes of the 20-

minute trial.  
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Locating discontinuous gas exchange bursts and calculating interburst period 

The interburst period of DGE shortens with increasing metabolic rate (Bradley 2007). 

Since I found that all adults used DGE at 25°C, I used them to investigate DGE characteristics 

by calculating their CO2 burst frequency and interburst periods. I used the locate and agmax 

functions in R to locate CO2 bursts in the metabolic trace files (Huber and Meng 2016). Then I 

filtered the data to only include bursts within the sampling window. I calculated burst frequency 

as the number of bursts per minute, and the interburst period as the time between each burst 

(Figure 3.5). The maximum V̇CO2 (ml/min) at the time of the burst was also recorded, 

representing the amount of CO2 that rushed out into the chamber when the spiracles opened. 

Average maximum V̇CO2 was calculated using all bursts in the window. 

Assessing critical thermal maximum (CTmax) 

Sixty C. calcarata adults were randomly selected for CTmax testing. Twenty-four bees 

were from the sun, and 39 were from the shade. Most bees were tested the same day that they 

were removed from their nests. I used an electronic controller (Brock University Technical 

Services - Electronics Shop) and a Peltier plate to assess the CTmax of C. calcarata adult 

offspring. I tested bees one at a time while increasing the temperature at a rate of 1°C/min 

starting from 20°C. The surface temperature of the floor of the chamber was recorded in degrees 

Celsius using an Omega temperature unit (Model HH509R) with a wire thermocouple (T-type; 

0.1°C accuracy, -200°C to 400°C range). I taped the end of the thermocouple wire to the centre 

of the observation chamber on the plate for the CTmax trials. I performed three trials without a bee 

in which I measured the chamber temperature from three other locations for the purpose of 

determining whether the surface temperature of the plate varied from the actual temperature 

experienced by C. calcarata within the chamber. I measured the chamber air temperature by 
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hovering the thermocouple wire ~2 mm above the surface of the chamber floor. Abdominal 

temperature measurements were made by placing the thermocouple wire inside the abdomen of a 

dead C. calcarata adult on the chamber floor and a third temperature was taken from inside the 

abdomen while it was placed ~2 mm above the surface of the chamber. The difference between 

the surface and raised temperatures increased as the surface temperature of the chamber 

increased (Figure 3.6). At 50°C surface temperature, the raised probes each measured 1.3°C 

cooler than surface temperature, while the abdomen temperature was only 0.2°C cooler than 

surface temperature (marked with arrows). The line of best fit for the raised abdomen 

temperature was used to correct the CTmax values to reflect the temperature of the bee’s 

abdomen, since they were observed holding it off the surface and only their tarsi were in contact 

with the plate most of the time.  

During heating, I recorded CTmax as the temperature at which bees could no longer 

maintain coordinated movement. CTmax was characterized by the bees falling over onto their 

backs and being unable to right themselves again (Oyen and Dillon 2018). Bees were rescued 

from the high temperature immediately after reaching their CTmax, and the trial was ended. Five 

specimens died within 30 minutes of the conclusion of testing and were excluded from analysis 

since they may have surpassed their CTmax.  
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Figure 3.6. Temperature varied inside the CTmax chamber depending on where the thermocouple 

wire was placed , meaning that bees did not actually experience the surface temperature. For 

“abdomen” and “raised abdomen”, the thermocouple wire was placed inside the abdomen of a 

dead C. calcarata adult. The thermocouple wire and abdomen hovered ~2 mm above the surface 

of the chamber floor for “raised probe” and “raised abdomen” respectively. The raised 

temperature measurements deviated more from the surface temperature as surface temperature 

increased. At 50°C surface temperature, the raised temperatures were 1.3°C cooler than the 

surface temperature, while the temperature of the abdomen on the surface was only 0.2°C cooler 

than the surface temperature (marked with arrows). The line of best fit from the raised abdomen 

temperature reading was used to adjust CTmax to reflect the temperature of the bee’s abdomen. 
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Developmental rate 

Juvenile bees were reared at room temperature in individual 0.2 ml microcentrifuge tubes 

with the lids pierced. I recorded the developmental stage of offspring every 2 days based on the 

18 stages recorded in Rehan and Richards (2010a). I calculated the overall development time 

using the date of nest opening and the date the fully pigmented pupal stage (FPIG) was observed, 

because the date of adult eclosion was not always observed. Developmental rate was calculated 

by taking the total number of stages passed through divided by the number of days to develop to 

the FPIG pupal stage (stages/days, Vickruck and Richards 2012). Some offspring had a 

developmental rate of 1 or higher and were excluded from the analysis. I compared 

developmental rates of sun and shade bees reared under laboratory conditions, and only bees 

surviving to at least FPIG were included in the analysis.  

Data analysis 

I used Fisher’s Exact Tests to assess whether each respiratory pattern was equally 

common among treatments and life stages at 25°C and 40°C. In linear mixed models, Bee ID 

was used as a random variable where it was necessary to account for individual variation, since 

individuals were measured twice, while Nest ID was used as a random variable where it was 

necessary to account for similarities between siblings. I used a linear mixed model to analyse the 

acute and chronic effect of temperature and treatment respectively, on metabolic rate, with the 

model statement: VCO2 ~ Mass + Temperature x Treatment + Sex + Stage, with Bee ID as a 

random variable. Mass and stage were included in the model to account for the effect of body 

size and age on metabolic rate. Since sex differences are often overlooked in insect physiology 

(Quinlan and Lighton 1999 female worker ant respiration and water loss; Kovac et al. 2007 

respiration of female honeybee foragers; Bosch et al. 2010 male Osmia fat body depletion and 



77 

 

female respiration; Käfer et al. 2013 female Vespula forager respiration, etc.), sex was included 

in the model to test for differences in metabolic rates between male and female bees. 

Temperature and mass were continuous variables, while treatment, life stage and Bee ID were 

categorical. Since activity level and respiratory pattern were not independent of temperature, 

they were excluded from the model.  

I used a linear model to compare the average maximum VCO2 during bursts of DGE in 

adult offspring at 25°C using the model statement: Burst VCO2 ~ Mass + Interburst Period + 

Treatment + Sex. Mass and interburst period were continuous variables and sex was a categorical 

variable. Frequency of CO2 bursts in sun and shade bees was analysed using the linear model 

statement: Frequency of Bursts ~ Mass + Treatment + Sex. Another linear mixed model was 

used to compare the developmental rates at room temperature of bees from sun and shade nests 

in 2019, and that model statement was: Developmental rate (stages/day) ~ Treatment, with Nest 

ID as a random variable. Finally, CTmax of bees from sun and shade were analysed using a linear 

model with the model statement: Linear model: CTmax ~ Treatment + Days Indoors + Head 

Width. CTmax, days spent indoors prior to test and head width were continuous variables. 

Data visualisation was conducted in R-Studio Version 1.2.5033 running R version 3.5.3, 

using functions from the ggplot2 package in the tidyverse library (version 1.3.0), as well as other 

commands from the cowplot (themes, version 1.0.0), and ggpol (facets, version 0.0.5) packages. 

For linear models and ANOVA outputs, I used the lm and anova commands from the stats 

package (R Core Team, version 3.5.3). For linear mixed modes, I used the lmer command from 

the lmerTest package (version 3.1-1).   
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RESULTS 

 

C. calcarata GE pattern usage was life stage and temperature dependent 

Bees changed their GE pattern in response to rising temperatures and the number of bees 

using each GE pattern also differed between life stages (Figure 3.7). All adults (28/28) used 

DGE at 25°C, while only 4.5% of (3/67) pupae did, all of which were late pupae from sunny 

nests. Seventy-six percent (51/67) of pupae used cyclical respiration at 25°C, while the 

remaining 19.4% (13/67) used continuous breathing. At 40°C, pupae switched to primarily using 

continuous respiration (61/67), and most adults (23/28) switched to using cyclical gas exchange. 

The pupae still using cyclical breathing (6/67), and the adults using DGE (5/28) at 40°C were all 

from sunny nests.  

Sun and shade treatments did not influence C. calcarata offspring average VCO2  

There was no difference in activity level between sun and shade groups (Linear mixed 

model: Activity Level ~ Temperature + Treatment with BeeID as a random variable, Treatment, 

F(1,93)=0.78, p=0.380), but bees were more active at 40°C than at 25°C (Temperature, 

F(1,94)=5.18, p=0.025). Average metabolic rate was significantly explained by test temperature 

and offspring life stage, but there was no significant effect of treatment on average metabolic rate 

nor a temperature by treatment interaction effect (Figure 3.8; Table 3.2). 
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Figure 3.7. Utilization of GE pattern varied by life stage, and C. calcarata shifted their 

respiratory patterns in response to increasing temperature  (Fisher’s exact test: 25°C, p< 0.001; 

40°C, p<0.001). Adults only used discontinuous breathing at 25°C, while early pupae did not use 

DGE at all. Most adults shifted to using cyclical respiration at 40°C, and pupae predominantly 

switched to continuous gas exchange. Early pupae, n=34; Late pupae, n=33; Adults, n=28. Each 

bee was tested twice so sample sizes are the same for each test temperature. 
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Figure 3.8. Bees from sun and shade nests had similar average metabolic rates. Each bee was 

tested at two temperatures and is represented by two points joined by a line. The mean VCO2 for 

each treatment at each test temperature are shown with yellow triangles. Metabolic rate increased 

with mass, and in response to increased temperature such that bees had a higher metabolic rate at 

40°C than they did at 25°C (Linear mixed model: Metabolic Rate ~ Mass + Temperature x 

Treatment + Sex + Stage, with BeeID as a random variable; Test Temperature, F(1,182) =67.24, 

p<0.001). However, average metabolic rate did not differ between offspring from sun and shade 

(Treatment, F(1,182)=0.25, p=0.620). Full results of the model are available in Table 3.2.  
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Table 3.2. Factors affecting metabolic rate of C. calcarata adult and pupal offspring. Mass, test 

temperature and life stage significantly explained average metabolic rate in C. calcarata 

offspring, while treatment did not. Additionally, there was no interaction effect between test 

temperature and treatment. I did not find sex differences in average metabolic rate. The linear 

mixed model used was Metabolic Rate ~ Mass + Test Temperature x Treatment + Sex + Stage, 

with BeeID as a random variable because individuals were tested twice. Conditional R2 = 0.346 

was calculated using the function r.squaredGLMM from the MuMIn package. 

 

Predictor variable Sum Sq. Mean Sq. NumDF DenDF F value p-value 

Mass 4.45e-07 4.45e-07 1 182 14.59 <.001 

Test Temperature (25°C 

and 40°C) 

2.05e-06 2.05e-06 1 182 67.24 <.001 

Treatment (Sun vs. 

shade) 

7.50e-09 7.50e-09 1 182 0.25 0.620 

Sex 1.57e-08 1.57e-08 1 182 0.51 0.471 

Stage (Early pupae, late 

pupae, adults) 

6.40e-07 3.2e-07 2 182 10.50 <.001 

Test Temperature x 

Treatment 

3.82e-09 3.82e-09 1 182 0.13 0.724 

  



82 

 

DGE characteristics differed between offspring from sun and shade treatments 

When using DGE at 25°C, adult offspring from sunny nests had less frequent CO2 bursts 

than those from shady nests, but neither body mass nor sex explained a significant portion of the 

variance of burst frequency (Figure 3.9). Average maximum burst VCO2 was greater in larger 

bees and when the bursts were farther apart, but there was no effect of treatment on burst VCO2 

(Figure 3.10). 

Developmental rate of offspring from sun and shade treatments 

Bees from sun and shade nests developed at the same rate when reared at a constant room 

temperature (Figure 3.11).  

Critical thermal maximum (CTmax) 

Adult offspring from sunny nests had higher CTmax than those from the shade (Figure 

3.12), and body size did not explain CTmax. I found the CTmax of offspring from sunny nests to be 

48.8°C ± 0.5 (n=19, range 47.9-49.6°C), compared to that of offspring from shady nests which 

was 48.0°C ± 0.7 (n=33, range 45.1-49.2°C). On average, bees spent 1.56 ± 1.7 days indoors 

before CTmax testing (Range=0-6), and the time before testing did not significantly differ 

between treatment groups (ANOVA: F(1,50)=1.68, p=0.200), nor did it explain a significant 

amount of variance of CTmax in the linear model.  
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Figure 3.9. Frequency of CO2 bursts differs between treatment groups in adult offspring using 

DGE at 25°C. When using DGE at 25°C, adult C. calcarata from the shade released CO2 more 

frequently than those from sunny nests (Linear Model: Frequency of Bursts ~ Mass + Treatment 

+ Sex; Treatment, F(1,24)=12.04, p=0.002). Mass and sex were not significant (Mass, F=2.26, 

p=0.146; Sex, F=0.87, p=0.359). The boxes are the IQRs, and the thick lines are the medians. 

Error bars span 1.5 * IQR, and outliers are points that fall beyond that range.  
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Figure 3.10. Average maximum burst VCO2 increased with mass (A) and was higher when bursts were farther apart (B). There was no 

effect of treatment on either the relationship between mass and burst VCO2, or interburst period and burst VCO2 (Linear Model: Burst 

VCO2 ~ Mass + Interburst Period + Treatment + Sex; Mass, F=33.42, df=1, p<0.001; Interburst period, F=14.92, df=1, p<0.001; 

Treatment, F=0.001, df=1, p=0.970; Sex, F=0.99, df=1, p=0.331). Data shown are the average maximum burst VCO2 from adult C. 

calcarata offspring that used DGE at 25°C. Interburst period is the time between CO2 bursts as shown in Figure 3.4. The shaded areas 

of the figure show the 95% confidence interval of the line of best fit. 
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Figure 3.11. Developmental rates of bees from sun and shade nests raised at room temperature in 

2019. Bees reared at room temperature developed at the same rate (Linear mixed model: 

Developmental rate ~ Treatment, with Nest ID as a random variable; F(1,22.94)= 1.18, p=0.290). 

Developmental rates were calculated as the number of stages passed through divided by the 

number of days to reach the fully pigmented pupal stage. The boxes show the IQRs, the black 

lines in the boxplots are the median values and the error bars span 1.5 * IQR. Points outside the 

1.5 * IQR are outliers. 
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Figure 3.12. Adult C. calcarata offspring from sunny nests had higher CTmax than those from 

shady nests. Time indoors did not affect CTmax, and there was no relationship between body size 

and CTmax (Linear model: CTmax ~ Treatment + Days Indoors + Head Width; Treatment, 

F=19.26, df=1, p<0.001; Days Indoors, F=0.44, df=1, p=0.512; Days Indoors, F=0.86, df=1, 

p=0.359). CTmax values were corrected using the raised bee abdomen difference from floor 

temperature in Figure 3.6.  
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Summary 

To summarize, average metabolic rate increased in response to increasing temperature 

such that individuals had higher metabolic rates when tested at 40°C than at 25°C. Mass and life 

stage also significantly affected metabolic rate. Different life stages utilized different respiratory 

patterns, and respiratory pattern shifted in response to increasing temperature. Although there 

was no significant effect of treatment on offspring average metabolic rate as measured by 

production of CO2, adult offspring from sunny nests had significantly longer average DGE 

interburst periods at 25°C and higher CTmax than the shade group.  

 

DISCUSSION 

 

The overall objectives of this chapter were to investigate the physiological effects of 

acute and chronic temperature (i.e., sun or shade treatment) on developing C. calcarata 

metabolic rate, developmental rate and CTmax. To determine whether thermal tolerance was 

higher in sunny-nest offspring I measured metabolic rate response to two test temperatures (25°C 

and 40°C), I analyzed DGE characteristics of adult C. calcarata offspring at 25°C and I 

compared the CTmax of adult offspring raised in sunny and shady nest. I also calculated 

developmental rate of C. calcarata sun and shade offspring reared at room temperature.  

GE patterns are tied to metabolic rate, and shift with increasing temperature and life stage 

I noticed a stepwise progression of respiratory patterns as temperature increased. All 

three respiratory patterns reported in insects were observed in C. calcarata offspring. In 

agreement with other findings that metabolic demands drive respiratory pattern (Contreras and 
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Bradley 2009; Yocum et al. 2011), most C. calcarata shifted their respiratory patterns in 

response to increasing ambient temperature (e.g., 25°C to 40°C). DGE shifted to cyclical GE, 

and cyclical GE to continuous GE as temperature increased. Respiratory pattern shifts in 

response to temperature have also been observed in Apis mellifera honeybees; they used 

continuous breathing in chill coma below 11°C, DGE between 11°C and 30°C, and cyclical 

breathing above 30°C (Kovac et al. 2007). Similar shifts occurred in; the “kissing bug” Rhodnius 

prolixus, which utilized DGE at 15°C, cyclical gas exchange at 25°C and continuous breathing at 

35°C, and a cockroach Gromphadorhina portentosa shortened the length of the closed phase in 

DGE at 20°C compared to 10°C such that the pattern appeared cyclical. At 30°C the closed 

phased disappeared entirely and G. portentosa breathing pattern became continuous (Contreras 

and Bradley 2010). Since temperature increases metabolic rate, it is logical to expect that 

respiratory pattern would change in response to rising temperature in a predictable way (Bradley 

2007).  

I also found that C. calcarata offspring used different gas exchange patterns at different 

life stages; pupae primarily used cyclical (25°C) and continuous GE (40°C), while adults used 

DGE (25°C) and cyclical gas exchange (40°C). Differences in gas exchange pattern usage by life 

stage was also observed by Hetz (2007), who noted that caterpillars of Samia cynthia employed 

continuous gas exchange, while pupae used a cyclical or DGE pattern. Although gas exchange 

use varied within life stages, only adults or late pupae used DGE, and most bees using DGE did 

so at 25°C. Only a few adults or pupae used DGE or cyclical GE at 40°C respectively, and they 

were all from sunny nests, suggesting that metabolic demands were lower, or spiracle 

conductance was higher in offspring from sunny nests (Hetz 2007; Contreras and Bradley 2009, 

2010).  
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Sun and shade bees show different DGE characteristics; CO2 burst frequency 

Among adult offspring using DGE at 25°C, individuals from sunny nests opened their 

spiracles less frequently than those from shady nests. Contreras and Bradley (2009) found that 

the length of the closed phase (i.e., interburst period) in DGE is negatively correlated with 

metabolic rate, and this can help explain shifts in respiratory patterns. For example, the 

frequency of DGE bursts increased in response to increasing temperature in Apis mellifera, 

Gromphadorhina portentosa and Rhodnius prolixus (Kovac et al. 2007; Contreras and Bradley 

2010). In general, I observed a positive relationship between interburst period and average burst 

VCO2 such that burst VCO2 was higher when bursts were further apart (Figure 3.10b). This 

pattern was also observed in the red imported fire ant Solenopsis invicta using DGE, where burst 

volume decreased while burst frequency increased with increasing temperature (Vogt and Appel 

2000). Burst VCO2 decreased with increasing burst frequency in response to rising temperature 

in three harvester ant species as well (Quinlan and Lighton 1999).  

Characteristics of DGE, like the time between bursts and burst VCO2, are good indicators 

of the metabolic rate of an insect. The closed phase shortens as metabolism increases and 

spiracles open due to a buildup in CO2, causing the CO2 to be rapidly released (Bradley 2007). 

The adjustment of DGE characteristics or increased spiracular conductance by bees from sunny 

nests may reduce respiratory water loss (Perl and Niven 2018). Higher conductance means that 

spiracles do not have to be open as long in order to release the same amount of CO2 (Hetz 2007). 

Since bees from sunny nests were smaller than shade bees (see Chapter 2), and smaller insects 

have a higher surface area to volume ratio and higher respiratory water loss than larger ones 

(Kühsel et al. 2017), using DGE more effectively could be a way to control their water balance. 

Further study into the adaptive significance of the different DGE characteristics used by sun bees 
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is required. To start, we could examine the tracheal system to investigate whether microclimate 

leads to developmental differences in insect respiratory structure, altering their respiratory gas 

conductance (Kirkton 2007; Socha et al. 2007). Although there may be individual variation in 

respiratory pattern use among bees (Yocum et al. 2011), the differences in DGE characteristics 

between sun and shade offspring may suggest that sun bees have a lower metabolism or lower 

metabolic demand than shade bees at 25°C, and imply that using the average VCO2 of an insect 

without considering its gas exchange pattern could be problematic (Gudowska et al. 2017). 

Sun and shade treatment did not affect average metabolic rate in C. calcarata offspring 

C. calcarata offspring had higher average VCO2 at 40°C than they did at 25°C, but sun 

and shade groups had similar average VCO2 at a given temperature. The lack of an interaction 

effect between treatment and average VCO2 was a surprise, given that prolonged temperature 

differences between sun and shade nests (See Chapter 2) should have been enough to elicit long-

lasting and distinct metabolic differences (i.e., acclimatization) between these two groups of 

bees, as Richards et al. (2020) found at 40°C. It is possible that the shade site in my experiment 

represents more of a semi-shade site, being sun-dappled in mornings and evenings, and thus I am 

missing the full-shade effect (Richards et al. 2020). We may also have different results because 

Richards et al. (2020) used stop-flow respirometry so their CO2 readings represent the entire 

output of the bee over the testing period, whereas I calculated average VCO2 from a flow-

through respirometry system.  

Sun and shade offspring had the same developmental rates at room temperature  

Developmental rate variation exists in C. calcarata over a latitudinal gradient. 

Development times of three groups of C. calcarata reared in a common garden experiment at 



91 

 

25°C was 37 days for bees from New Hampshire (northern), 50 days for bees from Missouri, and 

57 days in those from Georgia (southern), which suggests there is long-lasting physiological 

acclimatization due to climate or geographic location (Pitts-Singer et al. 2014; Lawson et al. 

2018). Such physiological acclimatization in early ontogeny may explain why offspring from 

shady nests developed faster than offspring from sunny nests when they were reared together in 

laboratory conditions in Vickruck and Richards, (2012). I could not replicate those findings, 

meaning that I did not observe any chronic developmental rate effects due to treatment; the bees 

from sun and shade nests in my experiment developed at similar rates when reared at the same 

temperature. Results from my study indicate that offspring from sun and shade nests reacted in 

the same way when reared in a common environment. Regretfully, due to the differences in 

methodology between the two studies, our results are not directly comparable:  I recorded 

offspring developmental stage every 2 days and only until FPIG stage, since I did not always 

observe when adults eclosed, while Vickruck and Richards, (2012) recorded developmental stage 

every day until adult emergence was observed. Basic research exploring temperature thresholds 

for developmental rates is therefore required to fully understand the impact of temperature 

during C. calcarata development. 

Measuring thermal tolerance (CTmax) in C. calcarata using the behavioural method 

Adult offspring in this study had an average CTmax of 48.3°C, which closely matches the 

reported 48°C CTmax of a population of C. calcarata tested in Raleigh, North Carolina, USA 

(35.88°N, 78.688°W) by Hamblin et al. (2017). By comparison, CTmax is approximately 50°C in 

honeybees (Kovac et al. 2007; Sánchez-Echeverría et al. 2019). Adult offspring from sunny nests 

had significantly higher CTmax than bees raised in the shade. I found the CTmax of sun bees to be 

0.8°C higher than shade bees. These values could be inflated because of the 1°C/min ramping 
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rate I used (Hofmann and Todgham 2010; Oyen and Dillon 2018; Guo et al. 2020). For example, 

behavioural CTmax was 3.1°C higher when using a ramping rate of 1°C/min compared to 

0.25°C/min in Bombus impatiens (Oyen and Dillon 2018). However, I am confident that 

correcting the floor temperature CTmax to the raised abdominal temperature makes the CTmax 

values more biologically accurate. 

Reported differences in a species’ CTmax among the literature could be due to different 

behavioural endpoints, methodology, equipment and ramping speeds, or thermal tolerance 

differences due to seasonality or species’ range (i.e., latitude, altitude) (Lutterschmidt and 

Hutchison 1997; DeVries et al. 2016). There are several advantages and disadvantages in using 

behavioural endpoints when determining CTmax as opposed to physiological endpoints. Although 

using real-time flow-through respirometry (thermolimit respirometry) to measure CTmax yielded 

similar estimates as the behavioural method in bed bugs, behavioural end-points consistently 

underestimated CTmax by up to 1°C (DeVries et al. 2016). Additionally, rapid changes in 

temperature can produce lag-time differences between an organism’s thermal environment and 

their body temperature, particularly in larger individuals (Lutterschmidt and Hutchison 1997). 

Hamblin et al. (2017) used a ramping rate of 0.5°C/min and defined their endpoint as when 

“postural control was lost”. Lutterschmidt and Hutchinson (1997), say that using the onset of 

spasms as an end point in CTmax testing is more biologically relevant, and more precise. The 

onset of spasms is similar to the knockdown or loss of righting response, but up until the point of 

spasms animals can presumably still escape local extreme temperatures using random body 

movements (Lutterschmidt and Hutchison 1997).  
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Thermal tolerance (CTmax) shifts are evidence of acclimatization in sun bees 

The results from my study suggest that C. calcarata offspring from sunny nests have a 

higher thermal tolerance, likely due to acclimatization to their warmer developmental 

temperatures and may have shifted thermal breadths or thermal optima. Sunny offspring had 

higher CTmax and lower metabolism at 25°C as evidenced by their less frequent CO2 bursts when 

using DGE. Recall that Richards et al. (2020) observed that bees from sunny nests had higher 

metabolic rate at 40°C compared to bees raised in shade. Together these results suggest that C. 

calcarata are capable of plastic thermal tolerance responses to developmental temperature. In 

other words, offspring from sunny nests may perform better at higher temperatures because of a 

phenotypically plastic response to warmer developmental temperature (Figure 3.13; Huey and 

Kingsolver 1989; Angilletta 2009; Tattersall et al. 2012; Tomlinson et al. 2015; Sinclair et al. 

2016). Since all nests were collected from sunny locations and randomly relocated to either sun 

or shade treatment sites before the foraging season, it is unlikely that the observed physiological 

differences were due to genotype. Offspring experienced the thermal microclimate from only one 

treatment site, and in the case of offspring from sunny nests, experienced a lasting physiological 

change as a result. The two hypotheses which could explain the results from this chapter are 

discussed below. 
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Figure 3.13. Two hypothetical thermal breadth changes that show the observed plastic thermal responses to developmental 

temperature in C. calcarata offspring from sunny nests. Sun treatment is in orange, shade treatment is in blue. Each figure shows a 

hypothetical change in performance curves due to a shift in thermal optimum and thermal tolerance (CTmax). Recall that adult 

offspring from sunny nests had less frequent VCO2 bursts when using DGE at 25°C than offspring from shade nests suggesting they 

had lower metabolism at a moderate temperature, and adult offspring from sunny nests had higher CTmax than offspring from shade 

nests. Both the Hotter is Better (A) and Generalist-Specialist (B) hypotheses involve an upward shift in thermal optimum and CTmax, 

but the Generalist-Specialist hypothesis involves a trade-off for increased performance at higher temperatures at the cost of decreased 

performance at lower temperatures (Huey and Kingsolver 1989; Gilchrist 1995). 
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Changes or shifts in thermal breadth are not uncommon in Hymenoptera. Thermal 

breadth was shifted in urban-dwelling acorn-nesting ants that experienced higher temperatures, 

such that they displayed substantial loss of cold tolerance and a small increase in heat tolerance 

(Diamond et al. 2018). Sánchez-Echeverría et al. (2019) also found shifted thermal breadths in 

urban honeybees exposed to higher average temperatures. Both of these examples support the 

hypothesis that there is a specialist/generalist trade-off occurring between maximum 

performance and performance breadth (Huey and Kingsolver 1989). C. calcarata raised in sunny 

nests that experienced higher temperatures (see Chapter 2) could have shifted or narrower 

thermal breadths than shade bees (Figure 3.13), but without knowing the CTmin of the sun and 

shade groups, I cannot know the thermal breadth of offspring raised in either treatment. 

Nevertheless, sun offspring having a higher CTmax than shade offspring emphasises the point that 

a physiologically plastic response to developmental temperature is occurring.  

The Hotter is Better hypothesis (hypothesis A in Figure 3.13) describes a scenario in 

which thermal optimum is shifted upwards, and performance at high temperatures is enhanced 

(Huey and Kingsolver 1989; Angilletta 2009). Vickruck and Richards, (2012) noted that 

offspring from sunny nests developed more slowly than offspring from shade nests when reared 

in the lab at a common temperature, suggesting that offspring from sunny nests are acclimatized 

to their higher nest temperature. Those developmental rate data indicate a shift in thermal 

optimum and reveal a long-term affect on offspring physiology due to their nest environment. In 

the absence of CTmin data, I cannot know whether thermal breadth has changed, so I have no 

evidence to suggest the Generalist-Specialist hypothesis is occurring, which if you recall, 

involves an increase in thermal optimum and performance at high temperatures in exchange for 

decreased performance at lower temperatures. Therefore, I suggest that the Hotter is Better 
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hypothesis (hypothesis A in Figure 3.13) is occurring. In any case, adaptations that allow for 

physiological plasticity (i.e., shift in CTmax) of thermal performance in response to temperature 

extremes are advantageous for a species’ resilience to climate change (Huey and Kingsolver 

1993; Lutterschmidt and Hutchison 1997). Responses to temperature extremes can also include 

greater heat-shock protein production. 

Organisms exposed to extremely high, but sublethal temperatures respond by producing 

heat-shock proteins (HSP) via a heat-shock response. These proteins protect other cellular 

proteins from becoming damaged and promote recovery after the heat stress (Hofmann and 

Todgham 2010). Some HSPs are upregulated after an extreme thermal event or after chronic 

exposure to stressful temperatures, to protect the organism against other such events (Kim et al. 

2017). Overexpression of the heat-shock response results in a decrease in growth and 

development in Drosophila melanogaster (Krebs and Feder 1997). It is possible that bees from 

sunny nests are better equipped to respond to thermal stress because they have more HSPs 

present having experienced higher maximum temperatures, but HSP over-abundance decreases 

performance at moderate temperatures in the form of metabolism at 25°C and developmental rate 

in Vickruck and Richards, (2012). This hypothesis could be tested by looking at HSP gene 

expression in sun- and shade-raised C. calcarata offspring. It would also be interesting to test a 

subset of sun and shade offspring in the fall, or the following spring, to see if they retain high 

thermal tolerance for their whole lives. 

Conclusions 

Although bees from sun and shade nests had similar average metabolic rates, I found that 

adult offspring from sunny nests had markedly different discontinuous gas exchange 
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characteristics at 25°C. Adult offspring from sunny nests released CO2 significantly less 

frequently than shade bees suggesting lower metabolic demand or lower metabolism. I also 

found that sun bees had higher CTmax than shade bees meaning that offspring from sunny nests 

had a higher thermal tolerance than those from the shade. Prior temperature exposure can change 

the shape and limits (CTmin, CTmax) of the thermal performance curve of an organism (Sinclair et 

al. 2016). I found evidence that the thermal performance curves of bees from sunny nests may 

have changed as a result of their developmental thermal environment (Huey and Kingsolver 

1989). Because of increased thermal tolerance and a shift in thermal optimum, as seen in 

Vickruck and Richards sun bees developing more slowly at room temperature than shade bees, 

(2012), I conclude that the performance curve changes in C. calcarata reflects the Hotter is 

Better hypothesis (Huey and Kingsolver 1989; Gilchrist 1995). The results of this chapter 

suggest that C. calcarata are capable of plastic responses to developmental temperature in both 

thermal tolerance and respiratory control.  

  



98 

 

Chapter 4: General Discussion 

 

 

Thesis summary 

This thesis sought to investigate the ecological consequences of nest location choice on 

C. calcarata mothers, and the consequential chronic physiological effects of temperature (i.e., 

sun or shade treatment) on their offspring. To do this I: measured nest temperature in sun and 

shade, calculated nest abandonment rates, observed maternal foraging efforts, measured 

offspring body and ommatidia size, measured offspring metabolic rates at two temperatures 

(25°C and 40°C), characterized offspring respiratory gas exchange patterns and compared DGE 

characteristics, calculated developmental rates of offspring at room temperature, and measured 

CTmax of adult offspring from sun and shade. 

In Chapter 2 I found that: 1) Internal temperatures in sunny nests were hotter than inside 

shady nests, and sun nests oriented on an angle were even hotter than nests that stuck straight 

upwards. 2) Mothers were more likely to abandon shade nests. 3) Mothers did not adjust their 

pollen foraging efforts in response to nest microclimate but did forage more often for nectar. 4) 

After accounting for all other factors known to affect offspring body size, offspring from sunny 

nests were smaller than shade bees, in agreement with the pattern expected by the Temperature-

Size Rule (Atkinson 1994). 5) Cell size (measured using ommatidia) increased with body size, so 

offspring from sunny nests were smaller because they had smaller cells. In Chapter 3 I found 

that: 6) C. calcarata metabolic rate increased in response to higher acute temperature. 7) C. 

calcarata offspring used all three gas exchange types (i.e., discontinuous, cyclical, continuous), 

but sun and shade bees differed in their DGE characteristics in that adult offspring from sunny 
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nests release CO2 less frequently when using DGE at 25°C compared to shade bees, suggesting 

they had a lower demand or lower metabolism (Bradley 2007; Contreras and Bradley 2009). 8) 

Sun bees had higher CTmax than shade bees, providing evidence of their higher thermal tolerance 

and a shifted thermal performance curve (Tomlinson et al. 2015; Diamond et al. 2018; Sánchez-

Echeverría et al. 2019). Based on these findings, I conclude that C. calcarata offspring from 

sunny nests underwent an irreversible developmentally plastic response to temperature as part of 

a thermal trade-off (Whitman and Ananthakrishnan 2009; Harrison et al. 2012). The benefit of 

this thermal trade-off is increased performance at high temperature at the cost of a smaller body 

size.  

What is a trade-off? 

Organisms only have access to a limited number of resources, so there are trade-offs in 

how that energy is allocated (Molles and Cahill 2008). A trade-off can be thought of like a 

transaction; the trade-off observed in this thesis likely involved a re-allocation of energy towards 

survival rather than growth. Acclimatization to heat has been found to lead to increased 

expression of heat-shock genes, but the heat-shock response is metabolically costly since it 

involves a re-allocation of energy. This is an example of a biological trade-off, since HSPs will 

keep the insect alive at high temperatures, but their expression inhibits it’s development at 

normal temperatures (Krebs and Feder 1997). Sinclair et al. (2016), argue that plastic responses 

to temperature are likely to elicit trade-offs such as that between fitness (i.e., body size) and a 

shift in thermal performance. Furthermore, the resulting smaller body size in offspring from 

sunny nests may impact their brood provisioning ability the following year, since larger mothers 

can fly further and carry more pollen than smaller mothers (Richards and Packer 1996; Tomkins 

et al. 2001; Gathmann and Tscharntke 2002; Greenleaf et al. 2007; Neff 2008). 
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What is developmental thermal plasticity, and what does it mean for C. calcarata? 

Irreversible phenotypes are solidified early in ontogeny and remain constant thereafter 

such that any physiological effects of developmental temperature persist into adulthood 

(Angilletta 2009). Developmental thermal plasticity is an irreversible form of phenotypic 

plasticity and it occurs when temperature during development leads to a fixed adult phenotype in 

a holometabolous insect (Rodrigues and Beldade 2020). Thermal tolerance can also be 

developmentally plastic, improving an organism’s capacity to cope with adverse temperatures 

associated with climate change (Rodrigues and Beldade 2020). For example, mosquitoes (Culex 

pipiens) raised at high developmental temperature had higher CTmax as adults. (Angilletta 2009). 

Likewise, higher CTmax in adult C. calcarata offspring from sunny nests in Chapter 3 is a form 

of thermal plasticity. Certainly, smaller adult offspring body sizes in response to high 

developmental temperature in sunny nests in Chapter 2 is an example of irreversible plasticity, 

since adult bees cannot change their size.  

Temperature can be both the factor affecting thermal plasticity, and the agent of natural 

selection leading to thermal adaptation (Rodrigues and Beldade 2020). Genes that are part of the 

heat shock response affect thermal tolerance, are thermally plastic in their expression levels, and 

can differ between insect populations from different temperatures (Rodrigues and Beldade 2020). 

The transcriptome of overwintering C. calcarata was markedly different from that of the active 

season suggesting prolonged temperature exposure changes gene expression (Durant et al. 2016). 

Notably, heat shock proteins were expressed in overwintering bees, but not in the spring, 

summer, or autumn bees. The bees were collected in Durham, New Hampshire but beyond that 

there is no information about the nesting substrate or location from which the nests were taken 

(Durant et al. 2016). Repeating the transcriptome analysis on offspring from sunny and shady 



101 

 

nests would be valuable in determining whether gene expression differs between nest location 

and developmental temperature.  

Eastern Ceratina speciation events occurred relatively recently. Ceratina mikmaqi, a 

sympatric competitor for nesting resources with C. calcarata in Niagara, diverged from their 

shared common ancestor around 175 thousand years ago (Vickruck and Richards 2012; Shell and 

Rehan 2016). Shell and Rehan (2016) suggest that environmental- and interspecific variation in 

phenology and nest choice are what drove the sympatric speciation of these groups. Perhaps their 

reproductive isolation was driven through occupation of different thermal niches (Vickruck and 

Richards 2012), aided by their ability to respond to developmental temperature variation (i.e., 

thermal plasticity), whereby distinct genotypes evolved by natural selection (Angilletta 2009).  

Thermal compensation acts on an ecological baseline to determine final body size 

 The mass of pollen provisions a mother provides to an offspring represents the baseline 

body size that the offspring can be. In this study, mothers from sun and shade nests provisioned 

their offspring with similarly sized pollen provisions but sun offspring ended up smaller than 

shade offspring, likely due to physiological responses to their high developmental temperature. 

Physiological responses to developmental temperature such as a shifted thermal optimum and 

increased thermal tolerance are evidence of thermal compensation responses. I argue that it is the 

mechanisms of thermal compensation acting on, or overriding, the ecological baseline that 

determines an offspring’s final body size, and that this is the mechanism of the Temperature-Size 

Rule in mass-provisioning bees (Figure 4.1). 
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Figure 4.1. Thermal compensation acts on, and over-rides the ecological baseline to determine offspring body size in the Mass-

provisioning bee Temperature-Size Rule hypothesis. This hypothesis summarizes the combined effects of maternal influence (Purple; 

Chapter 2) and physiological effects of developmental temperature (Red; Chapter 3) on mass-provisioning bee offspring body size. 

The purple arrow represents the baseline body size that an offspring can be, based on the amount of pollen provided to it by its mother. 

The red arrow represents the degree of thermal compensation that the offspring undergoes because of its developmental thermal 

environment. Offspring from sun are smaller than shade offspring because they experience higher developmental temperatures and 

undergo more thermal stress and thus must compensate more. The benefit of higher thermal compensation is a higher CTmax, while the 

consequence is a smaller body size, thus a developmental thermal trade-off.    
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Conclusions and suggestions for future research  

The beneficial acclimation hypothesis assumes that acclimation improves the 

physiological performance or fitness of an organism (Wilson and Franklin 2002), but 

developmental thermal plasticity may not always improve the immediate survival and future 

adaptation of species to challenges associated with climate change. In the best case scenario, the 

resultant phenotype matches the conditions of the new environment and is favoured by natural 

selection because it maintains or improves fitness in the new conditions (Rodrigues and Beldade 

2020). This thesis showed that C. calcarata has an intrinsic capacity to respond to environmental 

changes associated with climate change by displaying thermal plasticity in response to high 

developmental temperature at the cost of a smaller body size. However, the potential fitness 

impacts in lieu of increased thermal tolerance remain speculative for this species, and more 

research is required to investigate offspring performance during their second year of life (Wilson 

and Franklin 2002). To start, I could test whether sun or shade offspring differ in longevity by 

measuring the duration from adult emergence to death without feeding (Bosch and Kemp 2000). 

Stemming from the thermal plasticity I observed in response to temperature, there are several 

additional questions that can be asked. For example, what are C. calcarata developmental rates 

across a range of rearing temperatures? What is the temperature threshold, or duration of 

exposure to a high temperature that’s required to shift the CTmax? Do sun bees produce more heat 

shock proteins? Finally, what is the CTmin for sun and shade offspring? Answering these 

questions can help fill in the gaps of the potentially adaptive thermal plasticity we found in bees 

from sunny nests. 
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APPENDIX 

Table A2.1. Pearson Correlation Coefficients from pairwise comparisons of maternal or offspring body size metrics. Body size metrics 

are all strongly correlated. Green boxes represent mothers, yellow boxes represent females, and blue boxes represent males. 

 

Variables Head Width (mm) CVL (mm) Wet Weight (mg) 

CVL (mm) 0.880 

p< .001 

0.899 

p< .001 

0.812 

p< .001 

      

Wet Weight 

(mg) 

0.810 

p< .001 

0.837 

p< .001 

0.831 

p< .001 

0.775 

p< .001 

0.776 

p< .001 

0.802 

p< .001 

   

Dry Weight 

(mg) 

0.749 

p< .001 

0.539 

p< .001 

0.532 

p< .001 

0.609 

p< .001 

0.434 

p< .001 

0.430 

p< .001 

0.782 

p< .001 

0.826 

p< .001  

0.822 

p< .001 
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Table A2.2. Coefficients of variation (CV) for maternal and offspring body size variables. Head 

width was used as the proxy for body size in the analyses as it has been commonly used in the 

literature and is highly correlated with other body size metrics in Table A2.1. CV is calculated as 

the standard deviation divided by the mean, multiplied by 100, and shows the relative variation 

of the measure from its mean. 

 

Variable Wet Weight Dry Weight Head Width CVL 

Mothers 19.25 20.34 6.60 5.99 

Female Offspring 20.63 39.11 7.37 6.59 

Male Offspring 22.92 40.03 6.76 6.42 
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Figure A2.1. Female C. calcarata were larger than males in all body size metrics including head 

width. (ANOVA: F(1, 392)=207.98, p<0.001). Female head widths were 10% larger than males.  
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Figure A2.2. Nest and air temperatures measured in sun and shade nesting sites over the brood development period in 2019 and 2020. 

It was hotter inside sunny nests than outside them, while shady temperatures were about the same regardless of measurement location. 

Sun nests were also generally hotter than shade nests when measuring air and nest temperatures at ~2pm. Nest (blue dotted line) and 

air (blue solid line) temperatures overlap almost completely in the shade. The above graphs show temperatures measured between 3 

June and 12 August across both 2019 and 2020. Statistics reported in Figure 2.10.  
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Figure A2.3. Nest temperature measuring in vertical and angled nests at the sun and shade 

nesting sites over the brood development period in 2020. It was hotter inside angled nests than 

vertical nests in the sun. “Angled” nests were placed at approximately 45° angle to the ground, 

while vertical nests were placed perpendicular to the ground. Nest orientation did not affect 

internal nest temperature in the shade, as angled (blue solid line) and vertical (blue dotted line) 

temperatures overlap almost completely. This figure shows the temperature measured over the 

course of the 2020 field season. Statistics reported in Figure 2.12. 
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Figure A2.4. Nest angle affects sun intensity on C. calcarata nests in sunny sites.  “Angled” 

nests have a greater angle of incidence, and thus experience higher intensity solar radiation than 

“vertical” nests. The dummy nest denoted “angled” formed a more acute angle with the ground 

(less than 90°), while the “vertical” dummy nest was oriented perpendicular (90°) to the ground. 
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Figure A2.5. Mother and offspring body sizes are correlated. Linear mixed model analyses of the 

effect of maternal head width and offspring sex on offspring head width revealed that all mothers 

provisioned proportionally sized daughters. In 2020, larger mothers provisioned larger sons, 

however in 2019 all mothers created similarly sized sons (Linear mixed model: Offspring Head 

Width ~ Maternal Head Width * Sex). The interaction term is significant in 2019 (F(1, 

140)=12.641, p<0.001) but not 2020 (F(1, 143)=0.371, p=0.544).  
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Table A3.1. Separating sexes and using nest chilling as a random variable did not change the 

results of the metabolic rate linear mixed model. The table shows results of multiple LMMs. The 

model statements are in the first column, and the remaining columns are results of the model. 

Models are separated by thick lines. Complicated models frequently gave errors (i.e., isSingular) 

meaning that one or more of the predictor variances was near-zero (shown as 0.00 in the results).  

 

Model Statement Predictors Sum Sq Mean Sq Num 

DF 

Den 

DF 

F p-value 

(Nest Chilling, 

Pooled Sexes) VCO2 

~ Mass + Test 

Temperature x 

Treatment + Sex + 

Stage + Nest Chilling 

and Bee ID as 

random variables 

           

Mass 4.45e-07 4.45e-07 1 182 14.59 <0.001 

Test 

Temperature 

2.05e-06 2.06e-06 1 182 67.24 <0.001 

Treatment 7.50e-09 7.50e-09 1 182 0.25 0.620 

Sex 1.57e-08 1.57e-08 1 182 0.51 0.474 

Stage 6.4e-07 3.20e-07 2 182 10.50 <0.001 

Test 

Temperature 

x Treatment 

3.82e-09 3.82e-09 1 182 0.13 0.724 

(Early pupae, pooled 

Sexes) VCO2 ~ Mass 

+ Test Temperature x 

Treatment + Sex + 

Bee ID as a random 

variable 

           

Mass 9.36e-09 3.36e-09 1 62 5.49 0.022 

Test 

Temperature 

2.29e-07 2.29e-07 1 62 134.51 <0.001 

Treatment 0.00 0.00 1 62 0.00 0.997 

Sex 1.94e-08 1.94e-08 1 62 11.39 0.001 

Test 

Temperature 

x Treatment 

1.95e-10 1.95e-10 1 62 0.11 0.736 

(Late pupae, pooled 

Sexes) VCO2 ~ Mass 

+ Test Temperature x 

Treatment + Sex + 

Bee ID as a random 

variable 

 

Mass 4.16e-08 4.16e-08 1 60 8.30 0.006 

Test 

Temperature 

2.95e-07 3.95e-07 1 60 78.84 <0.001 

Treatment 3.75e-09 3.74e-09 1 60 0.75 0.931 

Sex 0.00 0.00 1 62 0.00 0.976 

Test 

Temperature 

x Treatment 

4.77e-09 4.77e-09 1 60 0.95 0.333 
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(Adults, pooled 

Sexes) VCO2 ~ Mass 

+ Test Temperature x 

Treatment + Sex + 

Bee ID as a random 

variable 

 

Mass 4.16e-08 4.16e-08 1 60 8.30 0.006 

Test 

Temperature 

2.95e-07 3.95e-07 1 60 78.84 <0.001 

Treatment 3.75e-09 3.74e-09 1 60 0.75 0.931 

Sex 0.00 0.00 1 62 0.00 0.976 

Test 

Temperature 

x Treatment 

4.77e-09 4.77e-09 1 60 0.95 0.333 

(Females) VCO2 ~ 

Mass + Test 

Temperature x 

Treatment + Stage + 

Bee ID as a random 

variable 

 

Mass 1.97e-07 1.97e-07 1 79 5.08 0.027 

Test 

Temperature 

1.09e-06 1.09e-07 1 79 28.10 <0.001 

Treatment 0.00 0.00 1 79 0.00 0.992 

Stage 3.38e-07 1.69e-07 2 79 4.38 0.016 

Test 

Temperature 

x Treatment 

3.39e-09 3.39e-09 1 79 0.09 0.768 

(Males) VCO2 ~ 

Mass + Test 

Temperature x 

Treatment + Stage + 

Bee ID as a random 

variable 
 

Mass 2.39e-07 2.39e-07 1 97 9.65 0.002 

Test 

Temperature 

9.73e-07 9.73e-07 1 97 39.17 <0.001 

Treatment 1.37e-07 1.37e-08 1 97 0.55 0.460 

Stage 3.16e-07 1.58e-07 2 97 6.36 0.003 

Test 

Temperature 

x Treatment 

1.88e-08 1.88e-08 1 97 0.86 0.387 

 


