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ABSTRACT 

 Environmental temperatures are among the most significant factors affecting the ecology, 

behaviour, and evolution of organisms across all levels of biological organization. As such, 

understanding the impacts that natural thermal regimes have on organisms is central to the study 

of thermal ecology. Too often we, as ecologists, find ourselves drawing conclusions regarding 

interactions between temperature and organisms from laboratory studies using presumed optimal 

temperatures in studies of long-standing captive populations. Here, we used an observational 

field study to 1) describe the thermal ecology of a species of burying beetle, Nicrophorus 

orbicollis, 2) document natural associations between temperature and reproductive behaviours, 

and 3) document natural associations between temperature and traits related to fitness. We found 

that 1) the realized thermal regime inside brood chambers differed from both non-use 

subterranean sites and the soil surface, as well as from the temperatures commonly used in 

captive studies, 2) beetles buried carrion deeper when air temperatures were warmer, and 3) 

temperature inside the brood chamber predicted life-history traits: mean larval mass was lower 

when temperature variation increased and, contrary to previous findings of captive studies in our 

lab, overall brood size increased with mean temperatures. Our findings suggest that we should 

use caution when interpreting results from past captive work on N. orbicollis, as the conditions 

used in these studies may not reflect those seen in nature, leading to results with limited 

biological relevance. However, by producing a detailed description of the thermal ecology of N. 

orbicollis and supplying correlative evidence linking fitness components to temperature, our 

work aims to provide a more ecologically relevant context for future work on this species and 

burying beetles more generally, with the added benefit of being able to better predict how 

climate change may impact this and other similar species in the future.  



 

ii 

 

CO-AUTHORSHIP 

Manuscripts resulting from the thesis are outlined below: 

Harrison L. and F. Bonier. Thermal ecology and plasticity in the burying beetle, Nicrophorus 

orbicollis: an observational field study. 

Author contributions: L. Harrison and F. Bonier developed the research ideas and methods. L. 

Harrison collected the data and performed the statistical analyses. F. Bonier provided funding 

and feedback for the statistical analyses and the manuscript.  

  



 

iii 

 

ACKNOWLEDGEMENTS 

 I would just like to take the time here to acknowledge those whose guidance allowed me 

to be where I am today. Firstly, I would like to thank my supervisor, Fran Bonier, who has been 

the best thorn in my side I could have ever asked for. It was only because of your guidance, your 

mentorship, and your support that I have reached the end of this long journey. I know there have 

been many struggles along the way, but you have always been there to see me through and for 

that, I am forever grateful. To the Bonier and Martin labs, though I may not have always shown 

it, you all meant the world to me. You really opened my eyes to how fulfilling and enjoyable 

research can really be. On days when I questioned my own legitimacy in the field, you were 

always there to remind me why I started this journey. Specifically, Kevin Burke and Jill 

Wettlaufer, for introducing me to and guiding me through the world of burying beetles. Amelia 

Cox, for being there for me anytime I was lost in my statistics and not sure why my R code just 

would not run. To the entire biology department, who made me feel like family. Thank you, 

Carina Lai, for without your help I would have never been able to even scratch the surface on the 

antimicrobial side of the beetles, and for giving me an amazing mentorship experience. Words 

alone cannot express how grateful I am to each and every single person who has interacted with 

me or helped me in some way over the course of my thesis. I cannot name you all as that would 

surpass the page limit, however, know that you have not been forgotten, and I am indebted to 

you. I leave you with a quote from Henry David Thoreau, “It’s not what you look at that matters, 

it’s what you see.” 

 

  



 

iv 

 

TABLE OF CONTENTS 

ABSTRACT ..................................................................................................................................... i 

CO-AUTHORSHIP ........................................................................................................................ ii 

ACKNOWLEDGEMENTS ........................................................................................................... iii 

LIST OF FIGURES ........................................................................................................................ v 

LIST OF ABBREVIATIONS ........................................................................................................ vi 

CHAPTER 1 INTRODUCTION .................................................................................................... 1 

CHAPTER 2 METHODS ............................................................................................................... 9 

Study site ..................................................................................................................................... 9 

Study Species ............................................................................................................................... 9 

Field Methods ............................................................................................................................ 11 

Statistical analyses .................................................................................................................... 14 

Analysis of brood chamber thermal regime .............................................................................. 15 

Analysis of variation in burial depth ......................................................................................... 15 

Brood chamber temperatures and reproductive output ............................................................ 16 

CHAPTER 3 RESULTS ............................................................................................................... 18 

Comparison of thermal regimes among locations .................................................................... 18 

Variation in burial depth ........................................................................................................... 20 

Brood chamber temperatures and reproductive output ............................................................ 25 

CHAPTER 4 DISCUSSION ......................................................................................................... 27 

REFERENCES ............................................................................................................................. 36 

APPENDIX: FIGURES AND TABLES ...................................................................................... 49 

 

  



 

v 

 

LIST OF FIGURES 

Figure 1: Standard life cycle for N. orbicollis. ............................................................................. 13 

Figure 2: Temperature component comparisons between sampling locations ............................. 19 

Figure 3: Ambient air temperature effects on burial depth in N. orbicollis .................................. 21 

Figure 4: Effects of average surface temperature on the brood chamber in N. orbicollis ............ 22 

Figure 5: Effects of maximum surface temperature on the brood chamber in N. orbicollis ........ 23 

Figure 6: Effects of depth and temperature variation on the brood chamber in N. orbicollis. ..... 24 

Figure 7: Effects of temperature on reproductive output in N. orbicollis ..................................... 26 

 

  



 

vi 

 

LIST OF ABBREVIATIONS 

QUBS Queen's University Biological Station 

LME Linear Mixed-effect Models 

LM Linear Models 

AICc Akaike Information Criterion corrected for small sample size 

ORQ Ordered Quantile Normalization 

 

 

  



 

1 

 

CHAPTER 1 INTRODUCTION 

 Environmental variation is one of the most pervasive challenges that organisms face, and 

temperature is one of the most influential aspects of environmental variation. Temperature 

affects a range of biological phenomena, from macroevolutionary processes to biochemical 

reactions. Temperature can affect geographic ranges, interactions between species, and global 

and local biodiversity (Angilletta Jr. 2009, Peck et al. 2009, Gibert et al. 2014). Temperature is 

also an important cue in determining the timing of vital life-history events (i.e., phenology), such 

as migration, emergence, and reproduction (Harper and Peckarsky 2006, Visser et al. 2009, 

Tooke & Battery 2010, de Jong and Leyser 2012). Temperature affects rates of biochemical 

reactions, which can scale up to the organismal level to affect growth, development, 

performance, and fitness (Huey & Kingsolver 1989, Brown et al. 2004, Angilletta Jr. 2009). 

Given these broad-reaching effects, temperature regimes are a fundamental component of the 

selective pressures that shape an array of traits across organisms, yet we lack knowledge of the 

basic thermal ecology of many species. 

Variation in temperature can explain broad-scale evolutionary and biogeographic 

patterns. Environmental temperatures predict variation among species and populations in body 

size and shape, wherein species in colder environments tend to be larger bodied (Bergmann’s 

rule) and more compact, with shorter appendages for their body size (Allen’s rule) (Millien et al 

2006). Microevolutionary processes are also shaped by temperature, with adaptation to local 

thermal regimes influencing range limits and species turnover across thermal gradients. For 

example, populations of many temperate and boreal tree species exhibit local adaptation to 

climatic variables in traits such as growth rates (Alberto et al. 2013). Insects and other 

ectotherms are expected to exhibit marked local adaptation to thermal regimes, generating 
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variation in thermal tolerance and life-history traits among populations (Ayres & Scriber 1994, 

Pelini et al. 2009, Aardema et al. 2011). Additionally, temperature predicts geographic variation 

in species richness both globally and regionally, possibly because of the effects of temperature 

on primary productivity or direct effects on rates of diversification (Currie 1991, Hillebrand 

2004, Currie & Francis 2004). 

One of the most prevalent forms of adaptation to variable environmental temperatures is 

adaptive phenotypic plasticity. High levels of temperature variation across a population’s 

distribution reduces the likelihood that a single phenotype can confer the highest fitness across 

all contexts, due to influences of temperature on the physiology and ecology of those organisms 

(Huey 1991, Via et al 1995). Therefore, many organisms have evolved the ability to express 

multiple phenotypes in response to these variable thermal environments. Phenotypic plasticity – 

the ability of an individual (or genotype) to express more than one phenotype, depending on its 

environment – encompasses morphological, behavioural, physiological, and life-history traits, 

and includes both short-term, transient changes in trait expression as well as long-term, persistent 

ones (West-Eberhard 1989). Phenotypic plasticity of life-history traits, such as growth rate, size 

at maturity, and fecundity, is extremely important for organismal performance, and can allow 

individuals to maximize fitness across a range of environmental conditions (Stearns 1989, 

Thompson 1991, Scheiner 1993). Broadly, adaptive plasticity can catalyze the establishment and 

persistence of a population in new or changing environments and can promote or hinder adaptive 

divergence (Ghalambor et al. 2007, Price et al. 2003). The capacity for phenotypic plasticity in 

response to temperature variation should evolve in response to the amount of thermal variation 

populations encounter, such that organisms in more constant climates (e.g., at low latitudes) 

would be expected to have a lower capacity for thermal plasticity when compared to those in less 
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stable environments (Janzen 1967, Naya et al 2008, Molina-Montenegro & Naya 2012). The 

ability of an organism to express multiple phenotypes is beneficial when considering variable 

and unstable thermal environments, and such plasticity might allow organisms to more 

successfully respond to climate change, especially in cases of increasing climate instability 

(Canale & Henry 2010).  

Many individual traits are closely associated with temperature, responding plastically in 

order to counter the effects that sub-optimal or unpredictable changes in temperature may have 

on organismal performance. For example, in birds, temperature may influence egg volume and 

clutch size, as well as nestling development, growth rate, and parasite load (Barkowska et al. 

2003, Cooper et al. 2005, Chaplin et al. 2002, Dawson et al. 2005a, Dawson et al. 2005b). In 

insects, similar traits are affected by temperature, including rates of development, egg and 

offspring survival, longevity, and fecundity (Lysyk, 1998). Metabolism in virtually all organisms 

exhibits temperature-dependence, from unicellular microbes to multicellular plants and animals 

(Gillooly et al. 2001). From a physiological standpoint, endothermic organisms continually alter 

their rate of metabolic heat production in order to correct for heat loss to the environment to 

regulate their internal body temperature (Ruben 1995). An interesting example of endothermy 

exists within the swordfish, Xiphias gladius, that has a specialized heating system in an ocular 

muscle which works to warm the eyes and brain of the fish up to 10-150C higher than water 

temperatures, protecting the central nervous system from the cold waters and providing them 

with enhanced vision and reaction times for improved hunting (Carey 1982, Fritsches et al. 

2005). Ectotherms, however, rely primarily on heat exchange with their environment to maintain 

body temperatures and, therefore, are often more sensitive than endotherms to temperature 

variation (Angilletta Jr. 2009). Examples of the effects of temperature in ectotherms include the 
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loss of flight in the fruit fly, Drosophila melanogaster, at temperatures below 150C, and 

increased egg maturation and oviposition rates in the speckled wood butterfly, Pararge aegeria, 

in warmer temperatures (Lehmann 1999, Berger et al. 2008). 

Relatively minor decreases in temperature result in decreases in activity and functioning 

in ectotherms and, as a result, most ectotherms have evolved mechanisms for coping with 

temperature variation (Mellanby 1939, MacMillan & Sinclair 2011). For example, alpine 

grasshoppers, Kosciuscola tristis, change colour in order to maximize heat absorption when 

temperatures fall below 15ºC (Key & Day 1954). Shifts in behaviour are another key adaptation 

for avoiding and coping with temperature variation in ectotherms (Huey & Berrigan 2001). This 

can be seen in the pipevine swallowtail butterfly, Battus philenor, whose caterpillars will leave 

their host plants in warm conditions to climb taller plants to avoid overheating, as air temperature 

decreases with distance from the ground (Nice & Fordyce 2006). Another example can be found 

in the Pieris genus of butterflies, who change the orientation of their wings during the day to 

reflect increasing levels of solar radiation to their thorax (Kingsolver 1985). Ectotherms can 

exhibit behavioural homeothermy, as is the case in colonies of the hornet species, Vespa 

orientalis, whose workers will beat their wings at nest entrances during times of increased 

temperature in order to reduce the temperature in the nest (Riabinin et al. 2004). All life stages of 

ectotherms are sensitive to temperature variation, with effects on larval growth rates, 

development times and survival, as well as adult fecundity and longevity (Loetti et al. 2011). 

Temperature can also influence parental care (Ong 2019), reproductive success (Geister & 

Fischer 2007, Ong 2019), habitat choice (Ahnesjö & Forsman 2006), immune function (Adamo 

& Lovett 2011, Murdock et al. 2012), and host-parasite interactions (Murdock et al. 2012). In 

ectotherms, many of these traits are positively impacted by temperature, reaching maximum 
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performance around some thermal optimum, beyond which heat stress reduces both performance 

and fitness (Angilletta Jr., Paaijmans et al. 2013).  

Body size at maturity and larval growth rates show plastic responses to thermal variation 

across many species, and are important determinants of fitness (Atkinson 1994, Walters & 

Hassall 2006, Kingsolver & Huey 2008). The temperature-size rule describes how body size at 

maturity and larval growth rates often change with developmental temperatures in ectotherms, 

with higher temperatures leading to an increased rate of development and smaller body size at 

maturity than animals that develop at lower temperatures (Atkinson 1994, Angilletta Jr. et al. 

2004). There are exceptions to this rule, such as in the high-temperature specialist grasshopper, 

Chorthippus brunneus, whose larvae exhibit increased development rate and larger body size at 

maturity in higher developmental temperatures (Willott & Hassall 1998, Kingsolver et al. 2007).  

Fluctuations in temperature can also be important determinants of organismal 

performance (Kingsolver et al. 2009, Paaijmans et al. 2010, Folguera et al. 2011). In fact, in 

some systems, fluctuations in temperature seem to impact both life-history traits and fitness to a 

greater degree than mean temperatures (Martin & Huey 2008, Terblanche et al. 2010, Bozinovic 

et al 2011). For instance, in populations of the tobacco hornworm, Manduca sexta, diurnal 

fluctuations in rearing temperature result in a reduction of pupal mass and development time 

relative to insects reared in constant temperatures with the same mean (Kingsolver et al. 2009). 

Further examples include a reduction in maximum body size and growth rate in a terrestrial 

woodlouse, Porcellio laevis, exposed to a 16 °C variation in temperature as compared to 

individuals kept at a constant temperature (Folguera et al. 2011), and increased infection and 

development rates in the rodent-malaria model, Plasmodium chabaudi, with fluctuations at low 

mean temperatures, as compared to constant temperatures with the same mean (Paaijmans et al 
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2010). Furthermore, temperature related traits like thermal tolerance and optimal temperature can 

be affected by daily temperature fluctuations, with temperature variation during the period when 

a species is active being a better predictor of thermal tolerance than annual seasonality (Sheldon 

& Tewksbury 2014). In general, greater temperature fluctuations can reduce optimal, critical 

maximum, and critical minimum temperatures in ectotherm performance (Paaijmans et al. 2013). 

As such, the effects of thermal variability are essential to incorporate when characterizing an 

organism’s thermal ecology and considering effects of temperature, because it is under these 

variable conditions that the life histories of most organisms have evolved. 

Many higher-order effects of temperature on biogeographic patterns or organismal traits 

are likely derived from the fundamental effects of temperature on rates of biochemical reactions. 

In ectotherms, increasing temperatures generally increase individual performance, productivity, 

and fitness (Bennett 1987). This fitness benefit of warmer temperatures has been proposed to 

explain the evolution of endothermic regulation of high body temperatures in organisms like 

mammals and birds, whereby selection for higher metabolic and growth rates resulted in 

increased body temperatures (Angilletta Jr. 2009). The temperature dependence of biochemical 

reactions is well established, with temperature determining rates of all enzymatic reactions and 

scaling up to affect the whole organism (West et al. 1999, Brown et al. 2004). The effects of 

temperature on biochemical reactions are typically non-linear, whereby increasing temperature 

exponentially increases rates of reactions up to an optimum where rates are maximized. As 

temperatures continue to increase, reaction rates and organismal performance decline drastically 

due to the denaturation of the proteins involved in the reactions (Paaijmans et al. 2013). For most 

organisms, this relationship holds between 0ºC and 40ºC, which is considered the temperature 

range of normal activity, although optimal temperatures and functional ranges for biochemical 
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reactions vary among species and populations due to adaptation to varying thermal regimes 

(Thompson 1942, Brown et al. 2004). These effects of temperature at the molecular level can 

scale up to affect the behaviour, body size, body condition, performance, and fitness of 

organisms (Atkinson 1994, Long et al. 2012, DeLong 2012).  

As ecologists, we strive to see the world through the eyes of the organisms that we are 

studying (Begon et al. 1986). To achieve this, we need an understanding of the environmental 

conditions that organisms confronted over their evolutionary history and in their current 

environments, and, therefore, need studies in the natural environment. This can be of particular 

importance in organisms commonly studied in captivity, where altered thermal regimes could 

have unexpected effects on study outcomes. An example of this importance can be found in the 

eggs of the flour moth, Plodia interpunctella, which develop normally under simulated natural 

temperature fluctuations between 3°C and 9°C but will not develop successfully when reared at a 

constant temperature of 6°C (Kaufmann 1932). Thus, even though laboratory experiments are 

useful in describing how temperature affects animal physiology and behaviour, we must look to 

natural environments to understand how these responses are realized in nature and to determine 

biologically relevant thermal conditions for captive study (Clarke 2017, Kutcherov & Lopatina 

2018). When we examine the influences of temperature on an organism, we should ask: how 

does the thermal ecology of these organisms affect their life history, and what are the effects of 

these life-history responses on fitness?  

To begin to answer these questions, I studied a species of burying beetle, Nicrophorus 

orbicollis, from the family Silphidae, more commonly known as the carrion beetles. This species 

is a great system for examining responses to temperature as they are ectotherms and as such are 

highly sensitive to changes in environmental temperature. Although behaviours in this genus and 
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species have been extensively studied, with a focus on reproductive behaviours, the basic 

thermal ecology has not been described for any Nicrophorus species (Trumbo 1992, Trumbo 

1994, Eggert et al. 1998, Sheldon & Tewksbury 2014, Trumbo 2012). Understanding the thermal 

ecology of N. orbicollis is fundamental for understanding this species’ responses to varying 

thermal environments in addition to their functional role in the ecosystem. Specifically, our aims 

were to 1) describe the natural variation in temperature that N. orbicollis encounter in their brood 

chambers and compare those temperatures to ambient temperature on the soil surface and in 

nearby randomly selected subterranean sites, 2) document natural associations between 

temperature and a reproductive behaviour that might reflect an adaptation to thermal variation 

(depth of burial of the brood chamber), and 3) document natural associations between 

temperature and fitness components (brood size and larval mass). The findings from this study 

provide a more ecologically relevant context for future research on this species, as without this 

knowledge, researchers cannot accurately describe preferred and optimal temperatures, and 

cannot make informed decisions about experimental temperatures, which may lead to results 

with limited biological relevance. Furthermore, by providing a detailed description of the thermal 

ecology of this species and describing correlative evidence that suggests how traits related to 

fitness are affected by temperature, we will be better able to predict how a changing climate 

could impact this and other similar species in the future.  
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CHAPTER 2 METHODS 

Study site 

 Sampling sites were located on properties of the Queen’s University Biological Station 

(QUBS) (44°34’N, 76°19’W) located near Elgin, Ontario, where N. orbicollis is widespread and 

abundant. I chose four transect sites that had been documented to have abundant N. orbicollis, 

based on a pitfall-trap survey conducted in 2017 (Wettlaufer 2018). Sites were at least 1 km from 

one another, to increase independence of sampling, and were within 2 km of the main road to 

facilitate daily monitoring.  

Study Species 

N. orbicollis can be found throughout Eastern Canada and the United States (Anderson 

1982, Anderson & Peck 1985). The genus Nicrophorus is comprised of 72 species, with 7 co-

occurring in Southeastern Ontario. Nicrophorus beetles, or burying beetles, are a vital 

component of nutrient cycling in their ecosystems (Anderson 1982, Anderson & Peck 1985, 

Sikes & Venables 2013). Nicrophorus beetles are extensively studied in large part because of 

their complex reproductive and parental behaviours (Trumbo 1992, Trumbo 1994, Eggert et al. 

1998). This behaviour begins when a beetle finds a small vertebrate carcass, attracts a mate to 

that carcass, and, with their mate, prepares the carcass as a food source for their larvae (Figure 1) 

(Trumbo 1992, Eggert et al. 1998). These beetles find a suitable site and bury the carcass, strip 

any external coverings, such as feathers or fur, mold the carcass into a ball, and cover it with 

antimicrobial anal and oral secretions (Trumbo 1992, Eggert et al. 1998). Females then lay eggs 

near the carcass and raise the hatched larvae in a brood chamber inside the carcass. Biparental 

care is a hallmark of behavioural adaptation in Nicrophorus, and is obligate in orbicollis 
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(Trumbo 1992, Capodeanu-Nägler et al 2018). This species is also dominant over other species 

of the same genus that they co-occur with, as they can displace smaller Nicrophorus beetles 

when competing for reproductive resources (small vertebrate carrion), which increases the 

likelihood of finding N. orbicollis individuals associated with reproductive resources in nature 

(Capodeanu-Nägler et al., 2016). Both sexes engage in protection and resource provisioning for 

their young (Eggert et al. 1998, Sikes & Venables 2013, Kilner et al. 2015). These parental 

behaviours include feeding regurgitated food to larvae and guarding the carcass and larvae from 

competitors and predators during development (Eggert et al. 1998, Scott 1998). A division of 

labour does exist, however, where females tend to spend more time provisioning young while 

males spend more time guarding and protecting the carcass and larvae (Fetherston et al. 1994). 

These parental behaviours are vital for larval growth and survival. For example, in Nicrophorus 

vespilloides, removing parental beetles 12 hours after the beginning of the offspring provisioning 

stage resulted in significantly reduced larval growth and survival (Eggert et al. 1998, Smiseth & 

Moore 2004).  

 One important aspect of parental care in Nicrophorus is the antimicrobial strategy that 

this genus practices to protect their larvae from soil-borne microbes and to compete with them 

for access to resources (i.e., carrion). When preparing the carcass for the larvae, parents secrete 

antimicrobial compounds, such as lysozymes, antimicrobial peptides, and symbiotic microbes, 

onto the carcass as a defense against microbial competition and decomposition (Arce et al. 2012, 

Rozen et al. 2008, Vogel et al. 2017). These secretions can increase brood survival and 

dramatically reduce bacterial growth (Arce et al., 2012). Microbial competition can compromise 

beetle reproductive success, but antimicrobial strategies can reduce or completely negate these 

effects (Rozen et al. 2008). Microbial competition is expected to increase with warming 
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environmental temperatures (Kirschbaum 2006). This effect of temperature on microbial 

competition may play a role in the plasticity of parental behaviour and reproductive investment 

in this genus in response to varying temperatures. 

Field Methods 

 I created 25-m linear transects with 6 sampling sites per transect and 5m between each 

site. I placed metal stakes in the center of each sampling site tied to a thawed and weighed mouse 

carcass using 2m of fishing line, allowing for a 4m diameter area for beetles to select carcass 

burial sites. I then covered each mouse with an enclosure with a 24cm diameter created from 

chicken wire (3.2cm diameter hexagonal mesh) to protect the carcass from vertebrate scavengers 

while still allowing the beetles to move the carcass out of the enclosure. Enclosures were staked 

to the forest floor with tent spikes. Mouse carcass mass varied between 20-25 grams, as this is 

within the range that N. orbicollis prefers to reproduce on and to minimize resource size 

variation, which could affect life-history traits like reproductive investment (Trumbo 1990, 

Trumbo & Robinson 2008, Steiger et al. 2011). Furthermore, as carcass size increases, so does 

the chance for beetles to be attracted to feed rather than to reproduce, even though N. orbicollis 

can reproduce on relatively large carcasses (Wilson & Knollenberg 1984).  

 I re-visited each site every 24 hours and noted if the mouse was buried by a Nicrophorus 

beetle, scavenged, or undiscovered. I revisited each site for three to four days depending on the 

level of decomposition and insect foraging on the carcass, as Nicrophorus beetles seem to avoid 

carcasses that are significantly decomposed or partially consumed. If the mouse was buried, I 

recorded the date of burial and returned three days later to place small temperature dataloggers 

(Thermochron iButton: Maxim Integrated Products, Inc.) in three locations to record 
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temperature: 1) inside the brood chamber, 2) on the surface of the soil just under the leaf litter 

where the stake was initially placed, and 3) in a randomly selected unused subterranean location 

at a similar depth and distance from the stake as the brood chamber. To locate brood chambers, I 

followed the tied fishing line down into the soil using a metal stake while holding the fishing 

line. When the line was disturbed due to the slight movement of the carcass when the metal stake 

made contact, I recorded the distance of the carcass from the centre of the sampling site and 

estimated the depth of the brood chamber, based on the depth of the stake below the soil surface 

when it made contact with the carcass. I then used the stake to push a temperature datalogger into 

the brood chamber. I waited three days because this allowed for oviposition and egg hatching to 

occur prior to the placement of the dataloggers. This allowed for the critical time frame of 

parental care and larval development to be captured by the dataloggers. I programmed the 

devices to record temperature every 30 minutes for 7 days, during which time I did not disturb 

the brood chamber (Figure 1).  

I removed and weighed all larvae from every successful brood on day 10 following 

carcass burial, after visually confirming that most larvae were in the third (and final) instar, to 

reduce variation among broods due to developmental stage at the time of measurement, and to 

ensure that the critical time period of parental care and larval development was complete (Figure 

1). Third instar larvae were identified based on morphological traits including the size of the 

larvae, the presence and size of hardened plates on the dorsum, the shape and length of the final 

segments of the larvae, and the colour and shape of the legs. In two cases, most larvae had not 

yet reached the third instar, so I replaced the mouse carcass and the brood, as well as any 

disturbed leaf litter and vegetation around the burial site and returned on the following day, when 

most larvae had reached the third instar. For these data, the first day was removed from the 
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datalogger recording to match the duration and timing of data collection with the rest of the 

broods. I collected and weighed any adult beetles that were present at the time of brood 

collection. If adult beetles were not present, I kept the brood in captivity and allowed them to 

mature and eclose for species identification. Only one brood was from a different species in the 

Nicrophorus genus and these data were excluded from analyses. I repeated these methods across 

the breeding season of this population of N. orbicollis (late May–early September) in both 2017 

and 2018 to describe the range of environmental temperatures experienced by the species during 

breeding. Brood collection and measurement of larvae, however, only occurred in 2018.

 

Figure 1: Life cycle of Nicrophorus orbicollis and study timeline. The first star indicates when 

temperature dataloggers were placed and data collection began (Day 3) while the second 

indicates when temperature recording stopped, and broods were collected and measured (Day 

10). See main text for further details. 
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Statistical analyses 

I conducted all analyses using the statistical software R (version 3.6.1) (R Core Team 

2019). I used linear mixed-effect models (LME) and standard linear models (LM) where 

appropriate to address all three aims of my study. For all analyses, I assessed model assumptions 

and model fit using diagnostic plots and tests for normality of residuals and calculated Cook’s 

distances to assess influential datapoints and outliers. In instances where simple transformations 

were insufficient for correcting deviations from normality, I used the function bestNormalize 

from the R package bestNormalize to identify a suitable transformation for the data (Peterson & 

Cavanaugh 2019). To allow for the comparison of certain fixed effects, I scaled some data by 

subtracting the mean from each datapoint and dividing by the standard deviation. If a categorical 

predictor with more than two levels was significant in initial models, I ran Tukey post-hoc tests 

of all pairwise comparisons to assess differences among levels. To determine which temperature 

metrics were the best predictors of behavioural and reproductive traits, I compared models, 

including a null, using Akaike’s Information Criterion corrected for small sample size (AICc) 

using the function aictab in the R package AICcmodavg (Mazerolle 2019). In instances of model 

comparison involving temperature metrics as predictors, they were included separately and in 

their own models due to the inherent multicollinearity between temperature variables. These 

individual predictors, when competing, were all used to explain the same response variable 

dataset as all other predictors for each set of model comparisons (Table A1, Table A6, Table A7, 

Table A8).  
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Analysis of brood chamber thermal regime 

To address my first aim (describing the natural variation in temperature that N. orbicollis 

encounters in brood chambers and comparing that to ground surface and non-use sites), I 

compared the thermal regimes in the brood chamber to those of non-use subterranean sites and 

the ground surface. For this analysis, I ran four LMEs with four different components of the 

thermal regime as response variables – mean, maximum, minimum, and the standard deviation of 

temperature. All models included the same predictor variables of temperature logger location as 

a fixed effect (brood chamber, soil surface, non-use subterranean site) and site identity as a 

random effect, grouping data for the three locations from a single sampling site. For these 

models, I only included successful broods (non-abandoned carcasses with larvae), and so 

excluded 7 out of 50 nests that seemed to have failed prior to the time when larval data were 

collected (day 10 after carcass burial). I ln-transformed maximum temperature and standard 

deviation so that these variables better fit a normal distribution. I also removed an influential 

outlier (34.5oC) from the maximum temperature dataset which was 3.2 SD above the mean, and 

likely reflected equipment malfunction or some other source of measurement error.  

Analysis of variation in burial depth 

 To address the second aim (documenting natural associations between temperature and 

reproductive behaviours), I examined whether the burial depth of brood chambers was predicted 

by air temperature during the time when the beetles were locating and preparing the carcass. I 

used temperature data from an Environment Canada weather station located approximately 40 

km from QUBS for air temperature data, and ran separate linear models for maximum 

temperature, mean temperature, and minimum temperature over the 24-hour period prior to 
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burial, as well as an intercept-only null model. Each model had ln-transformed chamber depth as 

the response variable and one of the above components of temperature as a fixed effect, scaled to 

allow for the direct comparison of effect estimates and AICc values. I then compared these 

models along with a null model using AICc to determine which temperature metric best 

predicted burial depth.  

 To assess how burial depth influence brood chamber thermal conditions, I determined if 

burial depth predicted the observed difference between recorded temperatures metrics on the 

surface and in the brood chamber. For these analyses, I created separate linear models for each of 

the four temperature metrics: mean, maximum, minimum and standard deviation. Each global 

model used the difference between the temperature metric recorded at the surface and the same 

temperature metric recorded in the brood chamber as a response variable, with the brood 

chamber depth (ln-transformed), the temperature metric recorded at the surface, and the 

interaction between those variables as predictors. These models were then simplified using the 

dredge function from the R package “MuMIn,” using AICc values to compare the model fit of all 

recombinant versions of the global model, including a null. I report the top-ranked model in the 

main results and present full details of model selection in the appendix (Tables A2-A5). I 

removed an influential outlier (3.1 oC, Cook’s distance = 1.04) from the analysis of mean 

temperatures.  

Brood chamber temperatures and reproductive output 

 To address the final aim of my study (documenting natural associations between 

temperature and fitness components such as brood size and larval mass), I examined how brood 

chamber temperatures might predict the reproductive output of N. orbicollis. For these analyses, 
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I used the number of larvae (total number of larvae from a single brood), brood mass (combined 

mass of all larvae in a single brood), and mean larval mass (the mean mass of an individual larva 

from a given brood) as estimates of reproductive output. I analyzed four components of 

temperature as a proxy for the thermal regime in the brood chamber (mean, maximum, 

minimum, and standard deviation). No transformations were required for the response variables 

(number of larvae, brood mass, and mean larval mass) in these analyses, however, maximum 

temperature was ln-transformed, minimum temperature was square-root transformed, and mean 

temperature was “Ordered Quantile” normalization (ORQ) transformed prior to analyses to 

improve model fit (Peterson & Cavanaugh 2019). For the models predicting mean larval mass, I 

also included brood size as a fixed effect to control for the expected trade off between offspring 

size and number (Smith & Fretwell 1974). Results were similar in analyses that did not include 

brood size. For each of the three larval and brood traits, I ran five linear models: one for each of 

the four temperature metrics and an intercept-only null model. I scaled the temperature metrics in 

these model comparisons to allow for the direct comparison of effect estimates and AICc values. 

I then compared the fit of these models using AICc to determine which temperature metric best 

explained variation in each response variable. Unlike all of the above-described analyses, where 

data were collected in both 2017 and 2018, data for these analyses of reproductive output were 

collected only in 2018. 
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CHAPTER 3 RESULTS 

 Sample size is reported separately for each analysis, as these differed across tests due to 

differential data collection between years and some missing data. All effect estimates (β) are 

presented with 95% confidence intervals in parentheses. Following required transformations, 

temperature metrics were scaled, which improves ability to directly compare the magnitude of 

effects across these metrics. 

Comparison of thermal regimes among locations 

Temperature varied among the three locations (Figure 2; S = soil surface, N = non-use 

site, B = brood chamber). Maximum temperature was higher on the soil surface than in non-use 

and brood chamber sites, but similar in brood chamber and non-use sites. (Figure 2A; N = 

[42S,43N,43B]; LME, F(2,83) = 58.37, p < 0.001; Tukey post-hoc comparison S vs B, t = -9.98, p < 

0.001; S vs N, t = -8.64, p < 0.001; N vs B t = -1.36, p = 0.368). Minimum temperature was 

lowest on the soil surface, higher in non-use sites, and highest in brood chambers (Figure 2B; N 

= [43S,43N,43B]; LME, F(2,84) = 64.97, p < 0.001; Tukey post-hoc comparison S vs B, t = 11.32, p 

< 0.001; S vs N, t = 6.79, p < 0.001; N vs B, t = 4.53, p = 0.001). Mean temperature was higher 

on the soil surface than in the brood chamber or non-use sites, and similar in brood chamber and 

non-use sites (Figure 2C; N = [43S,43N,43B]; LME, F(2,84) = 13.14, p < 0.001; Tukey post-hoc 

comparison S vs B, t = -3.21, p = 0.005; S vs N, t = -5.07, p < 0.001; N vs B, t = 1.86, p = 0.158). 

Temperature variation was greatest on the soil surface, lower in non-use sites, and lowest in 

brood chambers (Figure 2D; N = [43S,43N,43B]; LME, F(2,84) = 115.08, p < 0.001; Tukey post-hoc 

comparison S vs B, t = -14.61, p < 0.001; S vs N, t = -10.86, p < 0.001; N vs B, t = -3.75, p = 

0.001).  
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Figure 2: Thermal regimes differed among sites: inside the brood chambers of Nicrophorus 

orbicollis (Brood), in a subterranean non-use site at a similar depth (Non-use), and on the soil 

surface (Surface). A, maximum temperature (ln-transformed); B, minimum temperature; C, mean 

temperature; and D, variation in temperature (standard deviation of the temperature data, ln-

transformed), all from data collected over a 7-day period during larval development. Raw data, 

in grey, are superimposed over the boxplots and slightly jittered along the x-axis to better show 

overlapping data points. Horizontal lines in each boxplot represent median values, the bottoms of 

the boxes represent the 25th percentile and the top of the boxes represent the 75th percentile. The 

whiskers represent 1.5 inter-quartile ranges. Data were collected in 2017 (open circles) and 2018 

(filled circles), which had very different temperature conditions. Differences between locations 

are indicated by the letters above each plot. One influential outlier was removed from the 

analysis of maximum temperature (Surface, 34.5 °C). See main text for statistical support. (For 

untransformed data of maximum and standard deviation, see Figure A2.) 
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Variation in burial depth 

 Brood depth was best predicted by maximum ambient air temperature on the day of 

carcass discovery and burial (Table A1). Broods were buried deeper when maximum air 

temperatures were higher (Figure 3; LM, N = 37, β = 0.25[0.11, 0.39], F(1,35) = 12.77, p = 

0.001). Temperature conditions were cooler at the time of data collection in 2017 as compared to 

2018, and there was no temperature data overlap between years (Figure 3).  

 The difference between temperature metrics on the surface of the soil and within the 

brood chamber was predicted by both the temperatures on the soil surface and the burial depth of 

the brood chamber, depending on the observed metric (Figure 4 – 6). Mean and maximum 

temperatures on the surface of the soil best predicted the difference in mean (Figure 4; Table A2; 

LM, N = 36, β = 0.14[0.06, 0.23], F(1,34) = 11.28, p = 0.002) and maximum (Figure 5; Table A3; 

LM, N = 37, β = 0.53[0.43, 0.62], F(1,35) = 120.6, p < 0.001) temperatures in the brood chamber, 

with increasing surface temperatures resulting in a larger difference between the surface and the 

brood chamber. When analysing minimum temperatures, the top model contained both minimum 

surface temperatures and burial depth but not the interaction between these two variables, 

however, all evaluated models including the null were within 2.00 AICc units of each other, and 

we therefore did not find strong evidence of any predictive relationships with the fixed effects 

(Table A4). The difference between the variation in temperature at the surface of the soil and in 

the brood chamber (Figure 6; Table A5; LM N = 37, F(2,34) = 45.12, p < 0.001) was best predicted 

by both the variation in temperature on the surface (β = 0.59[0.45, 0.72], p < 0.001) and the 

brood chamber depth (β = 0.19[0.01, 0.38], p = 0.04), with the difference between the metrics 

increasing with increasing temperature variation at the surface and with increasing depth.  
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Figure 3: Nicrophorus orbicollis buried mouse carcasses deeper when the maximum air 

temperature over the 24-hour period prior to carcass burial was higher. Brood chamber depth (y-

axis) is plotted in centimeters below soil level and is ln-transformed to fit the assumptions of the 

linear model. Temperature data were collected from Hartington weather station located 

approximately 40 kilometers from the study site. Data were collected in 2017 (open circles) and 

2018 (filled circles), which had very different temperature conditions. The dotted line represents 

a regression line, and the grey shaded area shows the 95% confidence interval. Refer to main text 

for statistical support. (For untransformed data, see Figure A3.) 
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Figure 4: The mean surface temperature over the course of a breeding event predicts the 

difference between the mean surface temperature and mean brood chamber temperature recorded 

in natural breeding pairs of Nicrophorus orbicollis. Dashed lines represent regression lines, and 

the grey shaded area shows the 95% confidence interval. Data were collected in both 2017 and 

2018, across both years of study. Refer to main text for statistical support.  
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Figure 5: The maximum surface temperature over the course of a breeding event predicts the 

difference between the maximum surface temperature and maximum brood chamber temperature 

recorded in natural breeding pairs of Nicrophorus orbicollis. Dashed lines represent regression 

lines, and the grey shaded area shows the 95% confidence interval. Data were collected in 2017 

and 2018 across both years of study. Refer to main text for statistical support. 

  



 

24 

 

 

Figure 6: Surface temperature variation over the course of a breeding event and the burial depth 

of the brood chamber (ln-transformed) predict the difference between the surface temperature 

variation and brood chamber temperature variation recorded in natural breeding pairs of 

Nicrophorus orbicollis. The residual difference in temperature variation between the soil surface 

and brood chamber, after controlling for a relationship with brood chamber depth, increased with 

increasing surface temperature variation (A), and the residual difference in temperature variation 

between the soil surface and brood chamber, after controlling for a relationship with surface 

temperature variation, increased with brood chamber depth (B). Dashed lines represent 

regression lines, and the grey shaded area shows the 95% confidence interval. Data were 

collected in 2017 and 2018 across both years of study. Refer to main text for statistical support.  
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Brood chamber temperatures and reproductive output 

 Different components of the thermal environment were the best predictors of each 

estimate of reproductive output. The number of larvae in each brood was best predicted by the 

mean temperature inside the brood chamber, with more larvae produced in broods that 

experienced higher average temperatures (Figure 7A; Table A6; LM, N = 22, β = 3.13[1.26, 

4.99], F(1,20) = 11.27, p = 0.003).  

Mean larval mass was best predicted by the variation in temperature inside the brood 

chamber (standard deviation in brood chamber temperature) after controlling for a relationship 

between mean larval mass and brood size (LM, N=22, β= -0.01[-0.02, 0.00], F(1,20)= 4.21, 

p=0.054), with residual larval mass being lower in broods that encountered greater temperature 

variation (Figure 7B; Table A7; LM, N = 22, β = -0.08[-0.12, -0.04], F(2,19) = 11.54, p = 0.001).  

Total brood mass (combined mass of all larvae in a single brood) was best predicted by 

the minimum temperature inside the brood chamber, with total brood mass being lower in broods 

that experienced lower minimum temperatures (Figure 7C; Table A8; LM, N = 22, β = 

0.95[0.31, 1.60], F(1,20) = 8.76, p = 0.008).   
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Figure 7: Varying aspects of the thermal regime within the brood chamber predict the 

reproductive output of Nicrophorus orbicollis. A, Nicrophorus orbicollis produced more third-

instar larvae (y-axis) when mean temperatures inside the brood chamber (x-axis) were higher; B, 

Residual mean mass of third-instar larval Nicrophorus orbicollis, controlling for a relationship 

with brood size (y-axis), was lower in broods that experienced more variable temperatures (x-

axis, standard deviation of temperature); C, Total brood mass (y-axis, the combined mass of all 

third-instar larvae in a single brood) of Nicrophorus orbicollis was greater in brood chambers 

that experienced higher minimum temperatures (x-axis). Dashed lines represent regression lines 

and grey shaded areas show 95% confidence intervals. Data for these analyses were collected 

only in 2018. Refer to main text for statistical support. (For untransformed data, see Figure A4.) 

 



 

27 

 

CHAPTER 4 DISCUSSION 

In this study, we aimed to describe the natural thermal ecology of N. orbicollis and to 

document natural associations between temperature, behaviour, and reproductive output. We 

found that the realized thermal regime is variable and differs from both ambient (soil surface) 

temperatures and other subterranean (non-use) temperatures (Figure 2). We also found that 

carcass burial depth was best predicted by the maximum ambient temperature on the day of 

carcass discovery and burial, with higher maximum temperatures associated with greater burial 

depths (Figure 3). Furthermore, the difference between the thermal regime experienced on the 

surface and that experienced within the brood chamber was predicted both in part by the 

temperature metrics measured on the surface of the soil, with respect to mean (Figure 4), 

maximum (Figure 5), and temperature variance (Figure 6), and the depth of the brood chamber 

with respect to temperature variance (Figure 6). Finally, we found that differing components of 

temperature best predicted different estimates of reproductive output; brood size increased with 

mean temperatures, mean larval mass decreased as temperature variation increased, and total 

brood mass decreased as the minimum temperature decreased (Figure 7).  

 The thermal regime N. orbicollis experience in their brood chambers differed from both 

soil surface temperatures and other subterranean temperatures (Figure 2). Specifically, the brood 

chamber had lower mean and maximum temperatures than the soil surface, and higher minimum 

temperatures and less variable temperatures than either the soil surface or non-use subterranean 

sites (Figure 2). Cooler temperatures in brood chambers and other subterranean sites are 

unsurprising, given that temperatures should decrease with increasing soil depth. Soil also holds 

thermal energy better than air, so the higher minimum temperatures and less variable 

temperatures in brood chambers are also expected. However, the finding that the thermal regime 
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in brood chamber differed from subterranean non-use locations, with higher minimum 

temperatures and less variable temperatures, suggests that N. orbicollis is either directly or 

indirectly manipulating the brood chamber thermal regime. We cannot determine the exact 

mechanism, though several plausible explanations exist. For example, N. orbicollis beetles might 

select burial sites that are better buffered from temperature fluctuations than the random non-use 

sites that we measured. Additionally, the heat generated by metabolism of the beetles and 

microbes that are consuming the carcass could also buffer brood chamber temperatures 

(Rodriguez & Bass 1985). Regardless of the mechanism, we can conclude that the thermal 

ecology of these beetles cannot be solely inferred from ambient soil or air temperature 

recordings.  

The beetles buried carcasses deeper in warmer conditions, with burial depth increasing by 

~1.3cm for every degree C increase in maximum air temperature on the day of carcass discovery 

(Figure 3). This behavioural response to temperature might serve several adaptive functions 

related to competition and the brood chamber thermal environment. Carcass burial determines 

where the brood chamber will be, what thermal regime it will experience, and how protected the 

carcass and brood will be against possible scavenging or predation. Nicrophorus beetles might 

bury carcasses to reduce inter- and intra-specific competition (Wilson & Fudge 1984a, Wilson & 

Knollenberg 1984, Scott 1998). As carrion decomposes, it releases volatile compounds into the 

air, which can attract nearby organisms, including carrion beetles and vertebrate scavengers 

(Grassberger & Frank 2004, Statheropoulos et al. 2005, Kalinova et al. 2009). As temperature 

increases, so does the rate of decomposition, leading to a greater release of volatile compounds 

into the air, which could increase the likelihood that another organism finds the carcass (Shean et 

al. 1993, Matuszewski et al. 2010). Once buried, the carcass should transmit volatile compounds 
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less readily (Payne et al. 1968, Rodriguez & Bass 1985, Scott 1998). Therefore, the beetles may 

be burying deeper in warmer temperatures to more effectively reduce the spread of these 

compounds into the air, thus better concealing the carcass from potential competitors, predators, 

and scavengers.  

 Another possible function of deeper brood chambers in warmer temperatures comes from 

another form of competition facing N. orbicollis – that from microbes. Soil borne microbes and 

microbial decomposers are one of the most significant sources of competition for carrion 

resources that the burying beetles face, with the potential for detrimental effects on reproductive 

success and larval growth (Wilson & Fudge 1984, Rozen et al. 2008, Steiger et al. 2011, Arce et 

al. 2012, Vogel et al. 2017). Burying beetles have many mechanisms to counter these negative 

effects such as the production and secretion of antimicrobial compounds from both adult and 

larval beetles onto the carcass and behaviours such as avoidance of carcasses in advanced stages 

of decomposition (Rozen et al. 2008, Steiger et al. 2011, Arce et al. 2012, Vogel et al. 2017). 

Here, we suggest the possibility that increasing burial depths in response to warming 

temperatures may also be a behavioural response to counter microbial competition. As much as 

50% of microbial soil respiration occurs in the top 8 cm of soil in the forest floor, with the 

activity of these microbes increasing exponentially with increasing temperatures and decreasing 

rapidly with soil depth (Alvarez et al. 1998, Agnelli et al. 2001, Fang & Moncrieff 2005). As 

temperatures begin to rise, increasing the competitive ability and detrimental effects associated 

with soil-borne microbial activity, N. orbicollis beetles might attempt to compensate by burying 

deeper into the soil.  

In support of a final, and non-exclusive, explanation for the relationship between air 

temperature and brood chamber depth, we hypothesized that the beetles might, in part, bury 
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deeper in warm weather to avoid high temperatures and reduce larval exposure to suboptimal 

temperatures for growth and development. In our analyses, we found some support for these 

ideas (Figures 4, 5, 6). Our findings suggest that brood chamber temperature is buffered from 

extremely warm conditions, as the thermal environment in the chamber increasingly diverges 

from surface temperatures as they increase (Figure 4, 5), suggesting that brood chambers 

experience more similar mean and maximum temperatures than would be predicted by surface 

temperatures. Burying deeper also seemed to be effective in reducing temperature variation in 

the brood chamber (Figure 6). These findings suggest that by burying deeper in warmer 

conditions, the beetles are attempting to reduce the exposure of their larvae to extreme 

temperatures that might be suboptimal for growth and development. Given that we do not have 

the experimental evidence required to link causal mechanisms to increased burial depth in these 

higher temperatures, we cannot currently disentangle the potential role that these three non-

exclusive mechanisms play in contributing to the pattern we have described. 

 Brood size increased with the mean temperature in the brood chamber (Figure 7). The 

total number of larvae in a Nicrophorus brood is in part regulated through post-hatching 

cannibalism by the parents (Bartlett 1987, Trumbo 1990, Trumbo & Fernandez 1995). Females 

will often lay more eggs than the resources on a given carcass can support, as a possible means 

of mitigating the negative effects of low egg survival and low larval recruitment, which can 

sometimes occur in this genus (Bartlett 1987, Trumbo 1990, Trumbo & Fernandez 1995). 

Facultative cannibalism of larvae can increase growth rate and survival in those larvae that 

remain, and is influenced by factors such as carcass size, the nutritional state of the female, and 

larval density (Creighton 2005, Steiger et al. 2007, Steiger 2013, Capodeanu-Nägler et al. 2016, 

Woelber et al. 2018). Previous experimental work from our lab has also shown that temperature 
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affects brood size in N. orbicollis. This captive study, which used constant temperatures of 17°C, 

20°C, and 23°C, found larger brood size at lower temperatures, which is opposite the correlative 

findings presented here (Ong 2019). Similarly, brood sizes of burying beetles from warmer 

climates and during warmer portions of the breeding season are generally smaller, however 

geographic and seasonal effects cannot be distinguished from the direct effects of temperature in 

these studies (Meierhofer et al. 1999, Müller et al. 2007). It should also be noted that 

temperatures in field studies were measured above the soil surface and not within the brood 

chamber itself, and laboratory experiments were conducted at constant temperatures (Meierhofer 

et al. 1999). Our results conflict with these previous findings in Nicrophorus but are consistent 

with what is found in most other insects, which generally have greater reproductive output at 

higher temperatures. We found that mean brood chamber temperatures in nature (18°C) were 

lower than temperatures used in many captive studies. Overall, our findings suggest that thermal 

regimes in the field were generally within the range that N. orbicollis is well adapted to, and so 

we couldn’t detect fitness costs of higher temperatures that have been found in experimental 

studies. Further research could determine if warming temperatures in a natural setting, where 

thermal fluctuations could be kept intact, have similarly detrimental impacts on N. orbicollis 

reproductive success.   

 One of the most surprising findings from our study was that the average mass of third-

instar larvae was best predicted by the temperature variation, with average mass declining as 

temperature conditions became more variable (Figure 7). Diel fluctuations in temperature can be 

particularly challenging for ectotherms, in part because metabolic demands of cellular 

maintenance increase non-linearly at higher temperatures (Ruel & Ayres 1999). These increased 

demands can lead to trade-offs in energy allocation, reducing investment in growth and 
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development (Colinet et al. 2015, Kern et al. 2015). This effect can be especially important 

during larval stages of development and can result in slower development rates (Les et al. 2007), 

and/or smaller body size at maturity (Atkinson 1996) in comparison to individuals developing in 

stable thermal conditions at equivalent mean temperatures (Meierhofer et al. 1999, Dhillon & 

Fox 2007). In line with this, we also found that total brood mass was higher in broods that 

experienced warmer minimum temperatures (Figure 7). The mechanism responsible for this 

association could be similar to that of the previous findings, as we expect mean temperatures to 

increase and temperature variation to decrease as minimum temperatures increase, thus leading 

to larger brood sizes and increased individual larval size. These two factors together would then 

increase the total brood mass for those broods experiencing higher minimum temperatures.  

N. orbicollis are an attractive captive system for a wide array of biological studies 

because of their complex reproductive behaviours, unique ecology, and the relative ease of 

breeding and maintaining them in captivity (Trumbo 1991, Trumbo et al. 1995, Eggert et al. 

1998, Panaitof et al. 2004, Rozen et al. 2008, Arce et al. 2012). Such studies use temperature 

either directly (i.e., as a manipulated factor of interest) or indirectly (i.e., simply by selecting a 

thermal regime), and the chosen thermal environment could influence the outcome of many 

studies. For N. orbicollis, and burying beetles more generally, a stable thermal regime of 20-

22°C is usually used in captive studies that are often conducted at normal indoor room 

temperatures, which makes the maintenance of captive populations easier, as it eliminates the 

need for expensive infrastructure like temperature-controlled chambers (Eggert et al. 1998, 

Panaitof et al. 2004, Scott 2006, Rozen et al. 2008, Arce et al. 2012, Trumbo & Xhihani 2015). 

In our study, however, we found that mean temperatures experienced in the brood chamber were 

closer to 18°C across two years of study (Figure 2), and in the cooler of the two years the mean 
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brood chamber temperature was only 16°C. Furthermore, in all aspects of the thermal regime 

examined here, mean, maximum, minimum, and standard deviation, brood chamber temperatures 

varied significantly from the temperature on the surface of the soil (Figure 2). These results, 

when combined with previous findings from our lab showing that N. orbicollis has the highest 

reproductive success at a constant temperature of 17°C, when compared to 20°C and 23°C (Ong 

2019), suggest that these commonly used captive breeding temperatures for burying beetles may 

not represent optimal conditions.  

 Most captive studies on Nicrophorus beetles, and other model organisms, use constant 

temperatures (Trumbo 1991, Trumbo et al. 1995, Eggert et al. 1998, Panaitof et al. 2004, Rozen 

et al. 2008, Arce et al. 2012). Fluctuations in temperature may have ecologically important 

effects on life history, behaviour, physiology, growth, and many other traits. Past work on a 

related species from the Nicrophorus genus, N. vespilloides, supports these ideas. Beetles reared 

in constant temperatures of 15°C in captivity developed faster than beetles in a natural setting 

when daily average temperatures were 15°C (Meierhofer et al. 1999). Here, in describing the 

thermal ecology of N. orbicollis, we discovered that even though temperatures within the brood 

chamber are significantly less variable than ambient surface temperatures and similar depth non-

use locations (Figure 2), they are still variable, having an average standard deviation of 1.2 °C, 

with an average maximum of 20.5 °C, and average minimum of 15.7 °C. This, combined with 

evidence that short term variance has the potential to impact life-history traits and fitness beyond 

the effects of mean temperature alone, indicate a significant need for the inclusion or at least the 

consideration of these thermal traits when conducting captive research (Ruel & Ayers 1999, 

Martin & Huey 2008, Clusella-Trullas et al. 2011). 
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This study suffered from a few methodological limitations. To ensure we could locate 

brood chambers, we had to tether carcasses, which might have limited habitat choice by the 

beetles. We allowed a 2-meter radius of habitat selection and only a single pair buried their 

carcass beyond 1 meter away from the stake (127cm), so we expect that this limitation had 

minimal effect on thermal habitat selection. The challenges associated with larva collection 

might constitute another limitation, as we were unable to guarantee that the entire brood was 

collected. Some larvae might have already dispersed or were simply missed during collection. To 

mitigate this limitation, we sifted through a large area of soil/forest floor, usually a 10-20 cm 

area surrounding the brood chamber, to locate larvae that might have dispersed away from the 

carcass. Small sample sizes and large gaps in our temperature data also reduce both the 

generalizability of the results and the confidence with which we can predict associations between 

temperature and other variables (Figure A1). Additionally, the use of ORQ transformations for 

some of our data, which force the data to fit a normal distribution regardless of the distribution of 

the untransformed data, increases the difficulty of comparing between competing models. Given 

the correlative nature of our study, we also cannot determine if the associations with temperature 

are causal or driven by an unmeasured factor that is correlated with temperature. In the analysis 

of relationships between burial depth and air temperature on the day of burial, the year the data 

was collected has a significant impact on both variables (Figure 3). As such, we cannot exclude 

the possibility that some other factor that varied between years (and was correlated with 

temperature) is the causal factor that influenced burial behaviour. 

The need for similar studies to that which we explore here is becoming increasingly 

important, especially in this system. First and foremost, future studies should aim to fill the gaps 

in temperature data described in this study as this would help to strengthen the relationships 
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discovered and may even point to different conclusions than those found here. Furthermore, 

these studies should attempt to re-create, in a captive setting, the relationship between brood size 

and temperature which we describe here, using temperatures that more closely mimic those seen 

in nature, including natural diel fluctuations in temperature if possible. This would also aide in 

teasing out the mechanisms behind the disagreement in life-history strategies that our captive and 

field observations have found, with increased reproductive output at warmer temperatures in the 

field, but cooler temperatures in captivity.  

Overall, our findings suggest that we should use caution when interpreting results from 

past studies rearing these beetles or conducting experiments in constant temperatures, as we 

know that this could have ecologically important effects on the life-history strategies and 

behaviour of the beetles. In this study, we began to characterize the thermal ecology of N. 

orbicollis, describing natural daily temperature fluctuations that individuals are exposed to across 

their breeding season. Additionally, we found evidence of a behavioural adaptation, carcass 

burial depth, that responds to challenging thermal environments and posited three plausible, non-

exclusive hypotheses for why N. orbicollis beetles may have evolved this trait. We also 

discovered that a myriad of temperature constraints might affect larval growth and development 

and that no one temperature metric is sufficient to predict measures of organismal fitness. 

Furthermore, we found that temperature variation, or the lack thereof, may be an important 

selective pressure in the life history of N. orbicollis. These findings should allow researchers to 

better predict how climate change may affect this and other similar species in the future and 

provide guidelines for thermal conditions used in future captive work on Nicrophorus beetles. 
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APPENDIX: FIGURES AND TABLES 

 

Figure A1: Data distributions for all four temperature metrics used in the analysis of variation in 

burial depth. A, mean temperature; B, maximum temperature; C, minimum temperature; and D, 

standard deviation. Dashed grey lines denote normal distributions given the mean and standard 

deviation in the data. 
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Figure A2: Untransformed data to illustrate how thermal regimes differed among sites: inside the 

brood chambers of Nicrophorus orbicollis (Brood), in a subterranean non-use site at a similar 

depth (Non-use), and on the soil surface (Surface). See figure 2 for plots of data as transformed 

for analyses. A, maximum temperature; B, minimum temperature; C, mean temperature; and D, 

variation in temperature (standard deviation of the temperature data), all from data collected over 

a 7-day period. Raw data, in grey, are superimposed over the boxplots and slightly jittered along 

the x-axis to better show overlapping data points. Horizontal lines in each boxplot represent 

median values, the bottoms of the boxes represent the 25th percentile and the top of the boxes 

represent the 75th percentile. The whiskers represent 1.5 inter-quartile ranges. One influential 

outlier was removed from the analysis of maximum temperature (Surface, 34.5 °C). Data were 

collected in 2017 (open circles) and 2018 (filled circles), which had very different temperature 

conditions.   
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Figure A3: Untransformed data to illustrate how Nicrophorus orbicollis buried mouse carcasses 

deeper when the maximum air temperature over the 24-hour period prior to carcass burial was 

higher. See figure 3 for plots of data as transformed for analyses. Brood chamber depth (y-axis) 

is reported in centimeters below soil level. Temperature data were collected from Hartington 

weather station located approximately 40 kilometers from the study site. Data were collected in 

2017 (open circles) and 2018 (filled circles), which had very different temperature conditions. 

The dashed line represents a regression line. 
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Figure A4: Untransformed data to illustrate how varying aspects of the thermal regime within the 

brood chamber predicts the reproductive output of Nicrophorus orbicollis. A, Nicrophorus 

orbicollis produced more third-instar larvae (y-axis) when mean temperatures inside the brood 

chamber (x-axis) were higher; B, Mean mass of third-instar larval Nicrophorus orbicollis, 

without controlling for a relationship with brood size (y-axis), was lower in broods that 

experienced more variable temperatures (x-axis, standard deviation of temperature); C, Total 

brood mass (y-axis, the combined mass of all third-instar larvae in a single brood) of 

Nicrophorus orbicollis was greater in brood chambers that experienced higher minimum 

temperatures (x-axis). Dashed lines represent regression lines. Data for these analyses were 

collected only in 2018.  
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Table A1: Comparison of models using different temperature metrics to predict brood chamber 

depth. The best performing model is italicized. Temperature metrics were scaled following any 

necessary transformations, to allow for the comparison of model estimates.  

Depth of Brood Chamber (cm) 

Models AICc1 ΔAICc2 ωi
3 R2,4 β 5 p-value 

Maximum Air Temp 46.17 0.00 0.96 0.25 0.25 0.0011 

Mean Air Temp 53.36 7.19 0.03 0.08 0.16 0.045 

Null 55.30 9.14 0.01 NA NA NA 

Minimum Air Temp 56.76 10.59 0.00 0.00 0.08 0.35 
1 Akaike’s Information Criterion corrected for small sample size 
2 difference in AICc as compared to the top-ranked model 
3 Akaike weights 
4 adjusted R-squared value 

5 individual effect (slope) estimates  

Table A2: Model selection of recombinant models with the mean temperatures recorded on the 

surface of the soil, the burial depth of the brood chamber, and the interaction between these 

variables as fixed effects, to predict the difference between mean temperatures recorded on the 

surface and in the brood chamber. The best performing model is italicized. Effect estimates and 

p-values are presented for all models ranked within 2 AICc of the top-ranked model. 

Difference in Mean Temperature (Surface – Brood) (°C) 

Models AICc1 ΔAICc2 ωi
3 R2,4 β5 p-value 

Mean Temp 69.8 0.00 0.70 0.23 0.14 0.0020 

Mean Temp 

Depth 

72.2 2.39 0.21 0.21   

Mean Temp  

Depth 

Mean Temp * Depth 

74.6 4.76 0.07 0.19   

Null 77.8 7.92 0.01 NA   

Depth 79.2 9.32 0.01 0.00   
1 Akaike’s Information Criterion corrected for small sample size 
2 difference in AICc as compared to the top-ranked model 
3 Akaike weights 
4 adjusted R-squared value 

5 individual effect (slope) estimates 
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Table A3: Model selection of recombinant models with the maximum temperatures recorded on 

the surface of the soil, the burial depth of the brood chamber, and the interaction between these 

variables as fixed effects, to predict the difference between maximum temperatures recorded on 

the surface and in the brood chamber. The best performing model is italicized. Effect estimates 

and p-values are presented for all models ranked within 2 AICc of the top-ranked model. 

Difference in Maximum Temperature (Surface – Brood) (°C) 

Models AICc1 ΔAICc2 ωi
3 R2,4 β5 p-value 

Max Temp 114.7 0.00 0.73 0.77 0.53 <0.001 

Max Temp  

Depth 

117.2 2.51 0.21 0.76   

Max Temp  

Depth 

Max Temp * Depth 

119.7 5.09 0.06 0.76   

Depth 164.7 50.03 0.00 0.11   

Null 167.5 52.83 0.00 NA   
1 Akaike’s Information Criterion corrected for small sample size 
2 difference in AICc as compared to the top-ranked model 
3 Akaike weights 
4 adjusted R-squared value 

5 individual effect (slope) estimates 

Table A4: Model selection of recombinant models with the minimum temperatures recorded on 

the surface of the soil, the burial depth of the brood chamber, and the interaction between these 

variables as fixed effects, to predict the difference between minimum temperatures recorded on 

the surface and in the brood chamber. The best performing model is italicized. Effect estimates 

and p-values are presented for all models ranked within 2 AICc of the top-ranked model. 

Difference in Minimum Temperature (Surface – Brood) (°C) 

Models AICc1 ΔAICc2 ωi
3 R2,4 β5 p-value 

Min Temp 

Depth 

88.2 0.00 0.27 0.09 0.10 

0.53 

0.089 

0.049 

Min Temp  

Depth 

Min Temp * Depth 

88.6 0.37 0.23 0.12 -0.27 

-4.15  

0.23 

0.31 

0.11 

0.15 

Depth 88.9 0.66 0.20 0.04 -0.40 0.13 

Null 88.9 0.73 0.19 NA NA NA 

Min Temp 90.0 1.74 0.11 0.01 0.07 0.26 
1 Akaike’s Information Criterion corrected for small sample size 
2 difference in AICc as compared to the top-ranked model 
3 Akaike weights 
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4 adjusted R-squared value 

5 individual effect (slope) estimates 

Table A5: Model selection of recombinant models with temperature variation recorded on the 

surface of the soil, the burial depth of the brood chamber, and the interaction between these 

variables as fixed effects, to predict the difference between ttemperature variation recorded on 

the surface and in the brood chamber. The best performing model is italicized. Effect estimates 

and p-values are presented for all models ranked within 2 AICc of the top-ranked model. 

Difference in Temperature Variation (Surface – Brood) (°C) 

Models AICc1 ΔAICc2 ωi
3 R2,4 β5 p-value 

Temp Variation  

Depth 

12.5 0.00 0.52 0.71 0.59 

0.19 

<0.001 

0.042 

Temp Variation 

Depth 

Temp Variation * 

Depth 

13.7 1.18 0.29 0.71 0.93 

0.55  

-0.18 

0.0043 

0.091 

0.25 

Temp Variation 14.6 2.06 0.19 0.68   

Depth 52.8 40.31 0.00 0.10   

Null 55.5 43.05 0.00 NA   
1 Akaike’s Information Criterion corrected for small sample size 
2 difference in AICc as compared to the top-ranked model 
3 Akaike weights 
4 adjusted R-squared value 

5 individual effect (slope) estimates 

Table A6: Comparison of models using different temperature parameters to predict variation in 

the number of larvae (total number of larvae from a single brood). The best performing model is 

italicized. Temperature metrics were scaled following any necessary transformations, to allow 

for the comparison of model estimates.  

Number of Larvae 

Models AICc1 ΔAICc2 ωi
3 R2,4 β5 p-value 

Mean Temp 131.0 0.00 0.75 0.33 3.13 0.0031 

Maximum Temp 133.5 2.51 0.21 0.25 2.74 0.011 

Null 138.1 7.13 0.02 NA NA NA 

Minimum Temp 139.3 8.31 0.01 0.02 1.33 0.25 

Standard Deviation 140.6 9.66 0.01 -0.04 0.46 0.69 
1 Akaike’s Information Criterion corrected for small sample size 
2 difference in AICc as compared to the top-ranked model 
3 Akaike weights 
4 adjusted R-squared value 
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5 individual effect (slope) estimates  

Table A7: Comparison of models using different temperature parameters to predict variation in 

mean larval mass (the mean mass of an individual larvae from a given brood). All models also 

included brood size as a predictor, to control for offspring size-number trade-offs. The best 

performing model is italicized. Temperature metrics were scaled following any necessary 

transformations, to allow for the comparison of model estimates. 

Mean Larval Mass (g) 

Models AICc1 ΔAICc2 ωi
3 R2,4 β5 p-value 

Standard Deviation -36.07 0.00 0.91 0.50 -0.08 <0.001 

Minimum Temp -31.42 4.65 0.09 0.38 0.07 0.0069 

Maximum Temp -24.85 11.22 0.00 0.17 -0.04 0.19 

Null -24.30 11.77 0.00 NA NA NA 

Mean Temp -22.81 13.26 0.00 0.09 <-0.01 0.87 
1 Akaike’s Information Criterion corrected for small sample size 
2 difference in AICc as compared to the top-ranked model 
3 Akaike weights 
4 adjusted R-squared value 

5 individual effect (slope) estimates  

Table A8: Comparison of models using different temperature parameters to predict variation in 

total brood mass (combined mass of all larvae in a single brood). The best performing model is 

italicized. Temperature metrics were scaled following any necessary transformations, to allow 

for the comparison of model estimates. 

Total Brood Mass (g) 

Models AICc1 ΔAICc2 ωi
3 R2,4 β5 p-value 

Minimum Temp 84.83 0.00 0.72 0.27 0.95 0.0078 

Mean Temp 88.15 3.32 0.14 0.15 0.77 0.042 

Standard Deviation 89.71 4.87 0.06 0.09 -0.63 0.096 

Null 90.12 5.29 0.05 NA NA NA 

Maximum Temp 91.62 6.79 0.02 0.01 0.40 0.30 
1 Akaike’s Information Criterion corrected for small sample size 
2 difference in AICc as compared to the top-ranked model 
3 Akaike weights 
4 adjusted R-squared value 

5 individual effect (slope) estimates  


