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Abstract 

To succeed and thrive in different environments, individuals can express plastic 

phenotypes, including life history traits, to ensure some level of fitness across conditions. As 

such, the plasticity of traits is central to understanding how individuals cope with the challenges 

associated with variable environmental conditions. Previous work has described how several 

traits relevant to fitness respond to different temperatures, but much of this work has focused on 

only one or a few traits and overlooked interactions between traits. Few have considered the 

effects of temperature on parental care – a highly flexible trait that can have important effects on 

fitness and might buffer offspring from environmental challenges. Here, we investigated the 

plasticity of life history traits, including parental care, in the burying beetle Nicrophorus 

orbicollis, which exbibits biparental care. We took an integrative approach to study how 

organisms cope with temperature variation. We conducted a captive experiment to characterize 

the family-level reaction norms of several life history traits across temperatures. We found that 

life history traits showed varying levels of plasticity, and some traits exhibited family-level 

variation in reaction norms, which might reflect underlying heritable variation in plasticity. We 

also found that parental care buffered some but not all effects of temperature on fitness in N. 

orbicollis. Contrary to expectations, offspring size did not change across temperatures. Our 

findings suggest that N. orbicollis cope with challenging warmer temperatures by reducing brood 

size to provide higher levels of care per larva such that offspring eclose at a similar size 

regardless of temperature. Taken together, our results show that life history responses to different 

temperatures reflect the incorporation of several reaction norms, which vary among families and 

have important fitness consequences.  
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Chapter 1 

Introduction and Literature Review 

1.1 General Introduction 

Abiotic and biotic environmental factors vary at a range of temporal and spatial scales. 

When confronted by dynamic and variable environments, phenotypic plasticity allows some 

organisms the ability to express different phenotypes that might be better suited to the new 

environment (Dudley and Schmitt 1996; Agrawal 2001). Here, we define phenotypic plasticity as 

the ability for a genotype to express multiple phenotypes across a range of environments 

(Fordyce 2006; Whitman and Agrawal 2009). With a broad definition of phenotype, including 

the expression of morphological, physiological, behavioral, and life history traits, phenotypic 

plasticity can encompass both short-term, flexible responses to the environment as well as 

longer-term, more lasting changes (e.g., developmental plasticity). Phenotypic plasticity can be 

adaptive, as it can help organisms avoid a phenotype-environment mismatch and help maximize 

an organism’s fitness in a new environment (e.g., water fleas that develop defensive structures in 

the presence of predators have a much higher chance of survival) (Hammill et al. 2008). The 

phenotypic plasticity of life history traits (e.g., fecundity, lifespan, size at maturity, reproductive 

investment) is especially important because of their close associations with fitness, where having 

the ability to survive and reproduce in various environments ensures some level of fitness for an 

individual (Woltereck 1909; Bradshaw 1965; Schlichting 1986; Stearns and Koella 1986; Stearns 

1989a; Thompson 1991; Scheiner 1993). However, with many life history traits exhibiting 

plastic responses and interacting with each other (Schmitt et al. 1992; Schmitt 1993; Sultan and 
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Bazzaz 1993; Pigliucci et al. 1995; Sultan 2003), it can be difficult to tease out which plastic 

responses have important consequences for an individual’s fitness across variable environments.  

Behavioural plasticity can play an essential role in determining how organisms respond to 

challenges in the environment. In animals, behaviour is perhaps the most plastic of all traits 

(Blomberg et al. 2003; DeWitt and Scheiner 2004; Blaustein and Whitman 2009; Wright et al. 

2010). Some behavioural traits are highly flexible and reversible and can respond rapidly to a 

changing environment (Gabriel et al. 2005; Sih et al. 2010). As an example, upon encountering a 

noisy environment, male reed buntings (Emberiza schoeniclus) sing at a higher minimum 

frequency than in quiet environments, allowing their song to be heard by conspecifics (Gross et 

al. 2010). Other forms of behavioural plasticity are longer lasting, with long-term changes in 

behavioural phenotypes in response to developmental conditions. For example, in fruit flies 

(Drosophila melanogaster), males reared in crowded environments, which are smaller than those 

reared in less crowded environments, exhibit more courtship behaviours, presumably to 

compensate for their smaller size (Shenoi et al. 2016). Moreover, some categories of plastic 

behaviours, like parental behaviours, can have significant effects on offspring phenotypes. For 

example, female water pythons (Liasis fuscus) attend to clutches laid in cooler temperatures to 

enhance offspring survival, but they rarely attend clutches laid in warmer temperatures (Shine et 

al. 1997). Incubating the eggs causes the embryos to develop faster, so that the juvenile water 

pythons can hatch while their primary prey is available (Shine et al. 1997).   

Although plasticity can be essential to improving performance across variable 

environments, it is important to note that not all plastic responses are adaptive. Plastic responses 

can have neutral effects – if the response does not affect an individual’s fitness – or they can be 
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maladaptive – if the response decreases an individual’s fitness (Ghalambor et al. 2007). Non-

adaptive plasticity (both neutral and maladaptive plasticity) is particularly common when the 

regulatory mechanism underlying changes in phenotype is driven mainly by the sensitivity of the 

biochemical reactions involved (Stearns 1989a; Ghalambor et al. 2007). For example, enzymatic 

reactions often have varying reaction rates at different temperatures, which may result in sub-

optimal performance (Fields 2001; Angilletta et al. 2003). These sub-optimal enzymatic reaction 

rates can be maladaptive, if periods of reduced reaction rates disrupt or constrain physiological 

functions. Alternatively, they can have neutral effects if individuals can compensate for lowered 

reaction rates via other plastic mechanisms (e.g., producing more enzymes). Generally, when a 

plastic trait is maladaptive, plasticity in other traits can help minimize the fitness costs of 

maladaptive changes (DeWitt et al. 1999; Husak and Swallow 2011).  

Multiple plastic traits interact across levels of biological organization to influence 

performance at the organismal level. Some of these organismal traits include life history traits, 

such as fecundity, body size, lifespan, and age at reproductive maturity. Even at the organismal 

level, plastic traits interact with each other, resulting in life history trade-offs (Stearns 1989b,a). 

For example, in Caenorhabditis elegans, as temperature increases, growth rate increases and egg 

size decreases while fecundity remains the same (Gutteling et al. 2007). The multitude of 

possible interactions between traits can make it difficult to identify which responses increase 

fitness in different environments (Lechowicz and Blais 1988). To understand the fitness 

consequences of these complex interactions, we need to look at the plasticity of a suite of life 

history traits in different environments.  
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Because plasticity can affect fitness, natural selection can shape phenotypic plasticity, 

provided there is heritable variation in plastic responses (Bradshaw 1965; Via 1984; Via and 

Lande 1985; Thompson 1991; Falconer and Mackay 1996; Lande 2009). Within species, 

populations occurring in different environments can show varying levels of plasticity, suggesting 

that plasticity is associated with genetic differentiation and that selection may have acted to 

shape plasticity in some environments (Barker and Krebs 1995; Trotta et al. 2006; Lardies and 

Bozinovic 2008). For example, high altitude populations of terrestrial isopods (Porcellio laevis) 

from Santiago, Chile showed more thermal plasticity in some traits (e.g., metabolic rate, 

offspring size, offspring number) than low latitude populations (Lardies and Bozinovic 2008). 

The plasticity of a trait can also vary between genotypes in terms of the average trait value, 

sensitivity to different environments, and the way the trait changes along an environmental 

gradient (Schmalhausen 1949; Scheiner 1993; Pigliucci 2005); in quantitative terms, these 

factors correspond to the intercept, slope, and shape (e.g., quadratic, polynomial, sigmoidal) of a 

trait’s reaction norm – the trait values expressed across a range of environments (Scheiner 1993; 

De Jong 2005; Pigliucci 2005). For example, in the water flea (Daphnia pulex), the plasticity of 

defensive morphs to predator pheromone varied between genotypes from the same population 

(Hammill et al. 2008). Overall, selection has likely shaped the plasticity of traits to variable 

environments, and ongoing selection might continue to act as populations encounter changing 

environments (Levins 1963; Schlichting and Smith 2002; Lamarque et al. 2015).  

The reaction norm approach, where phenotypes of different genotypes are measured 

along an experimental environmental gradient (Woltereck 1909), is the common method used to 

characterize the plasticity of traits (Via and Lande 1985; Falconer 1990). This approach allows 

for the description of responses to different environments, and, when replicates of genotypes are 
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included, allows for assessment of the heritable basis of individual variation (i.e., genotype by 

environment interaction effects), and the potential for plasticity to respond to selection 

(Woltereck 1909). Much previous work has focused on population-level reaction norms which 

reflect mean differences between individuals from different populations (Schlichting 1986; Via 

1993). Fewer studies have used genotype-level reaction norms which reflect individual 

differences in responses within a population (Via 1984). Genotype-level reaction norms are often 

created by subjecting individuals of the same genetic makeup, such as clones, to different 

environments (De Jong 2005). To estimate genetic variation in phenotypic plasticity to different 

environments, genotype-level reaction norms are ideal, because we can observe how a single 

genotype responds to different conditions. However, as most animals do not produce clones and 

inbreeding can confound results through exposing the effects of deleterious alleles, family-level 

reaction norms, where full siblings from the same family are divided into different experimental 

conditions, are often preferred (Via 1993; Pigliucci and Schlichting 1996; Gotthard 1998). 

Studies that use genotype or family-level reaction norms can provide insight into how certain 

genotypes should fare in response to natural selection. 

1.2 Plastic responses to temperature 

Temperature is one of the most common cues that produces plastic responses. Almost all 

organisms experience variable temperatures within their lifespan, and the workings of many 

biological processes are closely associated with and responsive to temperature. Temperature can 

affect biochemical reactions, which can scale up to influence growth, development, and other life 

history traits, ultimately affecting an organism’s fitness (Morreale et al. 1982; Huey and 

Kingsolver 1989; Watt 1991; McNamara et al. 2011). Temperature is also an essential cue for 

timing of key life history events such as flowering, egg laying, migration, and emergence 
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(Harper and Peckarsky 2006; Visser et al. 2009; Tooke and Battey 2010; McNamara et al. 2011; 

Studds and Marra 2011; de Jong and Leyser 2012). The importance of the role of temperature in 

biology combined with the increasingly unpredictable weather and temperature fluctuations due 

to climate change makes it imperative to understand how organisms cope with changes in 

temperature (Easterling 2000). 

Many traits show plastic responses to temperature to buffer detrimental effects of sub-

optimal temperatures on physiology. In endothermic organisms, physiological processes that 

regulate internal body temperature are plastic. For example, metabolic heat production in 

endothermic organisms is plastic as it continually changes to match the rate of heat loss to the 

environment (Ruben 1995). Ectothermic organisms, however, rely on external heat sources to 

thermoregulate and have a myriad of ways to cope with temperature changes. For example, 

alpine grasshoppers (Kosciuscola tristis) change colour from green-blue to a dull black when 

temperatures drop below 15ºC to maximize heat absorption (Key and Day 1954). Ectotherms can 

also exhibit plastic thermoregulatory behaviours such as moving to warmer or cooler locations to 

maintain closer to optimal body temperature for biological functions (Huey and Berrigan 2001). 

As an example, the caterpillars of the pipevine swallowtail butterfly (Battus philenor) climb onto 

non-host plants that are taller than their preferred host plants to avoid overheating, because air 

temperature decreases farther away from the ground (Nice and Fordyce 2006). Because 

ectotherms are particularly vulnerable to changes in ambient temperature (Huey and Berrigan 

2001; Deutsch et al. 2008; Kearney et al. 2009; Clusella-Trullas et al. 2011; Paaijmans et al. 

2013), an ectotherm’s performance, including behaviour, development, and reproduction, is 

often temperature dependent (Davidson 1944; Heinrich 1974; May 1979; Huey 1982; 
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Wermelinger and Seifert 1998). As such, many life history traits in ectotherms show thermal 

plasticity.  

In ectotherms, body size at maturity is a life history trait that is commonly plastic with 

temperature. The temperature-size rule is a broad pattern that describes the thermal plasticity of 

body size in ectotherms, and states that at higher developmental temperatures, ectotherms 

develop faster but attain a smaller body size at maturity than individuals reared in cooler 

temperatures (Atkinson 1994). Although the temperature-size rule has fascinated biologists over 

several decades, the underlying mechanisms are not entirely understood (Sibly and Atkinson 

1994; van der Have and de Jong 1996; Angilletta, Jr. and Dunham 2003; Walters and Hassall 

2006; Kingsolver and Huey 2008). Generally, various explanations attribute the temperature-size 

rule as a consequence of temperature effects on physiological mechanisms. Some organisms, like 

some reptiles and insects, exhibit exceptions to the rule (Atkinson 1995; Walters and Hassall 

2006). These exceptions might occur due to the differences in the evolutionary history of an 

organism. For example, in the temperate grasshopper (Chorthippus brunneus), a univoltine, high-

temperature specialist, the temperature-size rule is reversed: individuals develop faster and have 

larger body sizes at warmer temperatures (Willott and Hassall 1998; Walters and Hassall 2006). 

The reverse temperature-size rule in these grasshoppers may be an adaptation to the high-

temperature environments in which they thrive. The mechanisms that underlie those adaptations 

might have a genetic basis (Kammenga et al. 2007). Further, selection experiments in Drosophila 

melanogaster have shown that it is possible to select for reaction norms that oppose the 

temperature-size rule (Scheiner and Lyman 1991). 
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Parental care is another trait that can change with environmental temperature. In some 

species, parental care is necessary to maintain appropriate temperatures for the proper 

development and the survival of offspring (van Iersel 1953; White and Kinney 1974; AlRashidi 

et al. 2010). For example, in three-spined sticklebacks (Gasterosteus aculeatus), male parents 

increase egg-fanning rates at higher temperatures, because the metabolic requirements of 

embryos increase with temperatures and the embryos require more oxygenation (van Iersel 1953; 

Candolin et al. 2008; Hopkins et al. 2011). Parents that can provide enough care to overcome the 

challenges of variable temperatures will have a higher rate of offspring survival (Candolin et al. 

2008; AlRashidi et al. 2010) and thus, higher fitness. However, sometimes the relationship 

between temperature and parental care can be complicated by trade-offs between self-

maintenance and parental care. For example, tree swallows (Tachycineta bicolor) in 

experimentally cooled nests boxes spend less time incubating and, presumably, spend more time 

foraging and so, have lower quality offspring (Ardia et al. 2010). More information on the 

thermal plasticity of parental care is needed, as we lack experimental studies that characterize 

thermal reaction norms of parental behaviours and their effects on other life history traits. 

Although we have a good understanding of how individual traits such as body size or 

parental care change with temperature in many species, it is still unclear how multiple life history 

traits change in conjunction with each other across variable temperatures (Hertz et al. 1983; 

Huey et al. 1995; Steyermark and Spotila 2001). In particular, it is unclear how parental care 

might affect the plasticity of other life history traits in challenging temperature environments 

(Schaffer 1974; Stearns 1989a). Measuring the plasticity of life history traits, as well as the 

fitness consequences of plasticity, across different temperatures will allow us to predict the 
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vulnerability of ectotherms to various thermal environments and gain a better understanding of 

the role of plastic life history traits in buffering temperature effects on fitness.  

1.3 Scope of thesis 

My masters’ research focused on understanding how temperature affects life history traits 

in animals, with a particular interest in whether plastic behavioural traits help organisms cope 

with thermal challenges. I chose the burying beetle, Nicrophorus orbicollis, as my study system 

as it has unique characteristics that make it ideal for my research question.  

1.3.1 Study species 

Nicrophorus beetles, commonly called burying beetles, occur mainly in northern 

temperate regions with a few exceptions in tropical regions (Milne and Milne 1976; Anderson 

1982; Wilson and Fudge 1984; Wilson et al. 1984; Anderson and Peck 1985; Scott and Traniello 

1990; Sikes and Venables 2013). They are members of the Silphid family (the carrion beetles). 

Most Nicrophorus species feed on carrion and require small vertebrate carcasses as a 

reproductive resource. Across the diverse genus (72 species) (Sikes and Venables 2013), 

Nicrophorus exhibit an array of plastic reproductive strategies including facultative biparental 

care, brood size reduction via cannibalism, cooperative breeding, and sperm storage (Milne and 

Milne 1976; Bartlett 1987; Scott 1989; Trumbo 1992; Trumbo 1994; Ratcliffe 1996).  

My study species, N. orbicollis, can be found across much of eastern North America, as 

far south as Florida (25ºN), and as far north as Saskatchewan (51ºN) (Anderson and Peck 1985). 

A generalist, N. orbicollis can breed in habitats ranging from wetlands to forested areas, from 

late spring until early fall (Anderson 1982; Wilson et al. 1984). Consequently, these beetles 

experience a wide range of temperatures across their range and through their breeding season, 
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suggesting that they might have evolved strategies to cope with temperature variation. While 

most Nicrophorus beetles provide some level of parental care, N. orbicollis is one of the few that 

obligately provides biparental care – where both parents care for the offspring (Capodeanu-

Nägler et al. 2016, 2018). Male and female parents perform the same complex parental 

behaviours such as carcass preparation, maintenance of the carrion, brood guarding, and directly 

provisioning larvae with regurgitated carrion (Milne and Milne 1976; Scott 1990; Trumbo 1991; 

Scott 1998). For N. orbicollis, biparental care can drastically increase the rate of larval survival, 

possibly because they are one of the largest species of burying beetles, and so their offspring 

might require more care during the larval stages (Trumbo 1991; Eggert et al. 1998; Benowitz et 

al. 2016; Capodeanu-Nägler et al. 2016). As behavioural traits like parental care are labile and 

potentially of use in buffering undesirable environmental effects, N. orbicollis provides a unique 

opportunity to study the role of phenotypic plasticity in coping with different environmental 

conditions. 

Previous work has characterized plasticity across a range of traits in Nicrophorus beetles 

(Trumbo 1990; Panaitof et al. 2004; Creighton 2005; Steiger et al. 2007; Rozen et al. 2008). For 

example, brood size in some Nicrophorus species is responsive to carcass size, maternal 

condition, and population density (Scott and Traniello 1990; Trumbo 1990; Creighton 2005; 

Steiger et al. 2007). Similarly, the number of eclosed adult offspring in N. vespillo varies through 

the season, suggestive of thermal plasticity (Meierhofer et al. 1999). Population-level variation in 

responses of life history strategies to varied temperatures of N. orbicollis has been documented 

(Quinby 2016), however, to our knowledge, no other studies have estimated genetic variation in 

the thermal plasticity of life history traits and parental behaviours in Nicrophorus.  
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1.3.2 Thesis objectives 

The broad scope of my thesis research was to investigate how an ectotherm with 

biparental care copes with different thermal environments. I documented the responses of several 

life history traits to temperature, recorded the variation between families and among traits in 

responses to different temperatures, and investigated how temperature effects on parental care 

influence other life history traits. More specifically, I used a reaction norm approach to test the 

hypotheses that 1) N. orbicollis exhibit thermal plasticity in life history traits, and that plasticity 

varies across traits, 2) N. orbicollis exhibit family-level variation in plasticity in their life history 

traits, which might reflect underlying genetic variation in reaction norms, and 3) parental care 

buffers against temperature-related challenges. To test these hypotheses, I took an integrative 

approach and conducted a large-scale captive breeding experiment to characterize the thermal 

reaction norms of several life history traits, including parental behaviour. I used family-level 

reaction norms, with replicated full sibling-family pairings distributed across treatments, as a 

coarse estimate of genetic variation.  

An understanding of how organisms cope with different temperatures is increasingly 

important because climate change is generating increasingly unpredictable and extreme weather 

patterns (IPCC 2014). Organisms that are unable to cope with these environmental change may 

suffer decreased fitness, impacting the ability of populations to persist (Bradshaw 1965; DeWitt 

et al. 1998). My masters’ research contributes to the study of life history plasticity and shows 

how multiple life history traits interact to maintain an organism’s fitness across different 
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environments. Additionally, my research furthers the understanding of how parental care 

contributes to plastic strategies to cope with the challenges that arise in changing environments. 
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Chapter 2 

Methods 

2.1  Beetle collection & colony maintenance 

We collected adult N. orbicollis from the properties of the Queen’s University Biological 

Station (QUBS) (44°34’N, 76°19’W) located near Elgin, Ontario. We collected beetles from 7 

different sites between June 1st and July 19th 2017. Each site was a minimum of 1.3km from all 

other sites. At each site, we set multiple pitfall traps, each baited with a piece of aged chicken 

meat and/or a dead mouse.  

We housed the beetles in growth chambers (Conviron, Winnipeg, Canada) maintained at 

20ºC, 15 L:9D light cycle, and 80% RH, with a reversed light cycle so that dark hours coincided 

with natural daytime (for ease of data collection). We housed each beetle in a rectangular plastic 

container (15.4 x 11 x 7 cm) with either damp paper towels or moist peat and fed them twice 

weekly with pieces of beef liver (~0.5g). All F1 and F2 beetles were housed with sterilized moist 

peat in their containers. 

2.2 Experimental design 

2.2.1 Husbandry and pre-pairing procedure 

Experimental beetles were F2 offspring derived from the parental beetles collected from 

QUBS. All experimental F2 beetles were virgin and at least 21 days old at pairing. We marked 

males with a small spot of acrylic paint on the pronotum (a circular plate-like structure covering 

the thorax) to aid in identification during observations of behaviour (Fetherston et al. 1994). We 

used pronotal width as a proxy for beetle size as beetles with the same pronotal width can have 
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different body mass (Safryn and Scott 2000; Trumbo and Xhihani 2015b), and pronotal width is 

a better predictor of resource dominance than body mass (Safryn and Scott 2000). Female 

pronotal width is also a good predictor of fecundity (number of eggs laid) (Bartlett and Ashworth 

1988) but not reproductive success (number of larvae at dispersal) as burying beetles perform 

brood adjustment according to resource availability, i.e. carcass size (Bartlett 1987). Larger 

females can produce more eggs (Bartlett and Ashworth 1988), but, given similarly sized 

carcasses (25-30g), females of differing sizes produced the same number of larvae at dispersal 

(Scott and Traniello 1990). We paired parental beetles collected from different sites to minimize 

possible inbreeding and to create replicated family-family pairings (hereafter, family pairings) 

with siblings from one family mated to siblings from another family. 

We used replicate family reaction norms to investigate possible genotype-level variation 

in responses to temperature, both in terms of the slope and the elevation of reaction norms. We 

used this coarse estimate because direct estimation of genotypic variation in reaction norms was 

not possible, as burying beetles do not reproduce clonally and repeated breeding of the same 

individuals across temperatures was not feasible (due to reproductive senescence). We included 

6 different family pairings of F2 siblings from different families (e.g., siblings from family X 

paired with siblings from family Y) with an average of 12.7 replicate pairs per family pairing 

(range 9-14, with 3-5 replicate pairings per temperature). We evenly distributed family pairings 

across three temperature treatment groups: 17ºC (low, N=26 pairs), 20ºC (medium, N=25 pairs), 

and 23ºC (high, N=25). We chose these temperatures based on a pilot study and also based on 

commonly used captive breeding temperatures used in previous studies (Trumbo 1991; Trumbo 

et al. 1995; Scott 2006; Trumbo and Robinson 2008; Capodeanu-Nägler et al. 2016).  
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Before pairing, we transferred experimental beetles from the 20ºC colony growth 

chamber into walk-in growth chambers that were set at 5ºC below their designated treatment 

temperatures (i.e., 12ºC for low, 15ºC for medium, and 18ºC for high) with the same light cycle 

(15L:9D light cycle) and 55% RH. The beetles stayed in these chambers for 2 days. This was 

done to ensure all beetles experienced a similar period of warming conditions prior to pairing, to 

stimulate breeding and prevent reproductive diapause. On the third day, we increased the 

temperature of the growth chambers to the treatment temperatures –the beetles had 1 day to 

acclimate to the treatment temperatures. We paired beetles on the fourth day.  

We paired beetles an hour before the onset of the dark phase as N. orbicollis are 

nocturnal (Wilson et al. 1984). We placed one male and one female burying beetle in a clear 

plastic box (15 x 9 x 5 cm) filled with ~1cm of sterilized topsoil and provided with a 22-26g 

freshly thawed mouse carcass. After pairing, we turned off the lights in the growth chambers 

(0L:24D light cycle) to simulate underground conditions that the beetles would experience if 

they had sufficient soil to fully bury the carcass, as they do in nature (Smiseth and Moore 2002; 

Steiger et al. 2011). Treatment temperatures and RH remained the same. Breeding beetles 

remained in darkness, except during brief periods of data collection (described below) until 

larvae dispersed from the carcass.  

2.2.2 Life history measurements 

After pairing, we checked each nest three times daily until larval dispersal from the 

carrion under red light and recorded the dates and time where the following life history events 

occurred: first egg laid, first larva observed, larval dispersal, and first eclosed offspring (i.e., 

emergence of an adult beetle from the pupa) (Figure 1). 
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Figure 1: The timeline of data collection for N. orbicollis at 20ºC. See main text for details. 

 

Starting 24 hours after the first egg hatched, we conducted observations of parental 

behaviour for three consecutive days for 30 minutes at 24-hour intervals under red light to 

minimize disturbance. We used an instantaneous sampling method with a 30 second interval. We 

recorded instances where parents maintained the carrion, were active inside the cavity in the 

carrion, fed the larvae (characterized by direct mouth to mouth contact of parent with offspring), 

and interacted directly with the larvae (physical contact excluding feeding interactions). We used 

the sum of all observations of these behaviours across both parents and all three observation 

periods to assign each pair a total parental care score.  

When the larvae dispersed [defined as 1) when at least one larva had left the immediate 

vicinity of the carrion ball, 2) when all larvae were underneath the carrion ball but not feeding, or 

3) when the carcass was completely depleted, and the larvae and carrion remnants are spread 

across more than half the box], we counted the number of larvae and weighed each of them using 
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a digital balance (± 0.001g) before putting them in 16oz plastic cups filled with sterilized topsoil. 

We housed up to 7 larvae from the same brood in each cup. We covered the cup with parafilm, 

poked the parafilm to form multiple small air holes, and returned the cups to their respective 

growth chambers, still set at the treatment temperature, with the light cycle maintained at 

0L:24D. Two weeks before predicted eclosion, we removed the parafilm and placed the cups on 

their sides in an empty plastic box (21 x 34 x 11.8 cm).  

Three to five days after eclosion, we counted the number of eclosed beetles, measured 

their pronotal width, and sexed them based on morphology. We did not record these 

measurements immediately because the exoskeleton of newly eclosed beetles is soft, making safe 

handling and measurements difficult.  

2.3 Statistical Analyses 

We conducted all analyses in R (version 3.3.1). For all analyses below, we checked 

model assumptions and model fit using diagnostic plots and test for normality of model 

residuals. For all analyses, if the main effect of family pairing was found to be statistically 

significant, we ran a Tukey post-hoc test on the chosen top model across family pairings to 

assess the differences in mean trait values among families.  

We report sample sizes separately for all of our analyses, as these differ across tests due 

to failure of some beetles to breed and missing data for some measurements. We simplified all 

models using comparison of all recombinant models, including a null, using AICc and the 

function dredge. We adjusted p-values using the Benjamini-Hochberg method to correct for false 

discovery rate (Benjamini and Hochberg 1995; Pike 2011). In cases where the top model was the 
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null model, we report adjusted p-values for the global model. We report the adjusted p-values 

(padj) alongside uncorrected p-values. 

2.3.1 Preliminary analyses 

We conducted initial analyses to determine if beetle size or mouse carcass mass differed 

across the three temperature treatments using separate generalized linear models (GLM), with 

female beetle pronotal width, male beetle pronotal width, and mouse carcass mass as response 

variables, and temperature as a categorical fixed effect. To determine if adult beetles differed in 

size across family pairings, we ran two GLMs with male or female pronotal width as the 

response variable and family pairing identity (family ID; replicate pairings of siblings from one 

family with siblings from another, see above) as a fixed effect.  

Our main question focused on the plasticity of life history and behaviour of breeding 

beetles, however some beetles failed to breed (15 out of 76 total pairs), and so we determined if 

breeding success differed across family pairings or across temperatures using a GLM with a 

binomial distribution with breeding success or failure scored as a 1 or 0, respectively. We 

included family ID, temperature (as a continuous variable, to allow estimation of a reaction norm 

slope), and their interaction as fixed effects in the global model. We then compared the best 

performing model with a model with a quadratic temperature term included, as a quadratic 

relationship is expected if the temperatures included in the experiment span a thermal optimum. 

We did not include beetles that failed to produce any larvae in any subsequent analyses.  

2.3.2 Assessment of reaction norms and variation among families 

We examined whether life history traits and parental behaviour exhibited plasticity in 

response to temperature, and determined if family pairings differed in either the intercept or 
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slope of their response to temperature, which could indicate genetic variation in reaction norms. 

Additionally, we estimated the shape of the thermal reaction norm of each trait, by comparing 

linear and quadratic models. We ran separate GLMs (Venables and Ripley 2000) or Linear 

Mixed Models (LMM) (Bates et al. 2015), as appropriate, for the traits of interest. Those traits 

were development time (number of days from hatch of eggs to eclosion from pupae), brood size 

(number of larvae per brood at dispersal), larval mass (mass of larvae at dispersal), size of 

eclosed offspring (pronotal width of eclosed offspring), parental care per larva (sum of paternal 

and maternal care across three observation periods, divided by the number of larvae in the 

brood), offspring sex ratio, and eclosion success (proportion of larvae that successfully eclosed). 

Each GLM (or LMM) had temperature, family ID, and their interaction as fixed effects. We 

analyzed parental care per larva instead of total parental care because parental care increased 

with brood size (Pearson’s correlation: r=0.436, p=4.914e-4). We included both larval mass and 

size of eclosed offspring because of potential differences in their response to temperature 

(Atkinson 1994).  

For models on thermal reaction norms, we then assessed effects of temperature as a 

quadratic predictor of the trait value using a comparison of the best performing linear model to 

the same model with a quadratic temperature term added. We used a GLM with a Gaussian 

distribution with an identity link function to analyze brood size, development time, and parental 

care per larva, and individually scaled all trait values by centering the mean to 0 and standard 

deviation to 1 (to facilitate comparison of reaction norms across traits). For the analysis of care 

per larva, we removed two extreme outliers (3 SD from the mean) as determined by the function 

outlierTest (Fox and Weisberg 2011).  
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We used LMMs with Nest ID as a random intercept to analyze larval mass and size of 

eclosed offspring, and controlled for brood size because trade-offs between size and number of 

offspring occur in Nicrophorus beetles (Smith and Fretwell 1974; Smiseth et al. 2014), and were 

evident in our data (Pearson’s correlation for larval mass and brood size, t=-7.342, df=58, r=-

0.69, p=7.815E-10). We controlled for brood size by analyzing the residuals of linear models, 

where offspring size/larval mass (scaled) were the response variables and brood size was the 

fixed effect (offspring size: lm, N=900, β=-0.087, F(1,898)=158.09, p<2.2E-16 ; larval mass: lm, 

N=908, β=-0.010, F(1,906)=179.72, p<2.2E-16). Residual offspring size and residual larval mass 

reflects whether the individual was small or large, given their brood size. We included Nest ID as 

a random effect to avoid pseudoreplication due to inclusion of siblings from the same nest in the 

analyses. We obtained p-values for LMMs using the package lmerTest  (Kuznetsova et al. 2017). 

We analyzed effects of temperature on offspring sex ratio using a binomial GLM with the 

column-bind (cbind) of the number of female offspring with the number of male offspring as the 

response variable, and temperature, family ID, and their interaction as fixed effects. We analyzed 

eclosion success similarly, with a binomial GLM of the column-bind of the number of offspring 

that successfully eclosed with the number that failed to eclose, and the same fixed effects 

(temperature, family ID, and their interaction).  

Based on the findings of the analyses on care per larva and brood size, we followed up 

with a GLM with total parental care (sum of paternal and maternal care over the three 

observations periods across three days) as the response variable, and temperature, family pairing, 

and their interaction, as fixed effects to determine if total parental effort varied across 

temperatures and between family pairings. We also assessed the effects of temperature on two 
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parental behaviours separately to determine if beetles adjusted distinct behaviours differently: 

larval feedings (sum of larval feedings by both parents over the three observations periods) and 

carrion maintenance behaviour (sum of carrion maintenance by both parents over the three 

observation periods), using a GLM with family ID, temperature, and their interaction as fixed 

effects.  

The thermal responses of larval mass and eclosed offspring size (pronotal width, mm) did 

not follow predictions based on prevailing theory (i.e., the Temperature-Size Rule), so we ran a 

Pearson’s correlation tests to assess the relationship between mean larval mass at dispersal and 

mean size of eclosed offspring. To further investigate drivers of variation in offspring size, we 

assessed its heritability using a GLM with mean offspring size as the response and mean size of 

parents, temperature, and their interaction as the fixed effects. We included temperature as a 

fixed effect because the heritability of offspring size may vary across different temperature 

conditions.   

The findings of a relationship between brood size, family ID, and temperature also 

prompted further analysis. To determine whether brood size was heritable, we performed a GLM 

with brood size as the response, and the mean parental brood size (mean number of siblings in 

the broods the parents were derived from), temperature, and their interaction as the fixed effects. 

We again included temperature as a fixed effect because the heritability of brood size may vary 

across different temperature conditions.   

2.3.3 Interacting effects of temperature and parental care on fitness 

To test the hypothesis that parental care can buffer the challenges associated with 

different thermal environments, we ran two complementary analyses. First, we determined if 
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parental care per larva predicted eclosion success across temperatures, which would indicate that 

increased care improved eclosion rates. We used a GLM with a binomial distribution, with 

column-bind of the number of offspring that successfully eclosed with the number that failed to 

eclose as the response and the scaled parental care per larva and temperature as a fixed effect. 

This analysis allowed us to consider if parents that provided more care per larva were able to 

buffer their offspring from temperature-related challenges by achieving a higher proportion of 

eclosed offspring. Next, we tested the hypothesis that parental care could buffer the effects of 

temperature on fitness (number of eclosed offspring), by running a GLM with number of eclosed 

offspring (reproductive success) as the response variable, and temperature, scaled total parental 

care, and their interaction as fixed effects. If beetles can buffer the negative effects of 

challenging conditions on reproduction by increasing total parental care, then we predict the 

effect of temperature on reproductive success would depend on the total amount of parental care 

the parents provided to the offspring.   

Because size is an important determinant of fitness in Nicrophorus beetles and the 

amount of parental care can influence offspring size in N. orbicollis (Otronen 1988; Hopwood et 

al. 2016b,a; Capodeanu-Nägler et al. 2018), we conducted an analysis to determine whether 

parental care and temperature interact to influence larval mass using a LMM with residual larval 

mass (controlling for brood size) as the response, scaled care per larva, temperature and their 

interaction as fixed effects, and Nest ID as a random effect. We did not include Family ID as a 

fixed effect based on our findings above. We ran post-hoc analyses using separate LMM for each 

temperature treatment, with residual larva mass as the response, scaled care per larva as the fixed 

effect, and Nest ID as a random effect. In addition, we ran a GLM with care per larva as the 

response, and brood size, temperature, and their interaction as fixed effects to determine if 
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parents with smaller brood sizes provided more care per larva, which might indicate that smaller 

broods permit increased parental care, potentially as a means of buffering the challenges 

associated with varied temperatures. 
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Chapter 3 

Results  

3.1 Preliminary analysis 

Male size (N17=26 , N20=25 , N23=25; hereafter Nx = [y1,y2,y3], e.g. Nmalesize= 

[26,25,25] ; 5.93mm  0.58), female size (Nfemsize=[26,25,25]; 5.59mm  0.58), and mouse 

carcass mass (Nmousemass=[26, 25, 24], 24.97g  1.02) did not vary across temperature treatments 

(GLM, all: p>0.1). Female size did not vary between family pairings (GLM, F(5,69)=1.650, 

p=0.159), but male size did (GLM, F(5,70)=3.660, p=0.005). Males from family B were on 

average 0.49  0.22 mm smaller (pronotal width) than males from family E (Tukey post-hoc 

comparison, t=-4.039, p=0.002).  

The odds of having a successful nest were greatest at the intermediate temperature and 

lower at high temperatures (Figure 2; Nnestsuccess=[26,25,25]; temp2: binomial GLM, 2=6.569, 

df=2 p=0.037).  
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Figure 2: The proportion of Nicrophorus orbicollis nests that produced larvae varied between the 

three temperature treatments. Nest success had a quadratic reaction norm with the highest 

proportion of successful nests at 20ºC compared to 17ºC and 23ºC. There were 3, 3, and 7 failed 

nests at 17ºC, 20º, and 23ºC respectively. The numbers above each bar represent the total number 

of pairs in each treatment temperature. See main text for statistical support.  

 

 

3.2 Assessing reaction norms and variation between families 

Five of the seven life history traits that we evaluated were thermally plastic (Figures 3, 

4). Brood size (Figure 3A), parental care per lava (Figure 3E), and eclosion success (Figure 4) 

exhibited linear reaction norms, whereas development time (Figure 3B) and larval mass (Figure 

3C) showed quadratic reaction norms. N. orbicollis had smaller broods at higher temperatures 

and brood sizes varied between families (Figure 3A; Figure 4; Table A1; NBroods=[22, 23, 15];  

GLMs: temp:=-0.100, 95%CI [-0.20,0.00], hereafter = x1[y1,y2], e.g. =-0.100 [0.20,0.00] , 

F(1,58)=4.431, p=0.040, padj = 0.080; family ID: F(5,53)=2.624, p=0.034, padj = 0.080). N. orbicollis 

provided more care per larva at higher temperatures (Figure 3E; Table A2; Ncpl=[21, 23, 14]);  

temp: GLM, =0.068 [0.03,0.11], F(1,56)=9.816, p=0.003, padj = 0.008). The response of eclosion 

success (proportion of eclosed offspring) of N. orbicollis pupae to different temperatures, 
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however, varied between families (Figure 5; Table A5; NEclosions=[21, 21, 15]; temp-family 

interaction: binomial GLM, 2=19.519, df=5, p=0.002, padj = 0.004). After controlling for brood 

size, residual larval mass decreased quadratically with temperature (Figure 3C; Table A3; 

NresidLMass=[359, 362, 186]; temp2: LMM, F(2,58)=6.954, p=0.002, padj = 0.008). Development 

time (number of days from hatch to eclosion) of N. orbicollis offspring was shorter at higher 

temperatures (Figure 3B; Table A4; Ndevtime=[22, 23, 15]; temp2: GLM, F(2,57)=99.419, p=2.60E-

16, padj = 2.64E-15). Finally, the other two traits: residual offspring size and offspring sex ratio, did 

not vary across temperature treatments (Figure 3D,3F; Table A6 and A7; Nresidoffsize=[342, 314, 

175], Nsexratio=[22, 22, 16]; residual offspring size, LMM, temp: =-0.017[-0.07,0.04], 

F(1,57)=0.403, p=0.440, padj = 0.528, family ID: F(5,57)=1.156, p=0.342, padj =0.501 , temp-family 

ID interaction: F(5,58)=1.091, p=0.375, padj =0.501 ; offspring sex ratio, binomial GLM, temp: 

χ2=0.796, df=58, p=0.372, padj = 0.501, family ID: χ2=4.355, df=53, p=0.499, padj = 0.545, 

temp-family ID interaction: χ2=0.741, df=48, p=0.981, padj = 0.981).  
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Figure 3 : The thermal plasticity of the six life history traits in Nicrophorus orbicollis varied 

between traits. A, brood size at dispersal (residuals of number of larvae, controlling for 

differences among families); B, development time (number of days from hatch to eclosion of the 

first beetle from a brood); C, mass of larvae at dispersal (residuals of larval mass, controlling for 

the relationship with brood size); D, offspring size at eclosion (residuals of pronotal width, 

controlling for the relationship with brood size); E, total parental care per larva; and F, 

proportion of female offspring per brood. Each point in A, B, E, and F represents a mean trait 

value for the brood of one breeding pair of beetles. The points are slightly horizontally jittered, to 

show overlapping data points. Boxplots in C and D summarize data for the residual trait values 

of all individual offspring. The horizontal line in each box plot represents the median, the bottom 

of the box represents the 25th percentile, and the top of the box represents the 75th percentile. The 

ends of the vertical lines represent the min and max values within the 25th and 75th percentile 

multiplied by 1.5 inter-quartile range. Solid trend lines represent significant linear thermal 

reaction norms, whereas dotted lines represent significant quadratic reaction norms. Plots 

without lines indicate a flat thermal reaction norm (i.e., no evidence that the trait was plastic with 

temperature). See main text for statistical support. For plots of raw data for C and D, see Figure 

A1 and A2 in Appendix. See Figure A3 in Appendix for plot of proportion of female offspring 

per brood with brood size information.
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Figure 4: Brood size (number of larvae produced) in Nicrophorus orbicollis varied between 

family pairings. Post-hoc pairwise comparison of family pairings revealed that beetles from the F 

pairing produced, on average, seven more larvae than beetles from the E pairing (Tukey post-hoc 

comparisons: z=-3.322, p=0.011). Each dot represents the number of larvae produced by one 

pair of beetles. The horizontal line in each box plot represents the median, the bottom of the box 

represents the 25th percentile, and the top of the box represents the 75th percentile. The ends of 

the vertical lines represent the minimum and maximum values within the 25th and 75th percentile 

multiplied by 1.5 inter-quartile range. The data points are horizontally jittered to show 

overlapping points. See main text for statistical support.  
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Figure 5: The effect of temperature on eclosion success (number of eclosed offspring/number of 

larvae) of Nicrophorus orbicollis differed between families. Dropping the family that did not 

have any pairs successfully breed at 23ºC (A) strengthens the interaction between family ID and 

temperature (Appendix: Table A5). Each plot represents the eclosion success of a different 

family pairing (Family A–F). Each point represents the proportion of eclosed offspring of a nest. 

The data points are horizontally jittered to show overlapping points. All solid blue lines represent 

binomial regression lines and the gray bands represent 95% confidence intervals. See main text 

for statistical support. 
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Our closer examination of parental care behaviours revealed that N. orbicollis exhibited 

the same amount of total parental care across temperatures (Figure 6A; Ntotalcare=[22,23,15]; 

GLM,  =1.603[-2.04,5.25], F(1,58)=0.775, p= 0.382). Analysis of individual parental behaviours 

showed that temperature did not affect how often N. orbicollis parents provide food to their 

larvae nor did it affect how frequently they maintained the carrion ball (best performing models 

were the null models) (Figure 6B-6C; Nprovisioning=[22,23,15], Ncarrmaint=[22,23,15]; GLMs: 

provisioning:= -0.219[-1.96,1.53], F(1,58)=0.061, p=0.806; carrion maintenance: =4.61E-4[-

0.11,0.11] , F(1,58) = 0, p=0.999). 
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Figure 6: Temperature did not affect the amount of parental care behaviours shown by 

Nicrophorus orbicollis. A) The total amount of parental care (the sum of parental care 

behaviours across three 30-min observations periods across three days), B) food provisioning 

(larvae feeding/regurgitation events by both parents across three 30-min observations periods 

across three days), and C) carrion maintenance (carrion maintenance activities by both parents 

across three 30-min observations periods across three days) were not affected by temperature. 

Each point represents the amount of behaviours exhibited by one pair of Nicrophorus orbicollis 

parents. The points are horizontally jittered to show overlapping data points. See main text for 

statistical support. 
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Contrary to predictions, offspring size at eclosion did not change with temperature 

(Figure 3E). The mean larval mass of N. orbicollis was positively correlated with eclosed 

offspring size (Pearson’s correlation, t=12.097, df=57, R=0.848, p=2.20E-16). Additionally, 

offspring size was not heritable (parental size: GLM, = -0.004[-3.62,2.27], F(1,58)=0.009, 

p=0.925), and the relationship between parent and offspring size did not vary with temperature 

treatment (Table A8; parental size-temp interaction: GLM, =0.034[-0.12,0.19], F(1,56)=0.201, 

p=0.656).   

While brood size showed family-level variation in the above analysis, it was not heritable 

(brood size heritability: GLM, = 5.564[-4.61,15.77], F(1,56)=0.228, p=0.635). The relationship 

between parental and offspring brood size also did not vary with temperature treatment (Table 

A9; parental brood size-temp interaction: GLM, = -0.296[-0.81,0.22], F(1,54)=1.281, p=0.262).   

3.3 Interacting effects of temperature and parental care on fitness 

The eclosion success of a brood (proportion of larvae that successfully eclosed) across 

temperatures was not predicted by the amount of parental care provided per larva (Figure 7; 

Table A10; Nq3ES=[21, 21, 15]; care per larva, binomial GLM: 2=0.468, df =55, p=0.494, padj 

=0.617; temp, binomial GLM: 2=3.954, df =54, p= 0.047, padj =0.117; care per larva*temp 

interaction, binomial GLM: 2=0.010, df =53, p=0.920, padj =0.920 ). In terms of reproductive 

success, the relationship between the total amount parental care provided and the number of 

eclosed offspring varied across temperatures: at 17ºC and 20ºC, more offspring eclosed in broods 

where the parents provided more total parental care; but at 23ºC, reproductive success was not 

associated with parental care (Figure 8; Table A11; Nq3BS=[21, 21, 15]; GLM, parental care-

temperature interaction: β=0.017[-0.03,0.00], F(1,55)=6.248, p=0.015, padj =0.075). In contrast, 
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residual larval mass did not vary with the amount of care provided per larva at 17ºC and 20ºC, 

but at 23ºC, larvae were heavier than predicted by their brood size (i.e., greater residual body 

mass) when they received more parental care (Figure 9; Table A12; NresidmassCPL=[355,362,183]; 

global model, temp*care per larva interaction (CPL): LMM, β=0.027[0.00,0.06], F(1,56)=3.037, 

p=0.086, padj =0.143; post-hoc LMMs – CPL17:  =0.057[-0.08,0.19], F(1,20)=0.678, p=0.419; 

CPL20: β=0.040[-0.08,0.16], F(1,22)=0.406, p=0.531; CPL23: =0.167[0.08,0.26], F(1,13)=13.656, 

p=0.003). Similarly, there was no relationship between brood size and care per larva at 17ºC and 

20ºC, but at 23ºC, parent beetles provided less care per larva when they were tending larger 

broods (NCPLbroodsizetemp=[22, 23, 15]; global model, temp*brood size interaction: GLM, β = -

0.158[-0.25,0.07],  F(1,56)=11.754, p=0.001; post-hoc GLMs –Temp17: = -0.164[-0.41,0.08], 

F(1,20)=2.001, p=0.173; Temp20: = -0.075[-0.22,0.07],  F(1,21)=1.104, p=0.305;Temp23: = -

1.576[-2.43,0.73], F(1,13)=16.057, p=0.001).



 34 

 

Figure 7: The amount of parental care provided per larva did not predict eclosion success 

(number of successful eclosions/number of larvae at dispersal) in Nicrophorus orbicollis. 

Parental care activities included larvae interactions, carrion maintenance, and activity within 

carrion. Each point represents the eclosion success of a nest. Two points, one from 17ºC and one 

from 23ºC, were excluded from the plots to facilitate comparisons of plots (care per larva 

values > 15) but were retained in the analysis. See main text for statistical support. 
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Figure 8:  Reproductive success (number of eclosed offspring) of Nicrophorus orbicollis  

increased with total parental care provided at both low (17ºC, blue points and solid line) and 

medium (20ºC, green points and solid line) temperatures, but was unrelated to parental care at 

high temperatures (23ºC, red points and solid line). Total parental care is the sum of care 

behaviours exhibited by both parents across three 30-min observation periods over three 

sequential days during the period of larval growth. Each point represents the reproductive 

success and parental care of one nest. Each plot represents the different temperature treatments 

(17ºC, 20ºC, 23ºC). All lines represent regression lines where the gray shaded areas are 95% 

confidence intervals.  
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Figure 9: Residual larval mass (controlling for brood size) increased with the amount of parental 

care provided per larva in Nicrophorus orbicollis at 23ºC, whereas at 17ºC and 20ºC, there was 

no significant relationship. Similarly, care per larva decreased with brood size at 23ºC, but not at 

17ºC and 20ºC. Each point in A1, B1, and C1 represents the mass of one larva at the time of 

dispersal (controlling for its brood size), and each point in A2, B2, and C2 represents the mean 

care per larva in one nest. All lines are regression lines with the gray shaded areas representing 

95% confidence intervals. See main text for statistical support.
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Chapter 4 

Discussion 

In this study, we assessed the plasticity of life history traits in Nicrophorus orbicollis 

across three different temperature environments. We hypothesized that life history traits of N. 

orbicollis would show plastic responses to temperature, that those responses would be heritable 

(associated with family-level variation), and that parental care would be able to buffer the 

challenges of different temperature environments. Our findings provide some support for all 

three of these hypotheses. N. orbicollis exhibited plasticity in several life history traits across 

different thermal environments (Figure 3) and the thermal plasticity varied at the family level for 

some of these traits (Figure 5). However, although parental care varied with temperature, with 

per capita care being highest at the most challenging temperature, this plastic response was 

sufficient to buffer some but not all of the temperature effects on fitness in N. orbicollis.  

4.1 Variation in the plasticity of life history traits to temperature 

Brood size decreased with temperature and varied between families. Brood size in 

Nicrophorus beetles is largely determined by post-hatching filial cannibalism: adults tend to lay 

more eggs than a carcass can support, as a precaution against poor egg survival and larval 

recruitment, so parents regulate their brood size by consuming newly hatched first instar larvae 

after they reach the carrion ball (Bartlett 1987; Trumbo 1990; Trumbo and Fernandez 1995). 

This brood size regulation has been found to increase the growth rate and survival of the 

remaining brood and can be influenced by factors like population density (perceived 

competition), maternal nutrition, and carcass size (Creighton 2005; Steiger et al. 2007; Steiger 

2013; Capodeanu-Nägler et al. 2016; Woelber et al. 2018). Alternatively, smaller brood sizes at 
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warmer temperatures could be caused by females laying smaller initial clutches or by lower 

survivability of eggs and larvae. We were unable to determine the number of eggs laid as doing 

so would require extensive manipulations to the soil in the breeding chambers, which could 

cause stress to the parents and damage the eggs. The brood size of burying beetles is also smaller 

in populations from warmer climates and during warmer weeks throughout the breeding season, 

though these previous findings cannot disentangle geographic and seasonal effects from direct 

temperature effects (Meierhofer et al. 1999; Müller et al. 2007). Our results add temperature to 

the list of factors that influence brood size in Nicrophorus beetles.   

We also found that larval development time decreased at warmer temperatures,  

consistent with other studies on ectotherms, which have found that development rate increases 

with temperature due to the effects of temperature on physiology and rates of biochemical 

reactions (McLaren 1965; Sharpe and DeMichele 1977; Wagner et al. 1984; Rueda et al. 1990; 

Bentz et al. 1991; van der Have and de Jong 1996; Briere et al. 1999; Kersting et al. 1999; 

Régnière et al. 2012). These studies also generally find an inverse relationship between 

temperature and body size at maturity. This widespread pattern is referred to as the temperature-

size rule, which states that in cooler temperatures, ectothermic organisms take longer to develop 

and mature at a larger size (Atkinson 1994). However, contrary to the predictions of the 

temperature-size rule, we found that the post-eclosion body size of N. orbicollis remained 

constant across temperature treatments. While exceptions to the temperature-size rule have been 

observed in some aquatic insects and in grasshoppers, they appear to follow a reverse 

temperature-size rule: in these organisms, body size at maturity is larger at higher temperatures 

(Atkinson 1995; Walters and Hassall 2006). To our knowledge, the lack of thermal plasticity in 

body size in N. orbicollis is the first case where offspring size at maturity in an ectotherm is 
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unaffected by developmental temperatures. Mechanistically, the reverse temperature-size rule 

occurs in grasshoppers because the effect of temperature on growth rate is larger than the effect 

of temperature on developmental rate (Walters and Hassall 2006). A similar mechanism could 

explain our findings with N. orbicollis, if temperature affects the growth rate and developmental 

rate to a similar degree, resulting in offspring size at eclosion remaining constant across 

temperature. 

The lack of thermal plasticity of offspring size in N. orbicollis suggests that size may be a 

crucial determinant of fitness, and selective pressures have resulted in its canalization. 

Canalization is a process where phenotypic variation due to environmental or genomic 

differences is reduced via developmental mechanisms (Bradshaw 1965; Stearns and Kawecki 

1994; Stearns et al. 1995). The canalization of a trait is expected if deviations from the optimum 

phenotype significantly reduce fitness (Bradshaw 1965; Falconer 1990; Stearns and Kawecki 

1994). For example, when Drosophila melanogaster were subjected to genetic and 

environmental perturbations, traits that had larger impacts on fitness (e.g., age at eclosion and 

dry weight at eclosion) showed less variation than traits that had lesser impacts on fitness (e.g., 

life span and fecundity in late life) (Stearns et al. 1995). Burying beetles do not molt as adults, 

and so body size at eclosion is a reliable indicator of final adult size. In these beetles, adult body 

size is a key predictor of success in securing reproductive resources (i.e., carcasses and mates; 

Otronen 1988; Safryn and Scott 2000). This strong selection on body size could explain the lack 

of variation in body size in our population of N. orbicollis.  

Additionally, the lack of variation in body size across different temperature treatments 

might reflect an adaptive life history strategy if brood chamber temperature does not predict air 
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temperature during adulthood. N. orbicollis larvae might not be able to use brood chamber 

temperatures or soil temperature as a reliable indicator of the environment they will encounter as 

adults. N. orbicollis has a long breeding season: the adults are active from late spring until early 

fall, and they take on average 61 days to be sexually mature (from egg hatch to sexual maturity 

at 20ºC in captivity). Hence, soil temperatures experienced during development are not likely to 

predict the environmental conditions that the adult would experience. For example, cool soil 

temperatures during pupation could indicate that summer is coming, that fall is approaching, or 

neither, if the brood chamber is in a spot where there is minimal solar radiation. Thus, if soil 

temperature isn’t a reliable cue of above ground conditions, N. orbicollis may fare better if they 

eclose around a mean optimal size. This strategy would allow N. orbicollis to compete for 

resources regardless of the thermal conditions they encounter. 

In contrast to body size, we did observe differences in per capita parental care behaviour 

across temperature treatments. The increase in parental care per larva with temperature may be a 

consequence of the relationship we detected between temperature and development time. If N. 

orbicollis larvae grow faster at higher temperatures, they may require more food and beg more. 

Nicrophorus parents will increase feeding rates in responses to increased larval begging 

(Beninger and Peck 1992; Kilner and Johnstone 1997; Rauter and Moore 1999; Smiseth and 

Moore 2002, 2008).  

Moreover, more care might be required at warmer temperatures due to increased 

competition with microbes. Microbes speed up the rate of carcass decomposition and reduce 

available resources for offspring growth (Rozen et al. 2008), and, like insects, they have elevated 

growth and metabolic rates at warmer temperatures (Davidson 1944; Howe 1967; Ratkowsky et 
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al. 1982). N. orbicollis parents might help larvae cope with increased microbial competition by 

covering the carrion ball with more antimicrobial secretions. Although the frequency of carrion 

maintenance behaviours (sum of carrion maintenance activities by both parents over 3 days) did 

not change with temperature in our experiment (Figure 6C), it is possible that the concentration 

of antimicrobial compounds in the secretions of N. orbicollis varied, as has been found in N. 

carolinus (Jacques et al. 2009).  

Regardless of its cause, the increase in the amount of parental care per larva at higher 

temperatures may explain the relationship between temperature and brood size. If there is a limit 

to the total amount of parental care that a pair can provide, and larvae at higher temperatures 

require more care, then we would expect facultative brood reduction at high temperatures. Total 

parental care did seem to be constrained, as it did not vary with temperature. Parents at warmer 

temperatures work as hard as parents at lower temperatures despite having smaller brood sizes, 

and the frequency of provisioning events and carrion maintenance events remained relatively 

constant across temperatures (Figure 6A-C). 

Not all life history traits were plastic with temperature. We found that residual larval 

mass (controlling for brood size) decreased non-linearly with temperature (Figure 3C), that 

relationship disappeared at eclosion (Figure 3D). The underlying cause for this difference 

between residual larval mass and residual offspring size is unclear. Temperature could be 

affecting the growth rates of the pupae and larvae differently, which could result in the observed 

pattern. Or, temperature could be affecting the eclosion success of smaller larvae. Smith (2002) 

found that in N. investigator, larger larvae had a higher chance of surviving overwintering 

conditions compared to smaller larvae (Smith 2002). Hence, there could be a similar 
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temperature-dependent mechanism in N. orbicollis where smaller larvae at warmer temperatures 

have lower rates of eclosion. Also, we found that temperature did not affect the sex ratio of the 

offspring (proportion of females at eclosion) (Figure 3F).  

4.2 Family-level variation and plasticity of life history traits  

There are two kinds of family-level variation in our experiment. There is family-level 

variation for a trait, where intercepts (trait means) vary between families, and there is family-

level variation for the thermal plasticity of a trait, where the slopes (trait plasticity) of the thermal 

reaction norm vary between families. If trait means vary between families, then the trait of 

interest could be heritable. If the trait plasticity to temperatures vary between families, then the 

plasticity of the response could be heritable. Among the life history traits of interest, only two 

traits show some indication of heritability: brood size and the thermal plasticity of eclosion 

success.  

In addition to finding thermal plasticity in brood size, we also found variation in brood 

size between families (Figure 4). This finding was surprising because generally, traits that are 

strongly associated with fitness (e.g., fecundity) are not expected to show high levels of genetic 

variation (Fisher 1958; Mousseau and Roff 1987; Falconer and Mackay 1996). However, 

previous findings also report variation in brood size in Nicrophorus beetles. In a laboratory 

experiment with N. defodiens, brood sizes of individuals from two different populations (one 

from northern Ontario, Canada and the other from Moran, Wyoming, USA) varied despite 

controlling for adult sizes, carcass sizes, and initial brood size (Steiger et al. 2007). Because 

Nicrophorus beetles cull their broods, variation in brood size could arise due to individual, 

familial, or population level differences in brood size adjustment behaviours. Indeed, Steiger et 
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al. (2007) found significant genetic variation for this behaviour in N. defodiens, and concluded 

that it was the behaviours that were heritable, rather than brood size. We measured brood size 

when the larvae dispersed from the carcass, so we do not have information on the proportion of 

culled larvae. Thus, we cannot determine if the family-level variation in brood size is due to 

variation in initial brood size (number of hatched eggs) or culling behaviours in N. orbicollis.    

We also found that the thermal plasticity of eclosion success varied between families 

(Figure 5). We had few family replicates at each temperature, and yet the results suggest that 

differences in eclosion success between families varies more at 23ºC than at 17ºC and 20ºC, 

suggesting that there could be genetic variation for individuals’ ability to cope with warmer 

temperatures. Warmer temperatures result in lower eclosion rates in some insects (e.g., Lee and 

Roh 2010; Meikle and Patt 2011; Meikle and Diaz 2012)  – the decrease in eclosion success is 

presumably due to temperature-related limitations on physiology. None of these studies 

considered genetic variation; however, such variation may underlie the mechanisms affecting 

how individuals perform at different temperatures. Our results provide some support for the idea 

that adaptive plastic responses might be associated with genetic variation among individuals, and 

emphasize the need to consider genotypes when evaluating adaptive plasticity in changing 

environmental conditions in a population. Our finding also provides some evidence that this 

population of N. orbicollis might possess genetic variation that natural selection could act on, to 

optimize life history responses to warming temperatures. 

4.3 Parental care as a buffer for temperature effects on fitness 

Parental behaviour is thought to be a less constrained trait than many other life history 

traits, which could enable Nicrophrous beetles to buffer challenges in their environment (Royle 
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et al. 2012, 2014; Pilakouta et al. 2015). For example, parental care in N. orbicollis is plastic as 

parents provide more parental care when they have larger broods (Rauter and Moore 2004). Our 

results provide some evidence that parental care in N. orbicollis does buffer the challenges that 

arise in a warmer environment.  

Initial analyses on the effect of parental care on eclosion success and reproductive 

success respectively did not provide a clear answer on whether parental care buffered 

temperature related effects on fitness. We found that care per larva increased with temperature, 

but this increased care did not predict eclosion success in N. orbicollis (Figure 7). These results 

suggest either that eclosion success of the brood is independent of the amount of care each larva 

receives, or that the amount of care provided to each larva was insufficient to buffer the negative 

effects of higher temperatures. Alternatively, larvae might only require a minimum amount of 

care to achieve a certain mass that allows for successful eclosion – a study on N. orbicollis found 

that only 3 hours of post-hatching care is needed to drastically improve eclosion success 

(Capodeanu-Nägler et al. 2018). With regards to reproductive success, we found that the number 

of eclosed offspring increased with total parental care at 17ºC and 20ºC, but there was no 

apparent relationship between reproductive success and total parental care at 23ºC (Figure 8). N. 

orbicollis parents may be unable to provide high levels of care for large broods at 23ºC, 

supporting the idea described above, suggesting an upper limit to the total amount of care N. 

orbicollis parents are able to provide. Thus, by looking only at eclosion success and reproductive 

success, we did not find clear evidence that parental care buffered temperature effects on fitness. 

Our measures of fitness (number of eclosed offspring and eclosion success) might be too coarse, 

because they do not consider the trade-offs between number of offspring vs offspring quality or 

size. 
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The supplemental analyses aimed at determining if parental care predicts offspring size 

across temperatures revealed the importance of parental care in varied environments. We found 

that residual larval mass (after controlling for a relationship with brood size) increased with the 

amount of care provided per larva at 23ºC, but not at 17ºC or 20ºC (Figure 9). Also, we found 

that smaller broods allowed for increased care per larva at 23ºC (Figure 9). Together, these 

results suggest that N. orbicollis parents have smaller broods to facilitate higher levels of care per 

larva at warmer temperatures.  Higher levels of care per larva may be beneficial at warmer 

temperatures especially if the larvae are growing and developing rapidly, and require additional 

parental care within a shorter timeframe. At 17ºC and 20ºC, temperature effects on larval 

development might be weaker compared to 23ºC. Our results indicate that parental care buffers 

the effects of challenging temperatures on offspring size by ensuring that the larvae are relatively 

large given their developmental temperature and brood size. Our findings could explain why 

brood sizes in Nicrophorus populations are smaller in warmer climates and during the warmer 

months of a breeding season (Meierhofer et al. 1999; Müller et al. 2007).  

Additionally, we considered the idea that temperature is a cue for seasonality in N. 

orbicollis. Because N. orbicollis is active from late spring to early fall and is believed to be 

bivoltine – having two generations per breeding season—they might be adjusting their breeding 

strategies according to the season. If cooler temperatures in the brood chambers were most 

common during late spring/early summer, it would be adaptive for the offspring to develop faster 

and achieve a larger adult size, so that they could reproduce during the same summer and 

compete well for reproductive resources. If warmer temperatures in the brood chambers were 

most common during late summer/early fall, the optimal strategy might be for offspring to 

develop more slowly, because they will not have sufficient time to reproduce the same season, 
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and so should opt to invest more in attaining a larger adult size, which might increase overwinter 

survival (Smith 2002). However, our findings did not correspond with these predictions, as N. 

orbicollis offspring did not develop faster in cooler temperatures and the body sizes did not vary 

with temperature.   

The findings from this study demonstrate the value of studying multiple life history traits 

because the multivariate nature of life history makes it almost an impossible task to understand 

adaptive plasticity in life history as a whole without considering its multiple facets. For example, 

the reduction in brood size at warmer temperatures may appear non-adaptive as it indicates a 

decrease in reproductive success. However, when we consider that body size is an important 

factor in N. orbicollis, and that larvae grow faster at warmer temperatures and may require more 

care, smaller brood sizes in N. orbicollis might be an adaptive means of coping with increased 

larval demands. The trade-off between brood size and offspring size at 23ºC suggests that there 

might be a cost if N. orbicollis parents fail to adequately adjust brood size to temperature. For 

example, if N. orbicollis at warmer temperatures had large broods but were unable to cope with 

increased larval demands, the resulting offspring would be smaller in size and consequently at a 

disadvantage when competing for reproductive resources such as mates and access to carrion. In 

that scenario, N. orbicollis parents that produce small offspring might not have any long-term 

reproductive success, because their offspring could fail to breed. 

4.4 23ºC is a challenging temperature for reproduction  

We chose 20ºC for our medium temperature treatment based on common laboratory 

breeding temperatures of Nicrophorus beetles (Panaitof et al. 2004; Scott 2006; Smiseth et al. 

2006; Rozen et al. 2008; Trumbo and Xhihani 2015a), and 17ºC and 23ºC as the low and high 
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temperature temperatures because they are temperatures that N. orbicollis would experience 

during the breeding season in our region. We chose 23ºC because others have successfully bred 

burying beetles at that temperature (e.g.,Trumbo 1991; Trumbo et al. 1995). Contrary to our 

expectations based on the large literature on captive studies of Nicrophorus species, N. orbicollis 

had the most failed nests at 23ºC (Figure 2) and the highest reproductive success at 17ºC (Figure 

3A).  This fits with preliminary findings from our lab on the thermal ecology of N. orbicollis in 

nature, which show that the average temperature of subterranean brood chambers was around 

17.7ºC with a minimum of 11ºC and maximum of 23ºC (data from 2017 and 2018, early June to 

late August, L. Harrison pers. comm.). In light of these findings, the most commonly used lab 

breeding temperatures for burying beetles (~20 ºC), might not reflect temperatures most often 

experienced by beetles during breeding. Previous work in N. vespilloides supports this idea. In a 

comparison of development of beetles in the lab and the field, captive N. vespilloides housed at a 

constant temperature of 15ºC progressed from pairing to eclosion of offspring, ~12 days faster 

than beetles in the field when the daily average air temperature was 15ºC (Meierhofer et al. 

1999). These findings suggest that temperatures experienced in burial chambers may be lower 

than air temperatures, and/or that daily variability (e.g., diel fluctuations) in temperatures might 

have important effects on offspring development, and other life history traits. However, it is 

important to note that populations from different geographical locations may have different 

thermal preferences. 

4.5 Conclusion 

Overall, we showed that, in N. orbicollis, numerous life history traits together determine 

how individuals respond to increasing temperatures during breeding. Additionally, we found that 

the plasticity of some life history traits might be associated with genetic variation, and that 
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parental care appears to buffer some, but not all, of the effects of temperature on fitness. Overall, 

my masters research helps us better understand how plastic life history traits help organisms cope 

with the challenges of variable environments. As human influences on the environment continue, 

more organisms will encounter challenging environments (e.g., due to habitat loss, urbanization, 

climate change, introduction of invasive species). Understanding the role of adaptive plasticity in 

coping strategies, and the potential for natural selection to shape heritable variation in plasticity, 

could help us predict an organism’s resilience to environmental change.  
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Appendix A 

Figures and Tables 

 

 

Figure A1: Larval mass at dispersal (residuals, controlling for effect of brood size) decreased 

non-linearly with temperature. Each point represents the mass of one larva and the points are 

horizontally jittered to show overlapping points. The solid black line is the regression line and 

the gray shaded region represents the 95% confidence interval with random effect of Nest ID 

included in the confidence interval. 
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Figure A2: Offspring size (pronotal width of eclosed offspring), controlling for brood size, did 

not change with temperature. Each point represents the pronotal width of one offspring and the 

points are horizontally jittered to show overlapping points.  

 

Figure A3: Proportion of female offspring did not change across temperatures in N. orbicollis. 

Each circle represents the sex ratio of one nest and the size of the circle is scaled to the brood 

size of the nest (see legend for scale).  
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Table A1: Comparison of models to explain variation in brood size (number of larvae per nest) 

using Akaike’s Information Criterion corrected for small sample-size (AICc). All recombinant 

models are shown, as well as the top ranked model with a quadratic term for temperature. The 

best performing model is italicized. 

B
ro

o
d

 s
iz

e
 

Models1 k2 AICc ΔAICc ωi
3 

Family ID + Temp 8 170.92 0.00 0.41 

Temp 3 171.80 0.88 0.26 

Family ID 7 172.22 1.30 0.21 

Null 2 173.48 2.55 0.11 

Temp * Family ID 13 182.64 11.72 <0.01 

     

Family ID + (Temp)2 9 173.21 2.30 0.24 

1Full model: scaled(Number of larvae) ~ Temp*Family ID. Temp = treatment temperature. 

Family ID = identity of the family pairing. 

2k represents the number of model parameters  

3ωi represents the Akaike weights 
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Table A2: Comparison of models to explain variation in care per larva (sum of parental care 

behaviours of both male and female parents over three 30-min observations periods divided by 

brood size) using AICc. All recombinant models are shown, as well as the top ranked model with 

a quadratic term for temperature. The best performing model is italicized. 

P
a
re

n
ta

l 
ca

re
 p

er
 l

a
rv

a
 

Models1 k2 AICc Δ ωi
3 

Temp 3 57.10 0.00 0.97 

Null 2 64.20 7.14 0.03 

Temp*Family ID 8 68.50 11.47 <0.01 

Temp + Family ID 7 74.60 17.53 <0.01 

Family ID 13 80.80 23.70 <0.01 

     

(Temp)2  4 59.12 2.10 0.26 

1Full model: scaled(Development time)~ Temp*Family ID. Temp = treatment temperature. 

Family ID = identity of the family pairing. 

2k represents the number of model parameters  

3ωi represents the Akaike weights 
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Table A3: Comparison of models to explain variation in residual larval mass (residual mass of 

each larva, controlling for brood size) using AICc. All recombinant models are shown, as well as 

the top ranked model with a quadratic term for temperature. The best performing model is 

italicized. 

R
es

id
u

a
l 

la
rv

a
l 

m
a
ss

 

Mixed Models1 k2 AICc Δ AICc ωi
3 

Temp   4 2208.62 0.00 0.86 

Temp + Family ID 9 2212.78 4.16 0.11 

Null 3 2215.68 7.06 0.03 

Temp * Family ID  14 2221.28 12.65 0.00 

Family ID 8 2222.48 13.86 0.00 

     

(Temp)2 5 2207.03 -1.6 0.69 

1Full model: Residual larval mass ~ Temp*Family ID+(1|Nest ID). Residual larval mass (larval 

mass relative to brood size) = residuals of the linear model [scaled(larval mass of each 

individual) ~ Brood Size]. Temp = treatment temperature. Family ID = identity of the family 

pairing. Brood Size = number of larvae per brood. Nest ID = identity of the nest. 

2k represents the number of model parameters  

3ωi represents the Akaike weights 
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Table A4: Comparison of models to explain variation in development time (days for hatch of egg 

to eclosion of pupae) using AICc. All recombinant models are shown, as well as the top ranked 

model with a quadratic term for temperature. The best performing model is italicized. 

D
ev

el
o
p

m
en

t 
ti

m
e 

(d
a
y
s)

 

Models1 k2 AICc Δ AICc ωi
3 

Temp 3 89.75 0.00 0.86 

Temp+Family ID 8 93.45 3.69 0.14 

Temp*Family ID  13 103.37 13.62 <0.01 

Null 2 173.47 83.72 <0.01 

Family 7 182.55 92.80 <0.01 

     

(Temp)2  4 87.90 -1.80 0.88 

1Full model: scaled(development time) ~ Temp*Family ID. Temp = treatment temperature. 

Family ID = identity of the family pairing. 

2k represents the number of model parameters  

3ωi represents the Akaike weights 
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Table A5: Comparison of models to explain variation in proportion eclosed (eclosed 

offspring/number of larvae per nest) AICc. All recombinant models are shown, as well as the top 

ranked model with a quadratic term for temperature. The best performing model is italicized. 

P
ro

p
o
rt

io
n

 o
f 

ec
lo

se
d

 o
ff

sp
ri

n
g

 

 
Models1 k2 AICc 

Δ 

AICc 
ωi

3 

W
it

h
 f

a
m

il
y
 A

 

Temp 2 155.54 0.00 0.56 

Temp * Family ID 12 157.37 1.83 0.23 

Null 1 157.79 2.25 0.18 

Temp + Family ID 7 161.89 6.35 0.02 

Family ID  6 164.29 9.75 <0.01 

     

(Temp)2 * Family ID  15 168.62 11.40 <0.01 

  

W
it

h
o
u
t 

fa
m

il
y
 A

 

Temp * Family ID  10 130.68 0.00 0.71 

Temp  2 132.94 2.26 0.23 

Null 1 136.12 5.43 0.05 

Temp + Family ID 6 138.11 7.43 0.02 

Family ID  5 141.48 10.80 <0.01 

     

(Temp)2 * Family ID 15 168.62 11.40 <0.01 

1Full model with a binomial distribution: cbind(number of offspring that eclosed, number of 

larvae at dispersal) ~ Temp*Family ID. Temp = treatment temperature. Family ID = identity of 

the family pairing. 

2k represents the number of model parameters  

3ωi represents the Akaike weights 
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Table A6: Comparison of models to explain variation in residual offspring size (residual pronotal 

width of each eclosed offspring, controlling for brood size) using AICc. All recombinant models 

are shown, as well as the top ranked model with a quadratic term for temperature. The best 

performing model is italicized. 

R
es

id
u

a
l 

o
ff

sp
ri

n
g
 s

iz
e 

 

Mixed Models1 k2 AICc Δ AICc ωi
3 

Null 3 2167.31 0.00 0.63 

Temp 4 2168.92 1.62 0.28 

Family ID  8 2172.56 5.25 0.05 

Temp + Family ID 9 2173.09 5.78 0.04 

Temp * Family ID 13 2178.20 10.89 0.00 

     

(Temp)2  5 2170.94 3.60 0.14 

1Full model: Residual offspring size ~ Temp*Family ID + (1|Nest ID). Residual offspring size 

(offspring size relative to the brood size) = residuals of the linear model [scaled(pronotal width 

of each individual) ~ Brood Size]. Temp = treatment temperature. Family ID = identity of the 

family pairing. Brood Size = number of larvae per brood. Nest ID = identity of nest. 

2k represents the number of model parameters  

3ωi represents the Akaike weights 
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Table A7: Comparison of models to explain variation in sex ratio (ratio of female:male 

offspring) using AICc. All recombinant models are shown, as well as the top ranked model with 

a quadratic term for temperature. The best performing model is italicized. 

S
ex

 r
a
ti

o
  

 

Models1 k2 AICc Δ AICc ωi
3 

Null 1 232.09 0.00 0.64 

Temp 2 233.44 1.34 0.33 

Family ID  6 238.83 6.73 0.02 

Temp + Family ID 7 241.03 8.93 0.01 

Temp * Family ID 12 254.77 22.68 <0.01 

     

(Temp)2  3 233.96 1.9 0.28 

1Full model: cbind(number of female offspring, number of male offspring)~ Temp*Family ID. 

Temp = treatment temperature. Family ID = identity of the family pairing. 

2k represents the number of model parameters  

3ωi represents the Akaike weights 
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Table A8: Comparison of models to determine heritability of offspring size (mean pronotal width 

per brood) using AICc. All recombinant models are shown. The best performing model is 

italicized. 

H
er

it
a
b

il
it

y
 o

f 
o
ff

sp
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n
g
 

si
ze

  

Models1 k2 AICc Δ AICc ωi
3 

Null 2 106.57 0.00 0.48 

Temp 3 107.83 1.25 0.26 

Mid-parent size 3 108.76 2.21 0.16 

Temp + Mid-parent size 4 110.12 3.55 0.08 

Temp * Mid-parent size 5 112.29 5.72 0.03 

1Full model: Offspring size ~Temp* Mid-parent size. Offspring size = mean pronotal width per 

brood. Temp = treatment temperature. Mid-parent size = mean pronotal width of both male and 

female parent. 

2k represents the number of model parameters  

3ωi represents the Akaike weights 
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Table A9: Comparison of models to determine heritability of brood size using AICc. All 

recombinant models are shown. The best performing model is italicized. 
H

er
it

a
b

il
it

y
 o

f 
b

ro
o
d
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e
  

Models1 k2 AICc Δ AICc ωi
3 

Temp 3 358.96 0.00 0.62 

Temp + Mid-brood size 4 361.05 2.09 0.22 

Temp * Mid-brood size 5 362.09 3.12 0.13 

Null 2 365.48 6.52 0.02 

Mid-brood size 3 367.51 8.54 0.00 

1Full model: Brood size ~Temp* Mid-brood size. Temp = treatment temperature. Mid-brood size 

= mean number of siblings in the broods the parents were derived from. 

2k represents the number of model parameters  

3ωi represents the Akaike weights 
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Table A10: Comparison of models to explain variation in eclosion success (eclosed 

offspring/number of larvae per nest) due to temperature, and parental care per larva using AICc. 

All recombinant models are shown, as well as the top ranked model with a quadratic term for 

temperature. The best performing model is italicized. 

E
cl

o
si

o
n

 s
u

cc
es

s 

Models1 k2 AICc Δ AICc ωi
3 

Temp  2 155.54 0.00 0.53 

Temp + Care per larva  3 157.75 2.21 0.17 

Null 1 157.79 2.25 0.17 

Care per larva 2 159.47 3.93 0.07 

Temp * Care per larva 4 160.05 4.52 0.06 

1Full model with a binomial distribution: cbind(number of eclosed offspring, number of failed 

eclosion) ~ Temp*scaled(care per larva). Temp = treatment temperature. Care per larva = total 

amount of parental care (sum of parental care behaviours of both male and female parents over 

three 30-min observation periods) divided by the brood size.  

2k represents the number of model parameters  

3ωi represents the Akaike weights 
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Table A11: Comparison of models to explain variation in reproductive success (number of 

eclosed offspring) due to temperature, and total parental care provided using AICc. All 

recombinant models are shown, as well as the top ranked model with a quadratic term for 

temperature allowed. The best performing model is italicized. 

R
ep

ro
d

u
ct

iv
e 

su
cc

es
s Models1 k2 AICc Δ AICc  ωi

3 

Temp*Parental care 5 351.3 0.00 0.87 

Temp + Parental care  4 355.3 3.96 0.12 

Parental care 3 361.5 10.21 <0.001 

Temp 3 372.0 20.64 <0.001 

Null 2 374.1 22.79 <0.001 

1Full model: Number of eclosed offspring~ Temp*scaled(Parental care). Temp = temperature 

treatment. Parental care = total amount of parental care (sum of parental care behaviours of both 

male and female parents over three 30-min observation periods).  

2k represents the number of model parameters  

3ωi represents the Akaike weights 
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Table A12: Comparison of models to explain variation in residual larval mass due to 

temperature, and parental care per larva using AICc. All recombinant models are shown, as well 

as the top ranked model with a quadratic term for temperature. The best performing model is 

italicized. 

R
es

id
u

a
l 
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rv

a
l 

m
a
ss

 Mixed Models1 k2 AICc Δ AICc  ωi
3 

Care per larva*Temp 6 2206.60 0.00 0.58 

Temp + Care per larva 5 2207.63 1.04 0.35 

Temp 4 2211.05 4.45 0.06 

Null 3 2215.60 9.01 0.01 

Care per larva 4 2216.51 9.92 0.00 

1Full model: Residual larval mass ~ Temp*Care per larva + (1|Nest ID). Residual larval mass 

(larval mass relative to the brood size) = residuals of the linear model [scaled(larval mass of each 

individual) ~ Brood Size]. Temp = treatment temperature. Brood Size = number of larvae per 

brood. Nest ID = identity of nest. Care per larva = total amount of parental care (sum of parental 

care behaviours of both male and female parents over three 30-min observation periods) divided 

by the brood size. 

2k represents the number of model parameters  

3ωi represents the Akaike weights 
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Table A13: Comparison of models to explain variation in care per larva due to brood size and 

temperature using AICc. All recombinant models are shown, as well as the top ranked model 

with a quadratic term for temperature. The best performing model is italicized. 

C
a
re

 p
er

 l
a
rv

a
 

Models1 k2 AICc Δ AICc  ωi
3 

Brood size*Temp 5 342.16 0.00 0.98 

Brood size 3 350.88 8.72 0.01 

Brood size + Temp  4 351.20 9.04 0.01 

Temp 3 357.36 15.20 <0.001 

Null 2 359.36 17.20 <0.001 

1Full model: Care per larva ~ Brood size*Temp. Temp = treatment temperature. Brood Size = 

number of larvae per brood. Care per larva = total amount of parental care (sum of parental care 

behaviours of both male and female parents over three 30-min observation periods) divided by 

the brood size. 

2k represents the number of model parameters  

3ωi represents the Akaike weights 
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