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Abstract
Understanding the factors that maintain and constrain biodiversity and species
coexistence is a major goal in ecology. Closely related species that use similar resources often
differ in their seasonal patterns of activity, consistent with resource partitioning that is thought to
facilitate coexistence. The factors that limit the distributions of these species across seasons,
however, are unknown for the majority of species. In my second chapter, we conducted a largescale survey of a diverse carrion beetle community in southeastern Ontario, Canada from April
to October, and found evidence consistent with resource partitioning in Nicrophorus habitat
generalists, but limited evidence for seasonal differences in abundance among habitat specialists.
In my third chapter, we test one hypothesis that may explain seasonal differences in activity
between two burying beetle species (Nicrophorus sayi, N. orbicollis) that co-occur, require
carrion for food and reproduction, and differ in their seasonal patterns of activity. Specifically,
we tested predictions of the competitive ability – cold tolerance trade-off hypothesis whereby
adaptations to cold temperatures compromise competitive ability under warmer conditions,
leading to the partitioning of resources along seasonal gradients. Consistent with our hypothesis,
we found evidence that the late-season N. orbicollis is less able to function at the cold
temperatures that characterize early spring, when the early-season N. sayi is most active.
Contrary to our hypothesis, however, we found that the late-season N. orbicollis was not
competitively dominant to the early-season N. sayi under warm conditions, but instead the larger
beetle always won, regardless of species. Our survey data suggest that N. orbicollis is usually the
larger species when competing for the same carrion later in the season, mostly because of its
high abundance during this time. The larger size of N. orbicollis thus presents an intense
competitive pressure that should limit N. sayi breeding later in the season. Overall, my thesis
research provides evidence for seasonal partitioning of resources and the factors that constrain
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the seasonal distributions of two species. My work further suggests that seasonal partitioning of
resources may contribute to maintaining local diversity within a diverse community of carrion
beetles.
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Chapter 1: General introduction and literature review
Introduction
What determines the number of species that live together? This question is central to
ecology and a comprehensive answer would shed light on the processes that maintain or
constrain species coexistence and biodiversity. While questions about coexistence have been the
focus of studies across many species and contexts, we have yet to uncover prevalent rules or
patterns that are generalizable across diverse taxa and environments (Lawton, 1999; Simberloff,
2004). Answers to broad biological questions concerning the abundance and distribution of
species are of increasing importance during a time of accelerated anthropogenic changes (e.g.
urbanization, climate change) that can cause the disassembly of existing communities, and the
formation of new ones (Walther et al., 2002; Parmesan, 2006; Chen et al., 2011; Alexander et al.,
2016; Loboda et al., 2018). In order to protect biodiversity, we must understand the ecological
and evolutionary processes that govern community structure, species coexistence, and local
diversity.
Attempts to explain diversity and species coexistence over the last century have led to the
development of many theories of ecological communities, including the competitive exclusion
principle (Gause, 1934; Hardin, 1960), niche theory (Hutchinson, 1959; Chase and Leibold,
2003), the theory of limiting similarity (MacArthur & Levins, 1967), R* theory (Tilman, 1982),
and community assembly theory (Diamond, 1975). Many of these theories focus on lower-level
processes and interactions (e.g., competition, predation, disturbance, parasites, disease), or
combinations thereof, that ultimately influence selection in ecological communities (Velland,
2016). Chesson’s (2000) framework for coexistence simplifies many of these theories down to
two more general processes that are thought to determine coexistence in a community: the
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stabilizing effects of niche (or other ecological) differences, and the equalizing effects of fitness
differences. Fitness differences between species inform which species would exclude all others
in the absence of all stabilizing effects (Chesson, 2000). Stabilizing effects serve to minimize
interactions between coexisting species, thereby reducing interspecific competition (Chesson,
2000; Adler et al., 2007). Stabilizing effects include processes such as resource partitioning and
density-dependent predation, although these processes may influence fitness differences between
species and thus have equalizing effects as well (Chesson, 2000; Snyder et al., 2005). Species
can coexist in a community when stabilizing effects are greater than equalizing effects (Chesson,
2000), or in other words, when they are limited more by intraspecific effects than by interspecific
effects (Adler et al., 2007).
The coexistence of closely related species is an important and rate-determining step in the
formation of biodiversity (Price et al., 2014), but similarities between these species present an
ecological challenge when their ranges overlap. Closely related species typically have similar
ecologies, traits, and resource preferences through their recent common ancestry (Violle et al.,
2011), and these similarities can lead to conflicting selective pressures when they co-occur. For
example, competition for shared, limiting resources can lead to divergent selection on ecological
traits (character displacement) to minimize costs, while local conditions and resources can lead
to convergent selection on ecological traits that match their shared environment (local
adaptation). How do species solve these challenges, and are there any general rules or patterns
that promote or constrain the coexistence of closely related species?
In this chapter, I address ecological processes and their potential underlying mechanisms
that may facilitate coexistence among closely related species. While the meaning of the word
‘mechanism’ in biology is contentious (Machamer et al., 2000; Woodward, 2002; Connolly et
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al., 2017; McGill & Potochnik, 2018), in this thesis, we follow the definition of Clark et al.
(2018): “a specifically defined rationale explaining observed patterns”. Mechanisms refer to
what causes change, either directly or indirectly, that explain phenomena, patterns, or processes
in a repeatable or predictable way.
Although not without controversy, competition for resources is generally considered
critical for explaining coexistence and diversity in communities (Rosenzweig, 1978; Dieckmann
& Doebeli, 1999; Schluter, 2000; Day & Young, 2004). Classic ecological theory states that two
species cannot coexist when competing for the same limiting resource, as one species will
eventually exclude the other (Gause, 1934; Hardin, 1960). Therefore, coexisting species must
differentiate their resource use in some way to reduce the costs of interspecific competition and
stably coexist. Due to their ecological similarities, closely related species typically have
significant overlap in their resource use, and when resources are limiting, intense interspecific
competition, and eventual exclusion, can occur. Although exclusion may be buffered or delayed
by near-neutral dynamics, particularly at large population sizes (neutral theory: Bell, 2001;
Hubbell, 2001), differences among species are ultimately necessary for long-term, stable
coexistence (Chesson, 2000; Levine & HilleRisLambers, 2009).
Ecological differences between species required for coexistence may lead to resource
partitioning, effectively reducing ecological overlap and the resulting interspecific competition.
Partitioning can occur along distinct ecological axes. First, different species may use distinct
resources (MacArthur & Levins, 1967; Schoener, 1974; Tilman, 1982), for example food type or
size. Second, if species compete for the same limited resource, they may differentiate their
resource use spatially (MacArthur, 1958; Schoener, 1974; Toft, 1985; Chesson, 2000), by using
different habitats or microhabitats. Third, species may differentiate resource use temporally
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(Schoener, 1974; Armstrong & McGehee, 1976, 1980; Toft, 1985; Chesson, 1985, 2000; Ziv et
al., 1993; Kotler et al., 1993), for example, through timing of diel or seasonally activity. These
axes may be complementary to each other, and partitioning is often multidimensional within
communities (Schoener, 1974; Toft, 1985). For example, species may separate by habitat, and
these respective habitats may also differ in available food type, thus causing species to
differentiate both spatially and in resource use. The number of dimensions that segregate species
should increase with an increasing number of coexisting species with similar resource
requirements, in order to minimize resource overlap when resources are limited (MacArthur,
1965; Levins, 1968; Schoener, 1974). By differentiating themselves in a community through
resource partitioning, species increase intraspecific competition relative to interspecific
competition, satisfying an important criterion for stable coexistence (Chesson, 2000).
While resource partitioning may help reduce the costs of coexistence among closely
related or ecologically similar species (Schoener, 1974; Toft, 1985; Walter, 1991; Hunt et al.,
2008; Millien et al., 2017), the question remains: why doesn’t one species use all the resources to
the exclusion of the others? Without uncovering the mechanisms underlying differences in
resource use, we cannot understand why resource partitioning and coexistence occurs in some
contexts, but not others.
Trade-offs may be key in preventing one species from dominating all environments
(Dobzhansky, 1964; Tilman, 1982, 2011). Trade-offs arise when one trait phenotype can only be
achieved at the expense of another, and thus a trait that is advantageous in one context, may
confer a simultaneous disadvantage in another context. Trade-offs influence many species and
may be essential for stable coexistence (Tilman, 2011; Clark et al., 2018). These trade-offs
promote coexistence because species must invest in strategies beneficial in some circumstances,
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but not all (Stearns, 1989; Roff, 1992; Zera & Harshman, 2001; Roff & Fairbairn, 2007),
preventing the implementation of strategies that give a species a universal advantage in all
contexts (Tilman, 1982, 2011; Clark et al., 2018). Trade-offs may be functional (i.e., physical
constraints on evolution; see Alexander, 1985), thus forcing a choice between distinct
evolutionary trajectories that cannot simultaneously be taken. Alternatively, trade-offs may be
allocative and dependent on investment of finite time and resources to some traits rather than
others (e.g., number versus size of offspring). Allocative trade-offs may be particularly important
when resources are limited (e.g., Gómez & Buckling, 2011) and can be reduced or masked with
increased resource acquisition (van Noordwijk & de Jong, 1986). The concept may seem simple,
but trade-offs can involve multiple traits and interacting mechanisms (e.g., Edwards et al., 2011;
Shoval et al., 2012), which may obscure trade-offs when only considering a subset of the traits
involved. Thus, the mechanisms underlying the trade-offs can be difficult to detect and test
empirically, especially those that involve multiple interacting traits. However, understanding
trade-offs and their underlying mechanisms is essential to the study of diversity (Martin, 2014),
as trade-offs are ubiquitous in nature (Tilman, 2011) and essential for stable coexistence in
ecological communities (Clark et al., 2018).
For this reason, trade-offs have remained a focus of studies that seek to understand the
coexistence of species in ecological communities. These works have been productive in
describing many now well-known trade-offs, including trade-offs between: efficiency in uptake
or consumption of one resource at the expense of another (e.g. Tilman, 1982; Tilman et al., 1982;
Vincent et al., 1996; Edwards et al., 2011; Behrends et al., 2014), resource use efficiency and
defense against predators or parasites (e.g. Holt et al., 1994; Uriarte et al., 2002; Viola et al.,
2010), competitive ability and colonization ability (e.g. Tilman, 1982; Rees, 1993; Turnbull et
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al., 1999; Levine & Rees, 2002; Cadotte et al., 2006), and competitive ability and tolerance to
abiotic stress (e.g., Grime, 1974; Tilman & Pacala, 1993; Bestelmeyer, 2000; Chase & Leibold,
2003). Many of these trade-offs may promote species coexistence among closely related species
in environments with spatial and temporal variation, providing opportunities for differential
resource use strategies (e.g., specialists vs generalists strategies, see McPeek, 1996; Weiner &
Xiao, 2012).
In variable and challenging environments, trade-offs between competitive ability and
tolerance to an environmental challenge may allow coexistence of closely related species. In this
context, a competitively dominant species keeps other species from using a preferred resource
(e.g., habitat, food type, time of season). In order for the other species to persist with the
dominant species, they must adapt (or already be adapted) to use resources under conditions that
that the dominant species avoids or cannot tolerate. For example, in many plant species,
increased tolerance to an abiotic challenge (e.g., salinity, freeze-tolerance) is believed to tradeoff with growth and competitive ability (Tilman, 1988). In closely related species of coexisting
warblers, the Orange-crowned Warbler (Oreothylpis celata) is competitively dominant, and
displaces Virginia’s Warblers (O. virginiae) from preferred cool, moist habitats, while Virginia’s
Warblers find refuge in hot, dry conditions that Orange-crowned Warblers cannot tolerate
(Martin & Martin, 2001a,b). In general, trade-offs between competitive ability and tolerance to
an environmental challenge may provide opportunities for coexistence among closely related
species across diverse taxa, when environmental conditions are heterogeneous.
Ectotherms may be particularly susceptible to these types of competitive ability –
environmental tolerance trade-offs, particularly those that involve challenging temperatures. For
temperate or high latitude ectotherms, variation in environmental temperature is known to be a
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key challenge influencing all aspects of ectotherms’ biology (Angilletta, 2009). However, these
challenges may also represent opportunities for coexisting species that can adapt, potentially
giving rise to specialist-generalist strategies (McPeek, 1996; Weiner & Xiao, 2012). Striking
evidence of this comes from studies on diverse assemblages of ant species. A dominance –
thermal tolerance trade-off is apparent in temperate forest ant communities, where dominant
species forage in a narrow breadth of warm temperatures, while subordinate species must forage
at a wide range of temperatures to coexist, including challenging cool temperatures (Lessard et
al., 2009). Likewise, in subtropical ant communities, dominant species are most active at
modestly high temperatures, while subordinates were displaced to temperature extremes
(Bestelmeyer, 2000). Foraging at temperature extremes is inevitably challenging for ectotherms
like ants, however, subordinate species benefited from near exclusive access to resources during
times of temperature extremes when dominant species were not active (Bestelmeyer 2000).
Competitive ability – thermal tolerance trade-offs may explain patterns of temporal resource
partitioning among coexisting species, where some species may be displaced to times of the day
or year when temperatures are challenging for dominant species (e.g., Lynch et al., 1980; Lynch,
1981). Despite compelling examples, we have few strong, empirical tests that unravel the effects
temperature on temporal resource partitioning (Paterson & Blouin-Demers, 2017) and reveal the
trade-offs that may underlie this partitioning among coexisting, closely related species.
Scope of thesis
My research is focused on identifying and understanding temporal partitioning of
resources among closely related species that live together, and exploring potential trade-offs that
may underlie differences in seasonal resource use in these assemblages. I chose carrion beetles
(Silphidae) as my study system because many species co-occur in southeastern Ontario with
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similar ecologies and resource requirements, but differ in potentially important ecological traits,
making this group ideal for studying temporal partitioning and potential trade-offs.
Study System
Carrion beetles are an excellent system for answering questions about coexistence and
resource partitioning. In southeastern Ontario, eleven species of carrion beetle coexist: seven
species from the Nicrophorinae subfamily (Nicrophorus genus) and four species from the
Silphinae subfamily. These species use carrion resources for food and reproduction and are
thought to have evolved different resource use patterns that may reduce competition.
Nicrophorus species, also known as the burying beetles, have particularly complex life cycles
and behaviours. Adult burying beetles emerge throughout the spring and summer in search of
small vertebrate carrion to commence breeding. Both males and females will search for a carcass
and engage in aggressive competition both within and between species if more than one malefemale (conspecific) pair finds the carcass (Anderson & Peck, 1985; Scott 1998; Trumbo 1990a).
The winning pair will bury and prepare the carcass as food for their offspring, and these
behaviours help to minimize competition from other carrion beetles, microbes, invertebrates, and
vertebrate scavengers (Shubeck & Blank, 1982; Anderson & Peck, 1985; Shubeck, 1985).
To our knowledge, no study has determined the relative availability of carrion for the
beetles; however, carrion is an energy-rich and ephemeral resource that is generally thought to be
limiting in their environment. Many individuals and species of carrion beetles come in to, and
fight for, individual carcasses, and typically only one pair (representing one species) can use a
carcass for reproduction, further suggesting that this resource is limiting. One study conducted
near Ottawa, Canada examined carrion resource utilization, and found that Nicrophorus species
used 29% of available carcasses set out by researchers, while 51% were taken by vertebrate
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scavengers, and 20% were used by other invertebrates (Beninger & Peck, 1992), supporting the
idea that carrion resources are limiting.
Carrion beetles are thought to partition resources along different ecological axes to
reduce the costs of competition for limited carrion resources. Silphinae species may avoid
competition with Nicrophorus beetles by using larger carcasses, whereas burying beetles require
small carcasses that they are able to easily bury (Anderson & Peck, 1985). Previous studies have
identified further evidence of resource partitioning among carrion beetle species, specifically
along spatial and temporal axes. Many species seem to occupy different habitats, such as
coniferous forests, open fields, wetlands, or canopy habitats (Anderson, 1982; Beninger & Peck,
1992; Beninger, 1994; Trumbo & Bloch, 2000; LeGros & Beresford, 2010; Dyer & Price, 2013;
Brown & Beresford, 2016; Sikes et al., 2016; Wettlaufer et al., 2018). Other species appear to
partition resources in time, based on evidence of differential diel activities (Anderson & Peck,
1985; Wilson et al., 1984), timing of emergence from overwintering, or timing of reproduction
(Anderson 1982; Anderson & Peck, 1985; Beninger & Peck, 1992; Beninger, 1994). Resource
partitioning in carrion beetles may include other axes as well, although to a lesser extent. These
include carcass searching efficiency (Trumbo & Bloch, 2002), or alternative reproductive
strategies, such as communal breeding on large carcasses (Scott, 1994).
Thesis Objectives
The overarching goal of this thesis is to understand the factors that cause differences in
seasonal resource use among coexisting, closely related species, and work towards revealing the
underlying mechanisms that prevent one species from monopolizing resources in all
environments. To address this goal, we first surveyed a diverse carrion beetle community
throughout the duration of their active season (April – October 2017) at the Queen’s University
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Biological Station to document differences in seasonal abundances among coexisting carrion
beetles. I focussed my remaining work on two species within the community, Nicrophorus
orbicollis and N. sayi, that are ecologically similar but differ in two important aspects: timing of
emergence, and seasonal abundance patterns.
In chapter 2, I analyze our extensive carrion beetle survey data to determine the seasonal
abundance pattern of each species in the community and examine how their abundances differ
with temperature and season. The goal of this chapter was to provide data on the seasonal
distributions of co-occurring carrion beetles at the Queen’s University Biological Station. This
baseline data was important to collect to inform future work (chapter 3) on the factors that may
limit seasonal distributions of species, and more broadly to test whether the seasonal partitioning
of resources may facilitate the coexistence of closely related species.
In chapter 3, I aim to test one hypothesis that may explain seasonal differences in
resource use among coexisting species: a competitive ability – cold tolerance trade-off
hypothesis whereby adaptations to cold compromise competitive ability under warmer
conditions, leading to the partitioning of resources along temperature gradients. I tested this
hypothesis in Nicrophorus orbicollis and N. sayi – two species that have striking similarities
(habitats, diel activity, variation in body size, resource use), but differ in their timing of
emergence from overwintering, relative abundance, and seasonal patterns of abundance. To test
this hypothesis, I first characterized the cold tolerance of both species with three cold tolerance
assays: lower lethal limit, chill coma onset, and chill coma recovery time. We also tested the
outcome of competitive interactions between N. sayi and N. orbicollis at cool (5°C) and warm
(15°C) temperatures that are characteristic of their natural environment during periods of N. sayi
(cool) and N. orbicollis (warm) activity.
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Building on the results from our competition experiments, we examined the cooccurrence of N. sayi and N. orbicollis in nature in our final analysis in chapter 3, incorporating
our survey data from chapter 2 for ecological context. We examined the proportion of traps in
our survey that caught N. sayi, that also caught N. orbicollis. Within the traps that caught both
species, we further analyzed the differences in mean and maximum body size between the two
species, providing key evidence that body size and the numerical dominance of N. orbicollis,
together, limit the seasonal distribution of N. sayi.
While we do not find evidence of a direct trade-off between cold tolerance and
competitive ability, my research suggests that season is an important axis of partitioning among
closely related species. In addition, we identify traits that appear to limit seasonal abundances of
beetles, preventing a single species from dominating through the entire active season. Overall,
our study provides insight into how closely related species may partition energy and resources to
coexist. Ultimately, an understanding of how closely related species coexist is necessary to
reveal the repeated patterns and processes that underlie species coexistence, community
structure, and local diversity across diverse taxa and environments.
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Chapter 2: Partitioning resources through the seasons: abundance and phenology of
carrion beetles (Silphidae) in southeastern Ontario
Jillian D. Wettlaufer, Kevin W. Burke, David V. Beresford, Paul R. Martin
In preparation for submission to Ecological Entomology
Abstract
1. Carrion beetles (Silphidae) are an excellent model system to investigate species
coexistence and resource partitioning because they frequently co-occur in communities
and face intense competition for small vertebrate carrion that they require for
reproduction.
2. We conducted a large-scale survey of a diverse carrion beetle community in southeastern
Ontario, Canada from April to October. We examined differences in seasonal abundance
among eight co-occurring carrion beetle species, including five species of burying beetles
(Nicrophorinae: Nicrophorus) and three species from the Silphinae subfamily.
3. All species showed seasonal variation in abundance, with peak abundance of most
species occurring between June and August. All but one species (Nicrophorus sayi)
showed positive relationships between abundance and temperature.
4. We find evidence consistent with seasonal partitioning among Nicrophorus habitat
generalists, but limited evidence for seasonal differences in abundance among habitat
specialists.
5. Overall, results provide evidence consistent with seasonal resource partitioning, that
could potentially reduce competition for limited carrion resources among some species,
allowing them to coexist within the same ecological community.
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Introduction
Understanding species coexistence and the factors that maintain and constrain
biodiversity is a central goal in biology. The coexistence of closely related species is an
important and rate-limiting step in diversification (Price et al., 2014), however, their recent
common ancestry and ecological similarity may lead to intense competition for shared resources
(Violle et al., 2011). When resources are limited, interspecific competition between ecologically
equivalent species is expected to increase, ultimately leading to the exclusion of inferior
competitors (Hardin, 1960; Harper et al., 1961; Webb et al. 2002; Schoener, 2011). Yet, in
nature, we find many examples of coexistence among closely related species. This coexistence
may be maintained through divergent traits and ecological strategies that allow species to
partition resources, reducing competition (Schoener, 1974; Toft, 1985; Walter, 1991). Such
resource partitioning can occur along diverse ecological axes, including partitioning of resources
across seasons (Schoener, 1974). Indeed, seasonal differences in activity patterns among closely
related species, consistent with seasonal partitioning of resources, is widespread across diverse
taxa, including insects, but its relative importance remains poorly known for most insect groups
(Paterson & Blouin-Demers, 2017).
Burying beetles (Nicrophorus), of the family Silphidae, have been a focus of studies of
resource partitioning because they all require the same limiting resource, small vertebrate
carrion, for food and reproduction. Their reliance on an ephemeral and highly sought-after
resource can create intense competition both within and among species (Trumbo, 1990a), yet
many burying beetle and other carrion beetle species co-occur within communities. Do these
species partition carrion to maintain coexistence, and if so, how? Previous work has suggested
that burying beetles may partition carrion spatially, by using different habitats (Anderson, 1982;
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Anderson & Peck, 1985; Beninger, 1994; Lingafelter, 1995; Scott, 1998; Wilhelm et al., 2001;
Ulyshen et al., 2007; LeGros & Beresford, 2010; Dyer & Price, 2013; Brown & Beresford, 2016;
Wettlaufer et al., 2018), and temporally, through different timing of diel activity (Wilson et al.,
1984, Anderson & Peck, 1985) and different seasonal timing of emergence and breeding
(Anderson, 1982; Wilson et al., 1984; Anderson & Peck, 1985; Trumbo, 1990b; Beninger, 1994;
Lingafelter, 1995; Scott, 1998). These latter observations suggest that seasonal partitioning of
resources may be important for the coexistence of carrion beetles across widespread temperate
beetle communities (in North America: Anderson, 1982; Wilson et al., 1984; Trumbo, 1990b;
Lingafelter, 1995; Scott, 1998; Trumbo & Bloch, 2002; Werner & Raffa, 2003; in Asia:
Katakura & Fukuda, 1975; Katakura & Ueno, 1985; in Europe: Scott 1998; Urbański &
Baraniak, 2015).
Most carrion beetle species are active, abundant, and reproductive in the late spring and
early summer in temperate environments (Anderson, 1982; Anderson & Peck, 1985, Beninger,
1994; Scott, 1998; Wettlaufer et al. 2018). Other species, however, emerge early in the spring,
thereby avoiding interactions with later emerging species that may be more abundant, larger, or
superior competitors (Anderson, 1982; Anderson and Peck, 1985; Wilson et al., 1984; Scott,
1998). These early emerging species can monopolize valuable breeding resources during this
time when competition is relatively low, but face other challenges such as cold temperatures or
limiting resources. Likewise, other species appear to delay emergence and reproduction until late
in the summer, potentially also avoiding periods of high competition. Late-season breeding,
however, may lead to challenges of colder fall temperatures, and be limited by the development
time necessary before winter diapause. Overall, by staggering the timing of important ecological
events, such as emergence and reproduction, some coexisting species may minimize ecological
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overlap and competitive interactions, but face alternative selective pressures that can present
challenges for insects.
Here, we examine seasonal differences in the abundance of species in a diverse carrion
beetle assemblage in southeastern Ontario through the active season, from April to October
2017. The goal of this work was to provide baseline data on the seasonal distributions of cooccurring carrion beetles at this site that can be used in future work to determine the factors that
limit seasonal distributions of species, and test whether seasonal partitioning of resources allows
closely related species to live together. Our aim was also to provide a test of seasonal variation in
the abundance of carrion beetles using intensive sampling in time and space, randomized
sampling over area, and statistical tests of variation in seasonality within and among species –
approaches that have been used in few studies of seasonality in insects to date. Specifically, we
seek to answer four main questions regarding the phenology of carrion beetles at our study site:
1) Does the abundance of carrion beetles vary with season? 2) If yes, are different carrion beetle
species more abundant at different times across the seasons? 3) Does the abundance of carrion
beetles vary with environmental temperature? 4) If yes, are different carrion beetle species active
at different temperatures? Based on surveys of similar carrion beetle assemblages, we predicted
that 1) the abundance of carrion beetles will vary with season, and 2) seasonal variation will
differ between coexisting species. We also predicted that 3) abundance will vary with
environmental temperature, and 4) different species will be most active at different temperatures.
Methods
Study Site
We collected carrion beetles in baited, lethal traps on the Queen’s University Biological
Station (QUBS, 44.5653, -76.3242, 115–170m elevation ; approximately 3000 hectares)
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properties near Elgin, Ontario, Canada from April 16 to October 29, 2017. We set traps at 100
points across the QUBS properties that were randomly selected with spatial constraints, and that
are also the subject of long-term studies of diverse taxonomic groups (insects, plants, birds).
These sites were chosen by randomly selecting GPS points that are within QUBS property
boundaries, with the restrictions that no site could fall within a body of water, and each site must
be at least 400m from all other sites. We set traps at 5 sites per day, grouped together by distance
in order for it to be feasible to set traps at all 100 sites in a 4-week period. Many of our sites
occur in areas of regrowth forest, consisting largely of sugar maple (Acer saccharum) and
ironwood (Ostrya virginiana), with some species of ash (Fraximus spp.), elm (Ulmus spp.),
hickory (Carya spp.), birch (Betula spp.), and basswood (Tilia americana), with many areas of
mixed forest with coniferous trees (Pinus spp., Thuja occidentalis, Tsuga canadensis) (Martin,
1994). The areas of mature deciduous or mixed forests reach an average height of 24m (Jones et
al., 2001). Other habitats at some of our sites include: wet woodlands dominated by eastern white
cedar (Thuja occidentalis) and birch species, conifer plantations, edges of small lakes and beaver
ponds, forest edges, open fields that were once agriculture pastures, or rocky outcrops with
scattered red oak (Quercus rubra), eastern white pine (Pinus strobus), red (Juniperus virginia)
and common (J. communis) juniper, as well as mosses, grasses, and lichen-covered rock (Martin,
1994).
Study Species
We collected all species of carrion beetles from the family Silphidae found at our study
site. The Silphidae family is comprised of two subfamilies: Silphinae and Nicrophorinae. We
collected seven species in the genus Nicrophorus (Nicrophorinae): Nicrophorus orbicollis, N.
sayi, N. tomentosus, N. pustulatus, N. hebes, N. marginatus, and N. defodiens. We collected four
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species in the subfamily Silphinae: Necrophila americana, Oiceoptoma inaequale, O.
noveboracense, and Necrodes surinamensis.
Species belonging to the subfamily Silphinae have been known to use carcasses of all
sizes, whereas those in the Nicrophorinae subfamily, also known as the burying beetles, prefer
smaller carcasses that can be buried easily (Anderson & Peck, 1985). In burying beetles, both
males and females will search for carrion resources and will aggressively compete for and defend
their carrion against congeners and conspecifics (Bartlett, 1988; Scott, 1994; Trumbo, 1990a).
Burying beetles may avoid competition with competitors by burying or covering the carcass, in
addition to coating the carcass in oral and anal secretions that may slow decomposition and
reduce competition with microbes (Scott, 1998; Rozen et al., 2008). If more than one conspecific
pair of adult burying beetles discover a carcass, fighting typically ensues until only one pair
remains (Pukowski, 1933; Trumbo, 1990a). The successful pair will then rear and care for their
offspring, using the carrion to feed their larvae. Carrion is a limiting resource for carrion beetles
because it is a high-energy resource sought after by many other taxa (e.g., vertebrate scavengers,
other insects, bacteria, fungi), it often attracts very large numbers of beetles (e.g., more
Nicrophorus individuals than could use the resource for reproduction), and its presence
commonly leads to aggressive contests among beetles indicative of interference competition
(Trumbo, 1990a). Previous work near Ottawa, Canada examined carrion resource use and found
that Nicrophorus species used 29% of available carcasses set out by researchers, while 51% were
taken by vertebrate scavengers, and 20% were used by other invertebrates (Beninger & Peck,
1992), supporting the idea that carrion resources are limiting. At our study sites, we have
frequently observed aggressive interactions and individuals killing other conspecifics or
heterospecifics over a carcass.
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In addition to temporal partitioning, some carrion beetle species at our study site show
evidence of spatial partitioning. N. hebes (previously N. vespilloides; see Sikes et al., 2016) is
associated with wetland habitats (Anderson, 1982; Beninger & Peck, 1992; Beninger, 1994),
while N. defodiens seems to prefer coniferous forests (Anderson, 1982; Trumbo & Bloch, 2000).
N. marginatus is almost exclusively found in large open fields greater than 20 hectares (Trumbo
& Bloch, 2000). N. pustulatus is frequently caught in elevated traps, suggesting a preference for
canopy foraging and breeding, rather than ground-breeding like most burying beetle species
(Ulyshen et al., 2007; LeGros & Beresford, 2010; Dyer & Price, 2013; Brown & Beresford,
2016; Wettlaufer et al., 2018). The remaining three Nicrophorus species, N. orbicollis, N. sayi,
and N. tomentosus are habitat generalists (Anderson, 1982; Beninger, 1994; Trumbo & Bloch,
2000; K. Burke, unpublished data from our site). Necrophila americana and Necrodes
surinamensis are also habitat generalists, but may be found more commonly in forested or open
areas (Anderson & Peck, 1985). Oiceoptoma inaequale and O. noveboracense are found
primarily in forested habitats (Anderson, 1982; Anderson & Peck, 1985).
Trapping Methods
We sampled each of our 100 sites at least 3 times during each different time period
through the season: 16 April – 24 May, 4 June – 12 July, 24 July – 25 August 2017. We sampled
some sites (N=44) a 4th time in the fall, from 8 September – 29 October 2017. At each site, we
set two baited traps: a pitfall trap in the ground, and a trap of the same design suspended in a tree
6m high. We collected the contents of each trap after 7 days in the field. We built our traps out of
plastic buckets, approximately 35cm deep and 17cm in diameter. We filled the buckets with
approximately 6cm (depth) of saturated saline solution to kill and preserve the beetles. We
covered each trap with a 35cm2 sheet of chicken wire, from which we suspended a chicken wing
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wrapped in cheesecloth from the centre of the chicken wire, using steel craft wire to hang it
above the saline solution. Our chicken wing bait was frozen until used in traps, without any prior
thawing. We covered each trap with a 30cm2 plywood board to prevent rainwater from flooding
the traps, leaving approximately 1 inch of space between the board and the lip of the bucket. The
board also helped protect our traps from vertebrate scavengers. For ground traps, we covered
each board with large rocks collected from the site in an attempt to deter vertebrate scavengers
from stealing the bait and disrupting our traps. We hung our 6m traps in tree branches, as close to
the paired ground trap as possible. The exact distance between paired ground and canopy traps
varied depending on the availability of suitable branches for canopy traps, and soil for ground
traps (average = 6.7m horizontal distance between paired ground and canopy traps; largest
distance was approximately 20m). We removed traps from our analyses if there was evidence of
disruption by vertebrate scavengers (bait or trap stolen, N=61), flooding from rainwater (N=7),
other disturbance (wind disturbance of canopy traps, N=5), or if there was human error in trap
deployment (N=8) (Table A1). At one of our sites, we did not set a canopy trap because the site
is located in a marsh with no trees nearby (Table A1).
Species and Sex Identification
We identified each beetle first as Silphidae by their large size, clavate or capitate 11-segmented
antennae, prominent fore coxae, and elytra that were either truncate, triscostate, or lacking
coastae. We then identified each Silphidae beetle to genus, species, and sex following Anderson
& Peck (1985).
Temperature Data
We obtained daily minimum temperature data from Environment Canada’s Hartington
Court weather station (Environment Canada, 2019), situated approximately 30km from QUBS.
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We decided to use daily minimum temperatures, rather than mean or maximum temperatures,
because most burying beetle species are crepuscular or nocturnal, while only one species at our
study site may be diurnal (Wilson et al., 1984; Anderson & Peck; 1985). Thus, most species are
active during times where they will be experiencing temperatures closer to the daily minimums,
rather than the mean or maximums. Minimum temperatures at our site also represent a
significant challenge to ectotherms, unlike mean or maximum temperatures, which rarely
exceeded 23°C or 29°C in 2017, respectively.
Statistical Analyses
We performed all statistical analyses in R (R Core Team 2018).
For our analysis, we removed all species for which we caught fewer than 50 individuals
in our surveys (N. defodiens, N. marginatus, and Necrodes surinamensis) because small samples
obscured seasonal variation in occurrence. N. defodiens and N. marginatus are known to be
habitat specialists (Anderson, 1982; Trumbo & Bloch, 2000); very few of our random sites fell
within or near their preferred habitats of coniferous forests and large open fields, respectively,
and thus we caught very few. Necrodes surinamensis was relatively rare at our study site.
We tested if the abundance of each species varied through the season using generalized
additive models (GAMs) in the R package mgcv (version. 1.8-28; Wood, 2006). We used GAMs
rather than alternative approaches (e.g., generalized linear models) because data plots showed
nonlinear relationships between calendar date and abundance for all species; GAMs are able to
model non-linear relationships by incorporating smooth functions for predictors (Wood 2017).
The abundance of beetles was the response variable, and species and s(calendar date by species)
were predictor variables in our model, where s represents the smooth function specified for each
species separately using the by command. Calendar date refers to the date the trap was retrieved
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from the site, 7 days after deployment. We included trap height (ground or 6m) nested within site
as random factors within the model because inclusion of these random effects improved model
performance, as assessed by Akaike’s information criteria values (AIC). We used restricted
maximum likelihood (REML) smoothness selection as recommended by Wood (2011) and
Simpson (2018). Abundance data included many values of zero, and thus we compared the fit
and performance of models with a negative binomial, zero-inflated Poisson, and tweedie
distributions. We checked model fit to the data for each of these distributions using the plot and
gam.check functions in the mgcv package. Specifically, we plotted ordered deviance residuals
against their theoretical quantiles (qq plots), residuals versus fitted values, and response versus
fitted values, and optimized the basis dimension of the smooth function (k) by examining
estimated degrees of freedom, k-indices and p-values for different values of k. The model with a
negative binomial distribution performed best. We tested for temporal autocorrelation in our
residuals using the acf function in the R package stats (version 3.5.2; R Core Team, 2018), and
spatial autocorrelation using the correlog.model and mantel.test functions in the R package ncf
(version 1.2-6; Bjornstad et al., 2018). We found no evidence of significant spatial
autocorrelation, and little evidence of temporal autocorrelation; incorporating temporal
autocorrelation into our models did not improve their fit. We then compared our model with
species and s(date, by species) as predictors with a model with only species as a predictor, and
compared fit using AIC values; the former model performed best (lower AIC).
We tested the hypothesis that species differed in their patterns of seasonality by
calculating the difference in model-predicted relationships and their Bayesian credible intervals
for species abundance with calendar date, following Rose et al. (2012) and Simpson (2017).
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Bayesian credible intervals that did not overlap zero indicated dates for which species differed in
their relative seasonal abundance distributions (Simpson, 2017).
We tested the hypothesis that beetle abundance varied with both temperature and
calendar date using GAMs with the abundance of beetles as the response variable, and species
and s(calendar date, temperature by species) as predictor variables in our model, and trap height
nested within site as random factors. We followed the same procedure for model selection and
checking model fit as for our previous GAM models. We chose the tweedie distribution for this
model as the k-indices and corresponding p-values indicated a better fit to the data than the
negative binomial distribution, although both models give the same general results. Again,
GAMs without temporal autocorrelation fit our data better, and we found no evidence of spatial
autocorrelation. For our model estimating species abundance with minimum temperature through
the season, we visualized the partial interaction between temperature and calendar date with a
contour plot created using the pvisgam function in the itsadug package (version 2.3; van Rij et al.
2017).
Results
We collected a total of 13,153 carrion beetles in our surveys, excluding individuals
caught in traps with evidence of disturbance by vertebrate scavengers. Of the total number, 9,606
individuals were Nicrophorinae (Nicrophorus) and 3,547 were Silphinae (Necrophila,
Oiceoptoma, Necrodes). We summarized the relative abundance of all Silphidae collected in our
study in Table 2.1.
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Nicrophorinae – Habitat Generalists
The first species to emerge in the spring was N. sayi. We collected the first sayi on April
26, with the highest number of individuals from 11 June to 26 June. Numbers declined gradually
through the summer and into the fall, with individuals caught through to late October (Fig 2.1B).
The most numerous Nicrophorus species that we collected was N. orbicollis, with over
4,440 individuals collected. We collected the first orbicollis on 18 May, but we did not catch this
species consistently until our second collection round began, on 4 June (Fig. 2.1A). During our
third collection round, N. orbicollis abundance declined, although this species still remained
relatively abundant compared to other species. We caught N. orbicollis through the fall until late
October, however, their relative abundance during this time was low (Fig. 2.1A).
We collected our first N. tomentosus on 21 June; this species was not collected
consistently until the start of our third collection round beginning on 24 July. N. tomentosus was
the most abundant species caught during our third (24 July – 25 Aug) and fourth (8 Sept – 29
Oct) collection rounds, with their relative abundance beginning to decline in early September
(Fig 2.1C).
Nicrophorinae – Habitat Specialists
We collected the first N. pustulatus on 19 May, although only one individual was
collected during this first round of trapping (Table 2.1). We did not catch this species
consistently until our second collection round beginning on 4 June (Fig 2.1D). We caught this
species more frequently in our canopy (6m) traps, rather than our ground (0m) traps.
We collected the first N. hebes on 12 June and we trapped most individuals of this
species during our second collection round (Table 2.1; Fig 2.1E). This species was less abundant
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in our surveys overall, likely because they were only caught at sites in close proximity to
wetlands (K. Burke, unpublished data).
Two other Nicrophorus species, N. defodiens and N. marginatus, were relatively rare in
our survey (Table 2.1). We only caught N. defodiens regularly at one of our sites near an Eastern
White Cedar (Thuja occidentalis) swamp, and close to stands of White Spruce (Picea glauca),
Balsam Fir (Abies balsamea), and aspen (Populus spp.), which are rare at our site. Likewise, we
only caught N. marginatus at one site located in an open field that bordered agriculture; this
species was only collected during our second round (Table 2.1). We removed N. defodiens and
N. marginatus from further analyses due to our low catch numbers.
Siphinae
We collected the first Necrophila americana on 2 May, however, we did not trap this
species consistently until our second collection round (Table 2.1; Fig. 2.1F). Necrophila
americana was most abundant during our third collection round (Table 2.1) and declined
precipitously by our fourth collection round in the fall (Fig. 2.1F).
We collected the first Oiceoptoma inaequale on 2 May, and caught this species
intermittently throughout our first 3 collection rounds. O. inaequale was most abundant during
our second collection round (Table 2.1; Fig. 2.1G) from 4 June – 12 July. We did not collect any
of this species during our fourth collection round in the fall.
We collected the first O. noveboracense on 19 May, although only one was trapped
during our first collection round (Table 2.1). We trapped this species intermittently during our
second and third collection rounds, but caught none during our fourth collection round in the fall
(Fig. 2.1H).
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Table 2.1. Average number of carrion beetles captured per trap during four collection rounds at
the Queen’s University Biological Station from 16 April – 29 October 2017. Total number of
beetles caught for each species is shown in the righthand column. Traps were set on the ground
and in the canopy (6m) at each of 100 random sites across the properties (see details in
Methods). Sample sizes (N) per round reflect the total number of traps set, excluding traps that
failed due to vertebrate scavengers, wind, or human error.
Round 1
N=171

Round 2
N=184

Round 3
N=171

Round 4
N=78

17 Apr –
24 May

4 June –
12 July

24 Jul –
25 Aug

8 Sept –
29 Oct

0.07

12.82

11.44

1.45

4440

0

0.15

19.01

4.38

3619

Nicrophorus sayi

0.90

1.99

1.33

1.91

897

Nicrophorus pustulatus

0.01

2.46

0.41

0.06

528

Nicrophorus hebes

0

0.40

0.16

0.05

105

Nicrophorus defodiens

0

0.04

0.02

0.04

14

Nicrophorus marginatus

0

0.02

0

0

3

Necrophila americana

0.04

5.68

11.19

0.17

2980

Oiceoptoma noveboracense

0.01

0.47

0.25

0

131

Oiceoptoma inaequale

0.15

1.92

0.14

0

402

Necrodes surinamensis

0

0.13

0.03

0.06

34

Species

Nicrophorus orbicollis
Nicrophorus tomentosus

Total
Total Nicrophorus

Total
number
of
beetles

13 153
9 606
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Figure 2.1. Number of beetles per trap (log transformed) by calendar date for the focal carrion
beetle species in our study. Beetle species with few individuals caught were excluded. We caught
the beetles at 100 random sites across the Queen’s University Biological Station properties from
16 April – 29 October 2017. Lines are splines (span = 1.5), with 95% confidence intervals in
grey. Legend contains circle sizes that represent the number of overlapping datapoints.
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Seasonal Variation in Abundance
Our best-fitting GAM model explained a considerable percentage of variance (73.6%) in
the relative abundance of carrion beetles, with the main explanatory variable being date by
species, and trap (ground or canopy) within site included as a random factor. All beetle species
showed significant seasonal variation in abundance (Table 2.2; Fig. 2.2), with most species
peaking in abundance between June and August.
Nicrophorus habitat generalists (N. orbicollis, N. sayi, and N. tomentosus) showed
distinct patterns of seasonal variation in abundance, with offset peaks indicating an early-season
(N. sayi), mid-season (N. orbicollis) and late-season (N. tomentosus) species, with extensive
periods of overlap. These seasonal differences in abundance patterns were largely absent when
comparing the most abundant species (N. orbicollis) to habitat specialists (N. pustulatus and N.
hebes) (Fig. 2.3). We show the differences in smooth functions for all species pairs in Appendix
A (Fig. A1).
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Table 2.2. Results of the best performing generalized additive model (negative binomial) for
species abundance through the active season at the Queen’s University Biological Station
(April – October 2017). Trap (ground or canopy) nested within site was included as a random
factor.

Parametric term

Approximate
significance of
smooth terms

species

df

X2

P-value

7

115.4

<0.001

edf

X2

P-value

s(date):N. orbicollis
7.7
9.4
<0.001
s(date):N. sayi
11.1
13.3
<0.001
s(date):N. tomentosus
5.2
6.4
<0.001
s(date):N. pustulatus
9.0
10.8
<0.001
s(date):N. hebes
5.5
6.8
0.01
s(date):Necr. americana
8.9
10.7
<0.001
s(date):O. inaequale
6.0
7.3
<0.001
s(date):O. noveboracense
4.1
5.2
<0.001
s(site, trap)
161.5
198.0
<0.001
s: smooth function represented by penalized regression splines
df: degrees of freedom
edf: estimated degrees of freedom
X2: chi-squared value
“:”: interaction among terms
Formula (response variable as a function of predictor variables: value ~ species + s(date, by =
species, k=20) + s(site, trap, bs=“re”), family = nb()
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Figure 2.2. Relative seasonal abundance of beetles as a function of calendar date for eight
carrion beetle species caught at the Queen’s University Biological Station from 16 April – 29
October 2017. Lines indicate model predicted values with 95% confidence intervals in grey.
Sampling dates are shown by the ‘rug’ on the x-axis. Lines indicate the relative seasonal
abundance of each beetle species, controlling for overall abundance. Values above the zero line
indicate periods of relatively higher seasonal abundance within species; values below the zero
line indicate periods of relatively lower seasonal abundance within species.
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Figure 2.3. Relative differences in seasonal abundance of beetles as a function of calendar date for pairs of
beetle species caught at the Queen’s University Biological Station from 16 April – 29 October 2017. Lines
indicate model differences in predicted values between species pairs, with 95% confidence intervals in grey.
Lines indicate the difference in the relative seasonal abundance of beetle species, controlling for their overall
abundance. Values above the zero line indicate periods of relatively higher seasonal abundance of the first
species relative to the second species; values below the zero line indicate periods of relatively lower seasonal
abundance of the first species relative to the second species. Periods where the 95% confidence intervals do
not overlap the zero line indicate periods where seasonal abundance was significantly different between the
species. Panels illustrate differences between the most abundant and widespread species at our site, N.
orbicollis, and A) N. sayi, B) N. tomentosus, C) N. pustulatus, and D) N. hebes. At our site, N. orbicollis, N.
sayi, and N. tomentosus are habitat generalists; N. hebes (wetlands) and N. pustulatus (canopy) are habitat
specialists. Similar plots comparing all species pairs are provided in Appendix A (Fig. A2).
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Variation in Abundance with Temperature
The abundance of most carrion beetle species increased with environmental temperatures
(Fig. 2.4), with the exception of N. sayi, whose abundance began to plateau and decline at higher
temperatures (Fig.2.4B).
We modelled species abundance by minimum daily temperatures through the season
using a GAM. Our best-fitting model explained a considerable percentage of variance (73.4%) in
relative abundance of carrion beetles with the main explanatory variable being min.temp and date
by species, and trap within site included as a random factor (Table 2.3). All beetle species
showed significant variation in abundance with minimum temperature, and these relationships in
turn varied across species and season (Table 2.3; Fig.2.5).
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Figure 2.4. Number of carrion beetles per trap (log transformed) by minimum temperature (ºC)
for the focal carrion beetle species in our study. Beetle species with few individuals caught were
excluded. We caught the beetles at 100 random sites across the Queen’s University Biological
Station properties from 16 April – 29 October 2017. Lines are splines (span = 1.5), with 95%
confidence intervals in grey. Legend contains circle sizes that represent the number of
overlapping datapoints.
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Table 2.3. Results of the best performing generalized additive model testing the effects of
minimum temperature and date on the abundance of carrion beetle species caught at the
Queen’s University Biological Station (April – October 2017). Trap (ground or canopy) nested
within site was included as a random factor.

Parametric term

Approximate
significance of
smooth terms

species

df

F

P-value

7

22.55

<0.001

edf

F

P-value

s(min.temp,date):N. orbicollis
12.4
15.7
<0.001
s(min.temp,date):N. sayi
16.7
4.4
<0.001
s(min.temp,date):N. tomentosus
9.9
25.0
<0.001
s(min.temp,date):N. pustulatus
12.0
10.0
<0.001
s(min.temp,date):N. hebes
8.2
3.0
<0.001
s(min.temp,date):Necr. americana
13.1
17.0
<0.001
s(min.temp,date):O. inaequale
11.6
9.4
<0.001
s(min.temp,date):O. noveboracense 7.2
5.8
<0.001
s(site, trap)
158.3
4.2
<0.001
s: smooth function represented using penalized regression splines
df: degrees of freedom
edf: estimated degrees of freedom
F: F-ratio test score
“:”: interaction among terms
Formula (response variable as a function of predictor variables: value ~ species + s(min.temp,
date, by = species, k=30) + s(site, trap, bs=“re”), family = tw()
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Figure 2.5. Illustration of the interactive effects of minimum daily temperature (ºC) and calendar
date on species abundance for the focal carrion beetles in our study. The contour map shows the
model predicted values, with lighter shades illustrating areas of relatively higher abundance
within species, and darker areas illustrating areas of relatively lower abundance within species,
controlling for the overall abundance of the species. Green lines show contour lines of change;
lines closer together illustrate areas of steeper changes in relative abundance. Areas of white
indicate no model predicted values because temperatures did not occur during those dates.

35
Discussion
Carrion beetles face intense competition for limiting breeding resources, yet many
species occur together within the same ecological communities. Some of these species show
different patterns of seasonal abundance (Anderson, 1982; Lingafelter, 1995; Wilson et al., 1984;
Trumbo, 1990b; Scott, 1998; Trumbo & Bloch, 2002; Werner & Raffa, 2003), suggesting that
seasonal partitioning of resources could be important for minimizing competition. We conducted
a large-scale survey of a diverse carrion beetle community in southeastern Ontario from April to
October, documenting the relative abundance of eight co-occurring Silphidae species. Carrion
beetles were active from 16 April to 29 October, with peak abundance occurring from June to
August. All species showed seasonal variation in abundance, and all but one species showed
positive relationships between abundance and temperature. We found evidence consistent with
seasonal partitioning among Nicrophorus habitat generalists, but limited evidence for seasonal
differences in abundance among habitat specialists.
Seasonal Abundance Patterns
When comparing the seasonal abundance pattern of our most abundant habitat generalist,
N. orbicollis, to other Nicrophorus species, we find that other habitat generalists have different
patterns of seasonal abundance (N. sayi, Fig. 2.3A; N. tomentosus, Fig. 2.3B). N. sayi is the first
species to emerge at our study site and remains the most abundant species through most of May.
These findings are consistent with other surveys that found that N. sayi emerges several weeks
before other co-occurring burying beetle species (Anderson, 1982; Wilson et al., 1984; Anderson
& Peck, 1985; Beninger & Peck, 1992; Werner & Raffa, 2003). This early phenology may be an
adaptation to avoid competitive interactions with other carrion beetles (Anderson, 1982; Wilson
et al., 1984; Scott, 1998), especially those active later in the spring or early summer that may be
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more abundant or competitively dominant than N. sayi. Some studies have found bimodal
patterns of relative abundance of N. sayi, peaking in early spring and fall (Beninger, 1994;
Werner & Raffa, 2003). We find similar results at our study sites: N. sayi comprised 77.0% of
total carrion beetle catch in the spring (collection round 1), and 23.5% in the fall (collection
round 4), with a lower relative abundance during late spring and early summer (7.6%, collection
round 2), and midsummer (3.0%, collection round 3) (Table 2.1). Some researchers have
suggested that N. sayi enters a reproductive diapause in the summer months when other carrion
beetle species are abundant (Wilson et al., 1984; Scott, 1998), which could explain the reduced
numbers of N. sayi trapped with bait suitable for reproduction (chicken wings). The increased
abundance patterns of N. sayi in the fall may represent the adult young of that year feeding
before overwintering (Anderson, 1981). N. sayi require a diapause for ovarian maturation
(Müller & Eggert, 1987; Scott, 1998), and thus young born during spring or summer would not
breed until the following year.
In contrast to N. sayi, N. tomentosus phenology is much later, peaking in the summer and
early fall. We found some N. tomentosus individuals emerging by the end of June, but we did not
catch large numbers of this species until July and August. N. tomentosus is relatively small
(Anderson & Peck, 1985; Collard, 2018), and previous work has suggested that their later
breeding may be an adaptive strategy to avoid competition with larger species, such as N.
orbicollis (Anderson, 1982; Wilson et al., 1984; Trumbo 1990b). N. tomentosus is the only
species found in southeastern Ontario that is known to overwinter as prepupae, rather than as
adults (Scott, 1998), which may uniquely allow N. tomentosus enough time to develop in the fall,
prior to overwintering. N. tomentosus’ late emergence in summer may also result from continued
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development in late spring, after overwintering but prior to emergence (Pukowski, 1933; Wilson
et al., 1984).
The seasonal abundance patterns of Nicrophorus habitat specialists, N. pustulatus and N.
hebes, showed few differences from those of N. orbicollis (Fig. 2.3C,D). These species can avoid
interactions with more abundant or dominant species, like N. orbicollis, by using alternative
habitats that are largely ignored by other species. The seasonal abundance pattern of N.
pustulatus, the canopy specialist, coincides with the typical timing of reproduction for small
birds and mammals (e.g., June at our study site for birds; Peck & James, 1987; Keast, 1990;
Cadman et al., 2007), when carrion resources in the canopy may be more abundant compared to
other times in the season (Ricklefs, 1969). N. hebes is almost exclusively caught in marshes,
bogs, or other wetland habitats in North America where other species rarely occur (Anderson
1982; Beninger & Peck, 1992; Beninger, 1994; Sikes et al., 2016), and is seldom caught in
forested areas unless in close proximity to a wetland habitat (K.W. Burke, unpublished data from
our study site). The spatial segregation of habitat specialists suggests that they may not face the
same selective pressures as habitat generalists to stagger their phenologies, potentially explaining
their phenological overlap with the most widespread, abundant, and competitively dominant
species (N. orbicollis) at our sites.
We rarely caught the other Nicrophorus habitat specialists in our study area; the few
samples of these species precluded analyses of seasonal variation in their abundance. N.
defodiens was regularly caught at only one site located near patches of boreal-like forest (Picea,
Abies, Populus, Thuja) – habitat that occurs in few locations at our site. This species is often
caught in coniferous habitats across its range (Anderson, 1982; Anderson & Peck, 1985; Trumbo
& Bloch, 2000). Likewise, we only caught N. marginatus at one site located in a large open field
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and exclusively in late spring. N. marginatus appears to be a prairie species and may have
expanded its range eastward with the proliferation of agriculture and forest-clearing by humans
(Lindroth, 1971).
We also found some evidence of seasonal partitioning among the Silphinae species. We
caught Necrophila americana in large numbers in late spring and early summer. This species is
generally found in forested or open habitats (Anderson, 1982; Anderson & Peck, 1985) and
appears to have a similar seasonal abundance pattern to N. orbicollis, suggesting that these two
species may often compete for carcasses. Silphinae species, however, are frequently observed
using large carcasses that Nicrophorinae species would be unable to bury (Anderson, 1982;
Anderson & Peck; 1985), potentially reducing competitive pressure. Previous work has found
that O. noveboracense was relatively abundant during early spring (Shubeck et al. 1981;
Lingafelter, 1995), with newly emerged adults (tenerals) appearing in traps in July (Anderson,
1982). In our study area, however, O. noveboracense was more abundant in late spring and early
summer, similar to patterns observed in Wisconsin and Michigan (Werner & Raffa, 2003). We
first caught Oiceoptoma inaequale in early May, with peak abundance occurring in late spring
and early summer. O. inaequale abundance declined sharply in mid-summer, and they were
absent from our traps in the fall collection round. Necrodes surinamensis was not abundant in
our survey, and thus we did not include it in our analysis of seasonal variation in abundance.
This species is widely distributed in North America, but may only be locally common in the
western United States and Canada (Anderson, 1981).
Differences in Abundance with Temperature and Season
The abundance of each species in our analysis increased with minimum temperature,
except for N. sayi. The abundance of N. sayi began to plateau and decline as we reached our
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highest minimum temperatures (Fig. 2.4B). N. sayi adults readily mated in the laboratory at
15ºC, but did not mate or prepare carcasses at 19ºC or 25ºC (Benowitz et al., 2019), suggesting
that optimal breeding temperatures for N. sayi may be lower than other Nicrophorus species. N.
sayi is active and breeding earlier in the spring than other carrion beetle species and must be able
to withstand and thrive under lower environmental temperatures frequently observed in the
spring. N. tomentosus was also caught during periods of low minimum temperatures, in the fall
(Fig 2.5C); however, this species is diurnal (Wilson et al., 1984; Anderson & Peck, 1985) and
thus can avoid cold minimum temperatures that typically occur at night or in early morning.
Temporal Resource Partitioning
Variation in the seasonal abundance of carrion beetles in our study area provides
evidence consistent with temporal resource partitioning among some species, particularly the
Nicrophorus habitat generalists. N. orbicollis is the largest species found in our study area
(Collard, 2018) and is numerically abundant. We suggest that other habitat generalists, like N.
sayi and N. tomentosus, may benefit from staggering their phenologies to avoid competitive
interactions with N. orbicollis. Similar patterns have been observed across diverse taxa of
coexisting, closely related or ecologically similar species. For example, coexisting, cryptic bee
species in the United Kingdom show evidence of partitioning along three axes, including
phenology, thermal conditions, and resource use (Scriven et al., 2016). In an ant community in
Maryland, one ant species (Prenolepis imparis) foraged at lower temperatures in the spring and
autumn, while halting surface activity in the warmer midsummer period when other ant species
were abundant (Lynch et al. 1980). Similarly, subordinate prairie bunchgrasses could only
coexist with the dominant species (Schizachyrium scoparium) when their phenologies and
rooting depth differed (Fargione & Tilman, 2005). In Australian frog communities, closely
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related or ecologically similar species differed in seasonal peak calling times, suggesting
temporal partitioning of reproductive activity to facilitate coexistence (Heard et al., 2015).
Differences in temporal patterns of reproduction, resource use, or habitat use thus appear to be
widespread among closely related or ecologically similar species that live together. Such
seasonal differences in resource use may help co-occurring species minimize the costs of
competition, allowing them to coexist within the same ecological communities.
Temperate or high latitude environments face seasonal fluctuations in temperature, and
while this seasonal variation may present a challenge for some species, it provides an
opportunity for any species that can adapt to temperature extremes. A study conducted in
Michigan provided evidence of temperature-dependent competition among two Nicrophorus
species, N. orbicollis and N. defodiens (Wilson et al., 1984). The competitively dominant N.
orbicollis found more carcasses on warm nights, while N. defodiens obtained more carcasses on
nights that were warm earlier in the evening, when N. defodiens is active, but then rapidly cooled
overnight, when N. orbicollis is active (Wilson et al., 1984). N. defodiens may be able to persist
with the larger N. orbicollis because of evenings where rapidly falling night temperatures prevent
N. orbicollis activity (Wilson et al., 1984). While N. defodiens is uncommon at our study site,
this study offers evidence that cool temperatures may provide a refuge for species that are
vulnerable in competitive interactions with larger or more abundant species like N. orbicollis
(see also Trumbo 1990a; Trumbo & Bloch, 2002).
While we, along with others (Anderson, 1982; Wilson et al., 1984; Scott, 1998; Werner
& Raffa, 2003), propose that differences in phenologies may reduce competition for limited
carrion resources among some species, we still do not know to what extent interspecific
competition, or other environmental factors, directly influence species’ phenologies. For
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example, differences in phenologies among the beetle species that we found in our study could
reflect different responses of species to other selective pressures, such as the availability of
different types of carcasses or variation in predation or disease. The identity of selective
pressures that might drive seasonal differences in abundance in our system will require
experiments and more intensive study. Regardless, the results of our surveys suggest that season
may be another important axis of partitioning among coexisting, closely related species,
particularly among species that use similar and diverse habitats.
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Chapter 3: A test of the competitive ability – cold tolerance trade-off hypothesis in
seasonally breeding beetles
Jillian D. Wettlaufer, April Ye, Heath A. MacMillan, Paul R. Martin
In preparation for submission to the Proceedings of the Royal Society B
Abstract
Understanding the factors that maintain and constrain biodiversity and species
coexistence is a major goal in ecology. Closely related species that use similar resources often
differ in their seasonal patterns of activity, consistent with resource partitioning that is thought to
facilitate coexistence. The factors that limit the distributions of these species across seasons,
however, is unknown for the majority of species. We tested one hypothesis that could potentially
explain seasonal differences in activity between two closely related species of burying beetles
(Nicrophorus sayi, N. orbicollis) that co-occur, require carrion for food and reproduction, and
differ in their seasonal patterns of activity. Specifically, we tested predictions of the competitive
ability – cold tolerance trade-off hypothesis whereby adaptations to cold temperatures
compromise competitive ability under warmer conditions, leading to the partitioning of resources
along seasonal gradients. Consistent with our hypothesis, we found evidence that the late-season
N. orbicollis is less able to function at the cold temperatures that characterize early spring, when
the early-season N. sayi is most active. Contrary to our hypothesis, however, we found that the
late-season N. orbicollis was not competitively dominant to the early-season N. sayi under warm
conditions, but instead the larger beetle always won, regardless of species. Survey data from
nature suggest that N. orbicollis is usually (89% of the time) the larger species when competing
for the same carrion between June and August, mostly because of its high abundance during this
time. The larger size of N. orbicollis thus presents an intense competitive pressure that should
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limit N. sayi breeding later in the season. Overall, we do not find evidence for a trade-off
between cold tolerance and competitive ability acting at the level of the individual. Instead, we
find evidence that cold temperatures limit N. orbicollis from earlier spring emergence, while
competitive pressure from the larger, numerically abundant N. orbicollis constrains N. sayi from
remaining active through the summer.
Introduction
A fundamental goal in ecology is to understand the processes that maintain and constrain
species coexistence and biodiversity. The coexistence of closely related species is a critical step
in the formation of biodiversity (Price et al. 2014); however, it also presents a significant
challenge because closely related species often compete for shared, limiting resources (Violle et
al., 2011). Resource partitioning can help closely related species reduce the costs of living
together (Schoener, 1974; Toft, 1985; Walter, 1991; Hunt et al., 2008; Millien et al., 2017), but
the question remains: Why doesn’t one species monopolize all the resources to the exclusion of
the others? One possible answer to this question involves trade-offs – adaptations that are
advantageous in one context but simultaneously disadvantageous in another context. Trade-offs
may be key in preventing one species from dominating all environments (Dobzhansky, 1964;
Tilman, 1982), thus allowing multiple species to coexist. Although many studies have identified
differences in resource use among closely related species, consistent with resource partitioning
(e.g., Schoener 1974), few have tested if trade-offs underlie them, and if so, what mechanistic
constraints ultimately cause trade-offs (e.g., allocative or functional constraints). Understanding
resource partitioning from its mechanistic underpinnings to the broader consequences for species
distributions is important if we are to understand and predict the conditions when species should
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partition resources versus when they should not, and the impacts of changing environments on
species coexistence.
Seasonal timing of resource use provides one axis by which many species appear to
partition resources, and thus coexist. Seasonal partitioning of resources appears widespread
across taxa, with examples from bacteria (e.g., Thompson et al., 2004; Hunt et al., 2008), plants
(e.g., Kamiyama et al., 2014), invertebrates (e.g., Vegter, 1987), and vertebrates (e.g., Spilseth &
Simenstad, 2011). Despite the widespread evidence for seasonal partitioning of resources, we
still do not understand what factors constrain or limit the temporal distributions of these species.
Several important environmental factors change or fluctuate with season, such as light, moisture,
predation, and herbivory (Janzen, 1970; Selås, 1997), and any of these could differentially
constrain the distributions of species through time. For temperate or high latitude ectotherms,
however, variation in environmental temperature is known to be a key challenge influencing all
aspects of ectotherms’ biology, from the physiological to the behavioural (Angilletta, 2009), to
broader patterns of species abundance and geographic distribution (Addo-Bediako et al., 2000;
Deutsch et al., 2008; Calosi et al., 2010). Cold temperatures constrain the activity and resource
use of many ectotherms during winter and early spring, and thus could play an important role in
seasonal resource partitioning among closely related species with differential tolerance to the
cold. If adaptations to the cold come at the expense of performance under warmer temperatures
(e.g., Pörtner, 2002), then we might expect a trade-off between adaptations for competitive
ability under warm conditions versus cold tolerance, a trade-off that could potentially explain
seasonal partitioning of resources among closely related species.
Burying beetles (Nicrophorus) of the family Silphidae are a great system to examine the
causes of seasonal variation in resource use, and the potential for trade-offs underlying them.
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Many Nicrophorus species have overlapping ranges and must live together while requiring the
same limiting resource, small vertebrate carrion, for food and reproduction. To our knowledge,
no study has determined the relative availability of carrion; however, many individuals and
species of beetles come in to, and fight for, individual carcasses. Typically, only one pair can use
a carcass to breed, suggesting that this resource is limiting. The winning pair will bury the
carcass, which provides some protection from competitors, although some species will usurp
buried carcasses, killing the adults and young of the other species before breeding on the carcass
themselves (Trumbo, 1990a; Trumbo & Bloch, 2002). Previous work suggests seasonal resource
partitioning (Chapter 2) may allow different Nicrophorus species to coexist (in North America:
Anderson, 1982; Wilson et al., 1984; Trumbo, 1990b; Lingafelter, 1995; Scott, 1998; Trumbo &
Bloch, 2002), and this pattern appears to be widespread (in Japan: Katakura & Fukuda, 1975;
Katakura & Ueno, 1985; in Europe: Scott 1998; Urbański & Baraniak, 2015). Early season
species are able to emerge from overwintering during colder spring temperatures, potentially
with snow still on the ground, and before most co-occurring species are active. Later season
species, however, show strong, direct competition for carrion, suggesting that carrion is a limited
resource that can be monopolized by large or dominant species through aggressive interference
(Wilson & Fudge, 1984; Bartlett, 1988; Otronen, 1988; Trumbo, 1990a). Despite clear
differences in seasonal activity among the species, the factors that cause seasonal differences in
resource use are presently unknown.
Here, we aim to test one hypothesis that could potentially explain seasonal differences in
resource use among species: a competitive ability – cold tolerance trade-off hypothesis whereby
adaptations to cold compromise competitive ability under warmer conditions, leading to the
partitioning of resources along temperature gradients. We tested this hypothesis in two species of
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Nicrophorus that co-occur in the same locations and habitat in southeastern Ontario, but differ in
their seasonal patterns of activity. N. sayi emerges early in spring, several weeks before all other
congeners are active (Chapter 2; Anderson, 1982; Anderson & Peck, 1985; Scott, 1998), and
declines in activity through the summer (Chapter 2). N. orbicollis is active and abundant during
warm periods of mid-summer, and is thought to be competitively dominant to most other
congeners based on its large size and dominance over some smaller species (N. defodiens,
Trumbo & Bloch, 2002). N. orbicollis is, on average, larger than N. sayi at our sites, but both
species are similar-sized during the periods of overlap in breeding activity (Collard, 2018), with
N. orbicollis much more abundant overall (Chapter 2). These two species are commonly caught
in the same traps during periods of temporal overlap and regularly have been observed to kill
each other during aggressive interactions over carcasses. Despite these observations, the
competitive relationships among these two species have not previously been described.
If the competitive ability – cold tolerance trade-off hypothesis explains the differences in
seasonal distributions between N. sayi and N. orbicollis, then we predicted that N. sayi should
show greater cold tolerance than N. orbicollis, and that N. orbicollis should be competitively
dominant to N. sayi at warmer temperatures. We performed three assays that are frequently used
for measuring cold tolerance in chill susceptible species (Sinclair et al., 2015): 1) lower lethal
limit, 2) chill coma onset, and 3) chill coma recovery time. Specifically, we predicted that N. sayi
would exhibit a lower lethal limit, a lower chill coma onset temperature, and a shorter chill coma
recovery time compared with N. orbicollis. Using experiments, we also tested the outcome of
competitive interactions between N. sayi and N. orbicollis over a carcass, and whether this
outcome varied between cool (5°C) and warm (15°C) temperatures characteristic of their natural
environment during periods of N. sayi (cool) and N. orbicollis (warm) activity. Specifically, we
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predicted that N. orbicollis would be less able to function at cool temperatures, allowing N. sayi
exclusive access to the carcass during competition trials. We also predicted that N. orbicollis
would win competitive contests at warm temperatures, leaving N. sayi without access to the
carcass.
Methods
Study Species
In southeastern Ontario, seven species of burying beetles (Nicrophorus) coexist and
require the same limiting resource for reproduction. Burying beetles breed on small vertebrate
carcasses and may minimize competition with other carrion beetles, microbes, invertebrates, or
vertebrate scavengers by burying the carcass (Shubeck & Blank, 1982; Shubeck, 1985; Anderson
& Peck, 1985; Scott, 1998). Burying beetles will fight if more than one male-female adult pair
finds the carcass, both within and among species (Anderson & Peck, 1985). N. orbicollis will
even usurp buried carcasses, killing the adults and young of other species before breeding on the
carcass themselves (Trumbo, 1990a; Trumbo & Bloch, 2002). To our knowledge, no study has
determined the relative availability of carrion for the beetles; however, many individuals and
species of beetles come in to, and fight for, individual carcasses. The number of carrion beetles
that come into one baited trap can be in the hundreds during midsummer when abundances are
high (at our site in 2017, maximum number of individuals over a 7-day period: carrion beetles =
299 per trap, Nicrophorus only = 147 per trap). Typically, only one pair of Nicrophorus breeds
on a carcass, suggesting that the resource must be severely limiting. The successful pair will bury
the carcass, strip it of its fur or feathers, roll it up, cover the carcass with antimicrobial
secretions, and create a small hole as an access point for their larvae. Behaviours such as
competitive ability in a fight for a resource, and preparation of the carcass, are thus critical to
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their reproductive success. Other traits may influence their success; for example, larger
individuals typically win a competitive interaction for a carcass (Bartlett & Ashworth, 1988;
Otronen, 1988; Müller et al., 1990; Safryn & Scott, 2000).
Seasonal timing of activity and breeding differs for many species of Nicrophorus. At our
sites, N. sayi emerges first, typically around mid-April, and is relatively abundant until June. N.
orbicollis emerges in late May, and is relatively abundant until August (Chapter 2). N.
tomentosus emerges last (late June, early July), peaking in abundance in mid-late August
(Chapter 2). All three species are habitat generalists, and are often caught in the same trapping
sites (Anderson, 1982; Trumbo & Bloch, 2000; K. Burke, unpublished data from our study site).
Other Nicrophorus species at our site appear to be habitat specialists (K. Burke, unpublished
data; Anderson & Peck, 1985), and show less distinct differences in seasonal patterns of activity
(Chapter 2). Some Nicrophorus species differ in their diel activity: N. orbicollis, N. sayi and N.
pustulatus are nocturnal, N. defodiens and N. marginatus are crepuscular, and N. tomentosus
appears to be diurnal (Anderson & Peck, 1985; Wilson et al., 1984).
Field Site and Field Methods
We collected burying beetles in baited live traps at the Queen’s University Biological
Station properties (QUBS, 44.5653, −76.3242, 115–170m elevation) near Elgin, Ontario during
three collection periods. Our first collection period was from 25 April – 11 May 2018, during N.
sayi’s emergence from overwintering and before N. orbicollis had emerged. Our second
collection period was from 25 May – 8 June 2018, when N. sayi was relatively abundant, and N.
orbicollis had just emerged from overwintering. Our third collection period was from 20 June – 4
July 2018, when N. orbicollis was relatively abundant, and N. sayi’s abundance had declined.
We built our traps using plastic buckets approximately 35cm deep and 17cm in diameter. We
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filled the buckets with soil collected from the trapping location. We baited each trap with one
chicken wing wrapped in cheesecloth and placed on top of the soil in the bucket. We froze the
bait until deployment, without any prior thawing. We covered each trap with a plywood board to
prevent rain water from flooding the bucket. We secured each trap by placing large rocks on top
of the plywood board to prevent vertebrate scavengers from disrupting the traps. We set our traps
in mixed deciduous forested habitats and checked them every 1-2 days to collect any live N.
orbicollis or N. sayi. We released any bycatch or injured beetles (e.g., missing limbs or
antennae). Prior to the cold tolerance experiments, we housed N. orbicollis and N. sayi
individually outdoors (natural light and temperature conditions) in wooden (pine) crates divided
into compartments (4.5 x 5 x 12cm) by wire mesh. We provided each individual with soil and
leaf litter, as well as food (beef liver) every 5 days. We provided water to each enclosure as
needed (every 1-2 days in the absence of rain) to prevent the soil from drying out. We kept our
beetles under natural conditions of light and temperature to avoid unnatural conditions that could
alter their physiological tolerance in our experiments.
Lower Lethal Limit Assay
The lethal temperature (LTe50) is defined as the temperature at which 50% of individuals
in a population will die and is considered a good estimate of ecologically relevant cold tolerance
(e.g., in flies, Anderson 2015). We exposed groups of 10 individuals to 6-7 temperature
treatments for a 2-hour time period in a cooling bath (model MX7LL, VWR International,
Mississauga, Canada). We chose temperature treatments that spanned a range of 0% to 100%
mortality. Following cold exposure, we held the beetles in recovery conditions: 2 hours posttreatment at room temperature (22°C ± 2°C), and then in the outdoor enclosure (described above)
where we assessed survival over 24 hours. At 24 hours post-treatment, we scored survival on a
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scale of 0-5 (0: no movement, i.e. dead; 1: able to move but unable to stand, e.g. twitching; 2:
standing but incapable of walking; 3: able to walk but in an uncoordinated fashion; 4:
coordinated movements, e.g. normal walking behaviour, but no evidence of flight capabilities; 5:
normal behaviour including walking and flying) (adapted from Anderson et al. 2017). A score of
3 or less was evidence that the individual was either dead or would be unlikely to survive or
reproduce in their natural environment (i.e., incapable of finding or competing for resources such
as food or breeding sites). If the individual had a score of 4 or more, we concluded that they were
alive and in suitable condition to survive if released into the wild. We performed the lower lethal
limit assay on beetles caught during each of our 3 trapping periods. During our first trapping
period, we caught only N. sayi because N. orbicollis had yet to emerge from overwintering. For
our second trapping period, we performed the lower lethal limit experiment on both N. sayi and
N. orbicollis. For our third trapping period, we caught too few N. sayi to perform the assay, so
we conducted trials on N. orbicollis only.
Chill Coma Onset Assay
To determine the threshold at which chill coma onset occurs, we measured the
temperature at which each individual lost all movement ability in 9 beetles per species per
trapping period. To measure chill coma onset, we placed each beetle individually in 50mL
conical centrifuge tubes. We attached the tubes to a rack and placed them in a temperaturecontrolled bath (model MX7LL, VWR International, Mississauga, Canada) containing a 1:1
mixture of ethylene glycol and water at 20°C. We lowered the bath temperature at a rate of 0.1°C per minute and monitored the temperature independently using a pair of type-K
thermocouples connected to a computer running Picolog (version 5.24.8) via a Pico TC-08
interface (Pico Technology, St Neots, UK). We monitored the beetles intermittently until their
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movement visibly slowed. We then checked each individual every minute until they lost the
ability to move (i.e., they entered chill coma). If movement ceased, we tapped the side of the
individual’s tube with a blunt object to elicit movement from beetles that had not yet entered
chill coma. If the individual showed no sign of movement after disturbance, then we concluded
that the individual was in a chill coma and recorded the temperature as its chill coma onset
temperature.
Chill Coma Recovery Time Assay
We measured chill coma recovery time (CCRT) in 10 individuals per species per trapping
round. To measure CCRT, we placed individuals in 15mL conical centrifuge tubes fitted with a
small cotton ball approximately halfway down the tube to prevent the beetle from climbing to the
top. We fitted the tubes through a sheet of Styrofoam, and then floated them in an ice-water
mixture (0°C) so that the tops of the tubes were above the water line, but the beetles remained
submerged at the bottom of the tubes. We monitored water temperature using a pair of type-K
thermocouples connected to a computer running Picolog (version 5.24.8) via a Pico TC-08
interface (Pico Technology, St Neots, UK). After 6h, we removed the tubes from the ice-water
mixture and placed them at room temperature (22°C). We removed the beetles from their tubes
and lined them up on their back on the lab bench for observation. We recorded chill coma
recovery time as the time until an individual beetle righted itself (i.e., turned over and stood on
all 6 legs) following its removal from the cold treatment.
Competition Experiments
We ran competition trials between N. orbicollis and N. sayi from 15 June – 30 June 2018.
We ran the trials in a temperature-controlled chamber in the Queen’s University Phytotron
(Enconair GC-20, BioChambers Inc., Winnipeg, Manitoba). We used two temperature

52
treatments, 5°C and 15°C and held relative humidity at approximately 80%. We chose our
temperature treatments based on the average minimum temperatures during our first and third
collection rounds using data from the Environment Canada Hartington Court weather station,
about 30km from our study site (Environment Canada, 2018; 2018 data, Fig. 3.1; 10-year
averages, Appendix B1.). We randomly selected the temperature treatment for the first night, and
alternated every night thereafter. We paired the beetles used in each trial based on collection site,
collection date, and sex, from a cohort of wild-caught beetles from the Queen’s University
Biological Station caught in June. We had an uneven number of each sex-based pairing

Figure 3.1. Daily 2018 minimum temperature data from about 30km from our study site
(Environment Canada, 2019). Shaded blue areas illustrate the time periods of our first, second,
and third beetle collection rounds, respectively. Red dashed lines represent the two temperature
treatments chosen for our competition experiment.
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combination as we were limited by the sexes of each species that came into our baited traps in
the field (male-orbicollis, female-sayi: 4 trials at 5°C, 7 trials at 15°C; male-orbicollis, malesayi: 2 trials each at 5°C and 15°C; female-orbicollis, female-sayi: 6 trials at 5°C, 5 trials at
15°C; female-orbicollis, male-sayi: 1 trial each at 5°C and 15°C). Prior to the experiment, we
housed the beetles individually in 4oz clear plastic containers (Reditainer, model no.
RTSC100400) with small airholes within an open, large cardboard box. We kept the box indoors
next to a large open window with natural light and temperatures in an attempt to simulate their
natural environmental conditions (temperature, light, humidity). Each trial was comprised of 3
components: one N. sayi alone in a container with a mouse carcass, one N. orbicollis alone in a
container with a mouse carcass, and one N. orbicollis and one N. sayi together in a container with
a mouse carcass. We thawed the mice (25-35g) for 48h before each trial. We set up each
container (31.4L x 20.8w x 11.9h cm) with 2cm of fresh top soil. Between each trial, we washed
out the containers with water and replenished them with new top soil. Trials ran from
approximately 9:00pm until 10:00am the following day (13 hours total). At the end of each trial,
we recorded the distance of each beetle from the mouse carcass in cm. Distance to the carcass as
a proxy for dominance relationships in Nicrophorus has been validated previously with video of
competitive trials involving N. orbicollis and N. tomentosus, using the same setup as this study
(but with ambient temperatures). When the two species differed in their distance to the carcass,
the closest individual also won the most aggressive and dominance interactions in 10 of 12 trials
(83%; binomial test on accuracy, P=0.039; Schrempf, 2019; S. Schrempf & P. R. Martin,
unpublished data). Only one trial of 14 led to the incorrect assignment of dominance using
minimum distance to the carcass as a proxy (i.e., the subordinate was closer to the carcass than
the dominant) (S. Schrempf & P. R. Martin, unpublished data).
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We also measured the amount of fur (cm2) removed from the carcass as an index of reproductive
activity on the carcass (beetles in possession of a carcass quickly begin to remove fur in
preparation for reproduction). Upon completion of the trials, we measured the total body mass
(g) of each individual for use as a covariate in our analyses.
Frequency of Co-occurrence and Body Size Comparisons
The results of our competition experiments suggested that body size was a better
predictor of competitive dominance than species, leading us to the question: which species is
larger when competing for the same resource in nature? To address this question, we used data
collected from our carrion beetle survey in 2017 where we also collected body size data (Chapter
2). Survey data allowed us to address: 1) the frequency of co-occurrence of N. sayi and N.
orbicollis across the biological station properties and across seasons and, 2) which species was
largest when they co-occurred and were competing for the same resource (i.e., came in to the
same bait in the same trap during the same 7-day period).
We conducted the survey at the Queen’s University Biological Station (QUBS) from
April to October 2017. We set baited traps at 100 randomly generated locations across QUBS
properties and sampled each site 3-4 times each. At each site, we set a trap at 0m and 6m;
however, when comparing N. sayi and N. orbicollis, we examined only ground traps because
neither species is known to breed off the ground (Anderson & Peck, 1985). We baited each trap
with a chicken wing and collected the traps after 7 days.
Statistical Analysis
We performed all statistical analyses in R (R Core Team 2018).
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Lower Lethal Limit
To determine if lower lethal limit differed between species and collection round, we used
generalized linear models (GLMs). We separated species by collection round to assess
differences in cold tolerance through the season for both species. We used a binomial GLM with
a logit link function. Our response variable was survival and our predictors were
species/collection round (i.e., sayi-round1, sayi-round2, orbicollis-round2, orbicollis-round3)
and total body mass (g) in a saturated model (i.e., all predictors and their interactions were
included in the model). We did not incorporate species and collection round as independent
predictors with an interaction because both species were included in only one round (Round 2).
We checked the fit of the saturated model to the data following Zuur et al. (2009), by plotting
residuals versus fitted values, examining qqnorm plots, testing for unequal variance across
factors using Bartlett’s tests and across continuous predictors using visual plots, and testing for
deviations from normality in the residuals using Shapiro-Wilk tests of normality. We examined
leverage of individual points to ensure that all Cook’s distance values were below 1, and thus no
individual point exerted too large an influence on model results (Zuur et al., 2009).
We ran models with all possible combinations of predictor variables and compared their
performances using Akaike information criterion values, corrected for small sample size (AICc),
and the dredge command in the R package MuMIn (version 1.43.6; Bartoń, 2018). We identified
the best-performing model as the model with the lowest AICc value and checked the fit of this
model as detailed above for the saturated model. We summarize the results of the bestperforming model in this thesis. We tested a priori contrasts, or planned comparisons between
groups, following Crawley (2013). To determine LTe50 and LTe90, we used the dose.p command
in the R package MASS (version 7.3-51.1; Venables & Ripley, 2002).
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Chill Coma Onset
To determine if chill coma onset temperature differed between species and collection
round, we used a Gaussian GLM. In our saturated model, temperature was our response variable,
and species/collection round, total body mass (g), and their interaction were our predictors. We
checked the fit of the saturated model, identified the best-performing model, and checked the fit
of the best-performing model, following the same methods as our lower lethal limit assay
(detailed above). We summarize the results of the best-performing model in this thesis. We
tested a priori contrasts, or planned comparisons between groups, following Crawley (2013).
Chill Coma Recovery Time
To determine if chill coma recovery time differed between species and collection round,
we used a Gaussian GLM. In our saturated model, time (log-transformed) was our response
variable and species/collection round, total body mass (g), and their interaction were our
predictors. We log-transformed time to meet assumptions of normality. We checked the fit of the
saturated model, identified the best-performing model, and checked the fit of the best-performing
model following the same methods as our lower lethal limit assay (detailed above). We
summarize the results of the best-performing model in this thesis. We tested a priori contrasts, or
planned comparisons between groups, following Crawley (2013).
Competition Experiments
We tested if the relative distance of the beetles from the carcass varied with treatment
(alone or competition), temperature, and relative size of the beetle using linear mixed effects
models in the R package nlme (version 3.1-137; Pinheiro et al., 2018). The relative distance of
the beetle to the carcass was the response variable, and relative difference in mass, treatment
(alone, together), and temperature (5°C, 15°C) were predictor variables in a saturated model. We
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included block as a random factor, where each block consisted of one competitive trial and two
alone trials (where each species was given their own carcass in separate enclosures without
competition) run simultaneously. We checked the fit of the saturated model to the data, identified
the best-performing model, and checked the fit of the best-performing model, following the same
methods as our lower lethal limit assay (detailed above). We summarize the results of the bestperforming model in this thesis. We tested a priori contrasts, or planned comparisons between
groups, following Crawley (2013).
We calculated the relative distance from the carcass as ln[(distance of N. orbicollis +1) /
(distance of N. sayi +1)]; values above zero indicated cases where N. sayi was closer to the
carcass than N. orbicollis. We calculated the relative differences in mass between beetles as
ln[(body mass of N. orbicollis) / (body mass of N. sayi)]; values above zero indicated cases
where N. sayi was smaller than N. orbicollis. For both relative distance to the carcass and relative
mass, we calculated values for competitive trials (both species in the same enclosure) and for
alone trials within the same block (i.e., relative distance and mass of N. sayi alone, and N.
orbicollis alone), where the relative distance to the carcass was not influenced by the other
species.
To test if the area of fur removed from the carcass in our alone trials varied with species
and temperature treatment, we used a Gaussian GLM. We first ran a saturated model that
included body mass, species, temperature treatment, and their interaction terms, as predictors.
We checked the fit of the saturated model to the data, identified the best-performing model,
checked the fit of the best-performing model, and tested a priori contrasts, or planned
comparisons between groups, following the same methods as our lower lethal limit assay
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(detailed above). Our best-performing model included species, temperature, and their interaction
term.
Body Size Comparisons Between Co-occurring Species
To test if the largest, or average, N. orbicollis caught in a trap was larger than the largest,
or average, N. sayi caught in the same trap during the same time, and how these relationships
varied with season, we used generalized additive models (GAM) from the mgcv package (version
1.8-28; Wood, 2006). We used GAMs because initial plots suggested non-linear relationships for
maximum size and date, and generalized linear and least squares models did not fit our
maximum size data well. We calculated the difference in maximum size of beetles caught in the
same trap as: ln[(body mass of heaviest N. orbicollis in trap) / (body mass of heaviest N. sayi in
trap)], and used this value as the response variable in our model. We calculated the difference in
average size of beetles caught in the same trap as: ln[(average body mass of N. orbicollis in trap)
/ (average body mass of N. sayi in trap)], and used this value as the response variable in a second
model. For both models, we included s(date, k = 20) as our predictor variable. We checked the fit
our models and optimized k values using k-indices and their significance, and by examining
qqnorm plots, plotting residuals versus linear predictors, response versus fitted values, and
overall residuals.
Results
Lower Lethal Limit
N. sayi caught during collection round 1 had the lowest lethal temperature limit (Fig. 3.2)
and the lowest LTe50 and LTe90 (Table 3.1). N. sayi caught in round 1 had a significantly lower
lethal limit than N. sayi from round 2 (binomial GLM, z=-4.08, p<0.001), N. orbicollis from
round 2 (binomial GLM, z=-2.26, p=0.02), and N. orbicollis from round 3 (binomial GLM, z=-
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3.92, p<0.001). N. orbicollis caught in round 2 had a lower lethal limit than N. sayi caught in
round 2 (binomial GLM, z=-2.47, p=0.01), and N. orbicollis caught in round 3 (binomial GLM,
z=-2.22, p=0.03). There was no difference in the lower lethal limit of N. orbicollis caught in
round 3 and N. sayi caught in round 2 (binomial GLM, z=-0.29, p=0.77). The evidence
supporting the best model that incorporated temperature and species/collection round (no
interaction term) was 3.7 times stronger than the saturated model incorporating temperature and
species by collection round with an interaction term (Table 3.2). Other models incorporating
only temperature, only species/collection round or only the intercept received very little support
(Table 3.2)

Figure 3.2. Lower lethal limit of Nicrophorus sayi and N. orbicollis caught at the Queen’s
University Biological Station. Rounds refer to the collection dates of each species: beetles in
round 1 were collected from 25 April – 11 May, round 2 from 25 May – 10 June, and round 3
from 20 June – 4 July. Lines are model predicted values with 95% confidence intervals in grey.
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Table 3.1. LTe50 and LTe90 of N. sayi and N. orbicollis caught during our three collection rounds
in 2018.
Collection Round

Species

LTe50 (°C)

LTe90 (°C)

1 (25 April – 11 May)
2 (25 May – 8 June)
2 (25 May – 8 June)
3 (20 June – 4 July)

N. sayi
N. sayi
N. orbicollis
N. orbicollis

-3.4 ± 0.2
-2.3 ± 0.1
-2.9 ± 0.1
-2.4 ± 0.1

-4.7 ± 0.4
-3.1 ± 0.2
-3.6 ± 0.2
-3.1 ± 0.2

Table 3.2. AICc values, AICc differences (∆i), and evidence ratios for GLM models that
examined the effects of temperature and species by collection round on lower lethal limit.
Model

AICc

∆i

Evidence Ratio

Temperature + SpeciesRound
Temperature × SpeciesRound
Temperature
Intercept only
SpeciesRound

190.8
193.4
209.3
343.4
346.9

min
2.62
18.55
152.63
156.16

1
3.7
10668
1.4×1033
8.1×1033

Chill Coma Onset
N. sayi caught earliest in the season had the lowest chill coma onset temperature (Figure
3.3). Cold tolerance declined through the season for both N. sayi and N. orbicollis (Fig. 3.2). N.
sayi caught in round 1 had a lower chill coma onset temperature than N. sayi from round 2
(Gaussian GLM, t=2.31, p=0.03), and N. sayi from round 3 (Gaussian GLM, t=7.99, p<0.001).
N. sayi caught in round 1 also had a lower chill coma onset temperature than both N. orbicollis
from round 2 (Gaussian GLM, t=5.88, p<0.001) and N. orbicollis from round 3 (Gaussian GLM,
t=9.66, p<0.001). N. sayi in round 2 had a lower chill coma onset temperature than N. sayi in
round 3 (Gaussian GLM, t= 5.68, p<0.001), and both N. orbicollis from round 2 (Gaussian
GLM, t=3.57, p<0.001) and N. orbicollis from round 3 (Gaussian GLM, t=7.35, p<0.001). N.
orbicollis caught during round 2 had a lower chill coma onset temperature than N. sayi from
round 3 (Gaussian GLM, t=2.11, p=0.04), and N. orbicollis from round 3 (Gaussian GLM,
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t=3.78, p<0.001). There was no difference in chill coma onset temperature between N. sayi and
N. orbicollis both caught in round 3 (Gaussian GLM, t=1.67, p=0.1). The evidence supporting
the best model that incorporated only species/collection round was 3.3 times stronger than the
model incorporating body mass and species/collection round with no interaction term, and 280
times stronger than the saturated model (Table 3.3). Other models incorporating only the
intercept or only body mass received very little support (Table 3.3).

Figure 3.3. Chill coma onset temperatures of Nicrophorus sayi and N. orbicollis caught at the
Queen’s University Biological Station. Rounds refer to the collection dates of each species:
beetles in round 1 were collected from 25 April – 11 May, round 2 from 25 May – 10 June, and
round 3 from 20 June – 4 July. Boxplots show medians (thick lines), 25th and 75th percentiles
(boxes), 1.5 times the interquartile range (whiskers), and outliers (points outside 1.5 times the
interquartile range). Species/rounds that share a letter were not significantly different from each
other (alpha = 0.05). Grey boxes indicate N. orbicollis; white boxes N. sayi.
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Table 3.3. AICc values, AICc differences (∆i), and evidence ratios for GLM models that
examined the effects of species/collection round and body mass (g) on chill coma onset
temperature
Model

AICc

∆i

Evidence Ratio

SpeciesRound
Mass + SpeciesRound
Mass × SpeciesRound
Intercept only
Mass

128.1
130.5
139.4
182.5
184.8

Min
2.39
11.27
54.41
56.64

1
3.3
280
6.5×1011
2.0×1012

Chill Coma Recovery Time
N. sayi caught in round 1 and N. orbicollis caught in round 2 had the fastest chill coma
recovery time, and recovery time declined through the season for both species (Fig. 3.4). There
was no difference in chill coma recovery time between N. sayi round 1 and N. orbicollis round 2
(Gaussian GLM, t=1.36, p=0.18). N. sayi caught in round 1 had a faster chill coma recovery time
than N. sayi caught later in the season, in round 2 (Gaussian GLM, t=4.29, p<0.001) and in round
3 (Gaussian GLM, t=4.30, p<0.001), as well as N. orbicollis caught in round 3 (Gaussian GLM,
t=5.01, p<0.001). N. orbicollis in round 2 had a faster chill coma recovery time than N. sayi
from round 2 (Gaussian GLM, t=2.93, p=0.005) and round 3 (Gaussian GLM, t=2.94, p=0.005)
and N. orbicollis from round 3 (Gaussian GLM, t=3.65, p<0.001). There was no difference in
chill coma recovery time between: N. sayi round 2 and round 3 (Gaussian GLM, t=0.01, p=0.99),
N. sayi round 2 and N. orbicollis round 3 (Gaussian GLM, t=0.72, p=0.48), and N. sayi round 3
and N. orbicollis round 3 (Gaussian GLM, t==0.71, p=0.48). The evidence supporting the best
model that incorporated only species/collection round was 1.3 times stronger than the model
incorporating body mass and species by collection round with no interaction term, and 98.5 times
stronger than the saturated model (Table 3.4). Other models incorporating only the intercept or
only body mass received very little support (Table 3.4).
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Figure 3.4. Chill coma recovery time of Nicrophorus sayi and N. orbicollis caught at the
Queen’s University Biological Station. Rounds refer to the collection dates of each species:
beetles in round 1 were collected from 25 April – 11 May, round 2 from 25 May – 10 June, and
round 3 from 20 June – 4 July. Boxplots show medians (thick lines), 25th and 75th percentiles
(boxes), 1.5 times the interquartile range (whiskers), and outliers (points outside 1.5 times the
interquartile range). Species/rounds that share a letter were not significantly different from each
other (alpha = 0.05). Grey boxes indicate N. orbicollis; white boxes N. sayi.

Table 3.4. AICc values, AICc differences (∆i), and evidence ratios for GLM models that
examined the effects of species by collection round and body mass (g) on chill coma recovery
time.
Model

AICc

∆i

Evidence Ratio

SpeciesRound
Mass + SpeciesRound
Mass × SpeciesRound
Intercept only
Mass

45.9
46.3
55.0
66.9
67.7

min
0.46
9.18
21.0
21.8

1
1.3
98.5
36315
54176
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Competition Experiments
The relative distance from the carcass depended on body size, temperature (cool or
warm), treatment (both species together, or alone) and their interaction (3-way interaction effect,
F=5.25, p=0.03). Specifically, the relative distance from the carcass depended on body size in
our competition (both species together) trials in our warm temperature treatment of 15ºC (LME,
t=-4.47, p<0.001, Fig. 3.5D), but not in our cool temperature treatment of 5ºC (LME, t=-0.54,
p=0.59, Fig. 3.5C). In our alone trials, the relative distance from the carcass did not depend on
body size in either temperature treatment (cool, LME, t=-0.17, p=0.86, Fig. 3.5A; warm, LME,
t=-0.21, p=0.84, Fig. 3.5B). N. sayi was closer to the carcass during together trials at cool
temperatures (LME, t=2.49, p=0.019; Fig. 3.5C), but not during alone trials at cool temperatures
(LME, t=0.84, p=0.41; Fig. 3.5A). Neither species was closer to the carcass in together or alone
trials at warm temperatures (together, LME, t=0.64, p=0.53; Fig. 3.5D; alone, LME, t=0.28,
P=0.78; Fig. 3.5B).
In our alone trials, we also examined the amount of fur removed from the carcass at both
cool and warm temperatures (Fig. 3.6). In our cool temperature treatment, N. sayi removed more
fur than N. orbicollis (Gaussian GLM, t=3.99, p<0.001, Fig. 3.6A). In our warm temperature
treatment, N. sayi and N. orbicollis removed similar amount of fur (Gaussian GLM, t=1.66,
p=0.1, Fig. 3.6B). Both species removed more fur in our warm temperature treatment than our
cool temperature treatment (N. sayi: Gaussian GLM, t=4.23, p<0.001, N. orbicollis: Gaussian
GLM, t=6.74, p<0.001, Fig. 3.6).
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Figure 3.5. Relations between the relative distance of the beetle from the carcass, expressed as a
ratio ln[(distance of Nicrophorus sayi from carcass +1) / (distance of N. orbicollis from carcass
+1)] and the relative size of the beetle, expressed as a ratio ln[(body mass of N. orbicollis) /
(body mass of N. sayi)] in our A) alone trials at 5ºC, B) alone trials at 15ºC, C) together trials at
5ºC, and D) together trials at 15ºC. Lines are model predicted values with 95% confidence limits
in grey.
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Figure 3.6. Area of fur removed from mouse carcass (cm2) by Nicrophorus orbicollis and N.
sayi when they were alone in our A) cool temperature treatment (5ºC) and, B) warm temperature
treatment (15ºC). Boxplots show medians (thick lines), 25th and 75th percentiles (boxes), 1.5
times the interquartile range (whiskers), and outliers (points outside 1.5 times the interquartile
range). Species that share a lowercase letter were not significantly different from each other
(alpha = 0.05). Grey boxes indicate N. orbicollis, white boxes indicate N. sayi.
Frequency of Co-occurrence and Body Size Comparisons
During carrion beetle surveys in 2017 at the Queen’s University Biological Station, 78%
of traps that caught N. sayi also caught N. orbicollis in the same trap (Fig 3.7). These patterns of
co-occurrence varied significantly with season. In April and May, only 26% of traps that caught
N. sayi also caught N. orbicollis. From June through to October, however, 94% of traps that
caught N. sayi also caught N. orbicollis. In traps that caught both species, the largest N. orbicollis
was larger than the largest N. sayi 89% from June to August, but in May this was only the case in
22% of traps. Within the traps that caught both N. sayi and N. orbicollis, the relative size of the
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largest N. sayi versus the largest N. orbicollis from the same trap also varied with season (Fig.
3.7). As the season progressed, the largest N. orbicollis caught in a trap was most often larger
than the largest N. sayi caught in the same trap (GAM, F=8.72, p<0.001), especially from June
through to September (Fig. 3.8). Also, we found that the mean size of N. orbicollis was larger
than the mean size of N. sayi caught in the same trap (GAM, t=3.03, p=0.003; Fig. 3.9), but this
relationship may decline with date (GAM, F=2.73, p=0.058; Fig. 3.9).

Figure 3.7. Proportion of ground traps with Nicrophorus sayi that also caught N. orbicollis from
April to October 2017 at the Queen’s University Biological Station. Data are from 100 random
points surveyed through the beetle active seasons, presented in Chapter 2.
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Figure 3.8. Relative size of the largest Nicrophorus orbicollis relative to the largest N. sayi
caught in the same ground trap from April to October 2017 at the Queen’s University Biological
Station. Data are from surveys presented in Chapter 2. Lines are model predicted values with
95% confidence intervals in grey. We calculated the difference in maximum size of beetles
caught in the same trap as: ln[(body mass of heaviest N. orbicollis in trap) / (body mass of
heaviest N. sayi in trap)].
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Figure 3.9. Relative size of the average Nicrophorus orbicollis relative to the average N. sayi
caught in the same ground trap from April to October 2017 at the Queen’s University Biological
Station. Data are from surveys presented in Chapter 2. Lines are model predicted values with
95% confidence intervals in grey. We calculated the difference in average size of beetles caught
in the same trap as: ln[(average body mass of N. orbicollis in trap) / (average body mass of N.
sayi in trap)].

Discussion
Burying beetles face intense competition for a crucial reproductive resource, small
vertebrate carrion (Trumbo, 1990a), and are thought to partition this resource in space and time
in order to coexist. Some Nicrophorus species show evidence of temporal resource partitioning
through differences in their seasonal patterns of activity (Chapter 2, Anderson, 1982; Wilson et
al., 1984; Trumbo, 1990b; Lingafelter, 1995; Scott, 1998; Trumbo & Bloch, 2002; Werner &
Raffa, 2003); however, the specific factors that limit their seasonal distributions are unknown.
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We tested one hypothesis that could potentially explain the seasonal differences in activity
patterns of two beetles, the early-season N. sayi and later-season N. orbicollis, that co-occur in
southeastern Ontario, Canada. We tested predictions of the competitive ability – cold tolerance
trade-off hypothesis whereby adaptations to cold compromise competitive ability under warmer
conditions, leading to the partitioning of resources along temperature gradients. Consistent with
our hypothesis, we found evidence that N. orbicollis is less able to function at the cold
temperatures that characterize early spring, when N. sayi is most active. Contrary to our
hypothesis, however, we found that N. orbicollis was not competitively dominant to N. sayi
during competitive trials under warm conditions, but instead the larger beetle always won,
regardless of species. Survey data suggest that the N. orbicollis is usually the larger species when
competing for carrion later in the season because of its high abundance during this time. Our
results thus support the idea that competitive interactions with N. orbicollis limit the ability of N.
sayi to breed later in the season, but do not support the idea that this constraint is caused by a
trade-off between fighting ability and cold tolerance acting at the level of the individual.
Cold Tolerance
N. orbicollis does not emerge from overwintering until the end of May in southeastern
Ontario, and by this time, N. sayi has already emerged and been active for weeks (Chapter 2).
We find evidence that N. sayi is more tolerant of cold temperatures than N. orbicollis,
particularly in our chill coma onset assay (Figure 3.3). This assay may be the most ecologically
relevant test of cold tolerance that we conducted, because the lower the chill coma onset
temperature, the earlier in the season the beetles can emerge and perform functions that
contribute to their fitness, such as finding and preparing a carcass. Consistent with this result, N.
orbicollis removed little to no fur from mouse carcasses at cool temperatures of 5ºC, suggesting
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that they may be unable to efficiently prepare carrion for reproduction at such low temperatures,
while N. sayi can (Fig. 3.6). Our lower lethal limit (Fig 3.2) and chill coma recovery time assays
(Fig. 3.4) also showed differences among the species, particularly for early season N. sayi. These
assays, however, may be less relevant to the ecological success of burying beetles because these
beetles can bury into the soil to avoid exposure to cold temperatures that would cause a coma or
death. Thus, the ability of burying beetles to recover quickly from a coma, or withstand acute
extreme cold exposures, may be irrelevant if they can avoid cold exposure altogether through
burying.
In April and early May at our study site, minimum temperatures regularly fall close to, or
below, 5ºC (Fig. 3.1; Fig B1). Both N. sayi and N. orbicollis are nocturnal (Wilson et al., 1984;
Anderson & Peck, 1985), and thus would likely experience these minimum daily temperatures
during carcass searching and preparation. Similarly, early-season N. orbicollis would regularly
encounter temperatures that are too low for them to be active, although they may be able to focus
their activity earlier in the evening before temperatures drop too low. N. sayi, however, could
remain active throughout the evening, providing an advantage over N. orbicollis in early spring,
or on particularly cold evenings throughout the spring.
Competitive Dominance
At warm temperatures (15ºC), we found that the largest individual always won
competitive contests for a carcass between N. sayi and N. orbicollis. During competition for a
carcass at cool temperatures (5ºC), however, N. sayi was found closer to the mouse carcass than
N. orbicollis, regardless of size. These results at cool temperatures are unlikely to be caused by
direct interference competition between the species because we found that N. orbicollis tended to
be immobile after a short period of time at 5ºC, and thus were unlikely to have fought for the
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carcass. The difference in the distance from the carcass between alone and competition trials at
cool temperatures, however, suggests that N. sayi may respond to the presence of N. orbicollis by
moving closer to the carcass.
The one-on-one set up of our competition experiments is unlikely to accurately represent
interactions among beetles in nature, where many individuals and species often come in to the
same carcass. In our surveys (Chapter 2), we caught up to 299 carrion beetles and up to 147
Nicrophorus individuals within a trap. If only one pair can use a carcass (Pukowski, 1933;
Anderson & Peck, 1985), and many individuals and species compete for a single carcass, then
our data suggest that carrion is a severely limiting resource. Even if N. sayi arrive at a carcass
first and begin burying, the complete burial of a carcass may take up to 24 hours (Wilson et al.,
1984) and once fully buried, N. sayi is still not guaranteed successful retention of the carcass. N.
orbicollis is known to dig down and usurp buried carcasses, killing adults and any larvae, to use
the resource for their own reproductive purposes (Trumbo, 1990a; Trumbo & Bloch, 2002). Our
finding that large body size is crucial for securing a carcass is consistent with previous studies
(Otronen, 1988; Bartlett & Ashworth, 1988; Müller, Eggert & Dressel, 1990; Safryn & Scott,
2000). While one-on-one competitive interactions miss the broader context of many, competing
individuals, our results reinforce the idea that large size is crucial during competitive interactions
over a carcass, and that competition between N. sayi and N. orbicollis is more intense later in the
season. N. sayi may benefit from preparing and defending carrion in pairs, however, the
frequency of pair defence, and whether such defence could fend off larger N. orbicollis, is not
known.
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Causes of Differences in Seasonal Activity
Our results suggest that cold temperature may limit N. orbicollis activity early in the
season, and competitive pressure may limit N. sayi activity later in the season. Late season N.
sayi face a massive competitive challenge against large N. orbicollis for resources (Fig. 3.8). The
high numerical abundance of N. orbicollis (Chapter 2) appears to explain most of this challenge;
large numbers of N. orbicollis ensure that some orbicollis are larger than co-occurring sayi that
are competing for the exact same resource. Average body size differences between the species
may also contribute the outcome of competitive fights, as N. orbicollis was slightly larger, on
average, in traps that caught both species, particularly in early summer (Fig. 3.9). We did not
find evidence for a trade-off between competitive ability and cold tolerance; N. sayi won almost
half the competitive trials at warm temperatures, even though they are adapted to the cold (Fig.
3.5D). In addition, there was little evidence that body size played an important role in our cold
tolerance assays, suggesting that larger size does not compromise a beetle’s tolerance of cold
temperatures.
While we find evidence for the factors limiting the seasonal distributions of N. sayi and
N. orbicollis, some key questions remain. First, what explains the numerical (and size)
dominance of N. orbicollis over N. sayi? One possible explanation involves life history
differences between the species. N. sayi development is substantially slower than N. orbicollis,
and other species, when reared at 15 ºC (Benowitz et al. 2019), suggesting slower reproductive
output than other species at warm temperatures. Perhaps, this is where the trade-off lies: N. sayi’s
life history adaptations to the cold limit their ability to dominate numerically. Alternatively, the
differences in numerical abundance between N. orbicollis and N. sayi could be unrelated to
trade-offs entirely. Numerical abundance may have been established through historical, priority
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effects (Sutherland, 1974; Connel & Slatyer, 1977; Shulman et al., 1983; Weidlich et al., 2017),
where N. orbicollis colonized and established in the area first. Such priority effects may be
especially important for community assembly under strong resource limitations (Kardol et al.,
2013). If priority effects explain the greater numerical dominance of N. orbicollis, then we may
expect that if we removed N. orbicollis altogether, N. sayi could expand its reproductive
phenology, thrive, and be resistant to displacement by other species (including N. orbicollis) later
in the season. We might also expect that N. sayi should be numerically abundant (and large) later
in the season in regions of their range where N. orbicollis, and other large competitors, are
absent.
Overall, our results suggest constraints on the seasonal distributions of carrion beetles
that may be generalizable to other organisms with limiting and defendable resources.
Ecologically similar species within communities often differ in their phenologies, and studies of
diverse taxa have found differences in seasonal patterns of activity consistent with seasonal
resource partitioning (Schoener, 1974; Toft, 1985; Vegter, 1987; Fossette et al., 2017).
Temperate or higher latitude species, in particular, face seasonal fluctuations in temperature.
While seasonal variation in temperature presents a challenge for many species, it also provides
opportunities for any species that can be active during cold periods in early spring. Thus,
seasonal variation in temperatures may provide temporal heterogeneity that promotes resource
partitioning and species coexistence, potentially helping to explain why temperate, seasonal
environments are home to some of the more diverse communities of carrion beetles (Trumbo,
1990b). Overall, our study gives insight into potential mechanisms underlying resource
partitioning in a group of co-occurring closely related species. A comprehensive understanding
of the mechanisms that underlie resource partitioning and species distributions is important if we
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are to understand and predict the conditions when species should partition resources, versus
when they should not, and the impacts of changing environments on species coexistence and
community structure (Walther et al., 2002; Parmesan, 2006; Chen et al., 2011; Alexander et al.,
2016).
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Chapter 4: General discussion
Coexisting closely related species encounter a significant challenge: they share many
traits and preferences through recent common ancestry, however their ecological similarity may
lead to intense interspecific competition for shared resources (Violle et al., 2011). Carrion beetles
face intense competition for small vertebrate carrion (Trumbo, 1990a), yet many species cooccur and appear to stably coexist within the same ecological communities. These species are
thought to partition carrion resources to minimize interspecific competition and coexist.
Nicrophorus species may partition resources spatially (Anderson, 1982; Anderson & Peck, 1985;
Beninger, 1994; Lingafelter, 1995; Scott, 1998; Wilhelm et al., 2001; Ulyshen et al., 2007;
LeGros & Beresford, 2010; Dyer & Price, 2013; Brown & Beresford, 2016; Wettlaufer et al.,
2018), and temporally, including differing in timing of seasonal activity (Chapter 2; Anderson,
1982; Wilson et al., 1984; Trumbo, 1990b; Lingafelter, 1995; Scott, 1998; Trumbo & Bloch,
2002; Werner & Raffa, 2003). While many studies have identified differences in resource use
among closely related species, few studies have tested if trade-offs underlie them and the
mechanistic constraints that cause the trade-offs.
In Chapter 2, we conducted a large-scale survey of a diverse carrion beetle community in
southeastern Ontario. We described the relative abundances of eight co-occurring Silphidae
species through the entire active season (April to October). We found evidence consistent with
seasonal partitioning among Nicrophorus habitat generalists, but limited evidence for seasonal
differences in abundance among habitat specialists. All species showed seasonal variation in
abundance, with most species peaking in abundance between June and August. All but one
species (N. sayi) showed positive relationships between abundance and temperature. N. sayi was
the first species to emerge from overwintering at our study site, and previous work has suggested
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that their earlier phenology may be an adaptation to avoid competitive interactions with other
carrion beetles, like N. orbicollis (Anderson, 1982; Wilson et al., 1984; Werner & Raffa, 2003).
While these other studies have documented the early emergence time of N. sayi relative to N.
orbicollis, the specific factors that influence and limit seasonal distributions of these species was
unknown.
To address this, in Chapter 3 we tested a competitive ability – cold tolerance trade-off
hypothesis that could potentially explain the seasonal differences in activity patterns between the
early-season N. sayi and the later-season N. orbicollis that co-occur in southeastern Ontario,
Canada. We predicted that adaptations to the cold compromise competitive ability under warmer
conditions, which may lead to the partitioning of resources along temperature gradients.
Consistent with this hypothesis, N. orbicollis was less able to function at cool temperatures that
characterize early spring, when N. sayi emerges and is active. Contrary to our hypothesis, we
found that N. orbicollis was not competitively dominant to N. sayi under warm conditions, but
instead the largest individual always won, regardless of species. Our survey data suggest that N.
orbicollis is typically the larger species when competing for carrion later in the season because
of its high abundance during this time. Our results support the idea that competitive interactions
with N. orbicollis limit the ability of N. sayi to secure breeding resources later in the season, but
do not support the idea that this constraint is caused by a direct trade-off between fighting ability
and cold tolerance at the level of the individual.
Overall, our results suggest that seasons may provide another important axis of
partitioning for carrion beetle communities in temperate or high latitude environments. These
differences in phenologies may reduce ecological overlap, and thus competition among cooccurring carrion beetle species and are consistent with patterns observed across diverse taxa of
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other closely related or ecologically similar species (e.g. Lynch, et al. 1980; Fargione & Tilman,
2005; Heard et al, 2015; Scriven et al., 2016). Seasonal variation in temperature may provide
temporal heterogeneity that promotes species coexistence and resource partitioning, potentially
explaining why seasonal environments seem to support more diverse carrion beetle communities
(Trumbo, 1990b). Our findings in Chapter 3 further suggest potential constraints on the seasonal
distributions of carrion beetles that may facilitate coexistence among co-occurring species, and
may be generalizable to other organisms with limiting and defendable resources.
An understanding of resource partitioning, from the underlying mechanisms to its
influence on species distributions, is essential if we are to understand and predict the contexts
when species should partition resources, and when they should not. Thus, a comprehensive
understanding of resource partitioning may shed light on the ecological and evolutionary
processes that ultimately govern species coexistence, community structure, and local diversity.
While identifying and understanding any rules and patterns of species coexistence that are
generalizable across diverse taxa and environments is a significant challenge (Lawton, 1999;
Simberloff, 2004), it may be essential during a time of accelerated anthropogenic change, that
affects most species distributions, abundances, and community structures (Walther et al., 2002;
Parmesan, 2006; Chen et al., 2011; Alexander et al., 2016; Loboda et al., 2018).
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Appendix A: Supplemental material for Chapter 2

Table A1. Summary of number of traps set and outcome of trap collection by collection round.
Round 1
(17 Apr – 24 May)

Round 2
(4 June – 12 July)

Round 3
(24 Jul – 25 Aug)

Round 4
(8 Sep – 29 Oct)

Trap

Total
0m

6m

0m

6m

0m

6m

0m

6m

39

3

86

84

72

88

29

25

426

42

87

0

14

1

10

8

16

178

16

2

13

0

22

0

7

1

61

Flooded

3

3

1

0

0

0

0

0

7

Other disturbance

0

2

0

1

0

1

0

1

5

Human error in
deployment

0

2

0

0

5

0

0

1

8

Not set

0

1

0

1

0

1

0

0

3

Trap total

100

100

100

100

100

100

44

44

Undisturbed with
beetles collected
Undisturbed with
no beetles
collected
Disturbed by
vertebrate
scavengers

688

Figure A1. Differences between fitted smooth functions (difference in trends; solid lines) and approximate, 95% confidence
intervals (shaded region) on this difference for abundance trends between species pairs.
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Figure B1. Average daily minimum temperature data from 2009-2018 from Environment
Canada Hartington Court weather station (Environment Canada, 2019). Shaded blue areas
represent the time periods of our first, second, and third beetle collection rounds respectively.
Red dashed lines represent our two temperature treatments chosen for our competition
experiment.

