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ABSTRACT 

Rising ambient temperatures driven by climate change can heighten an endotherm’s risk 

of heat stress, eliciting a physiological and behavioural response. Cold-specialist species may be 

particularly vulnerable to over-heating due to their adaptive ability to retain body heat in cold 

environments. Moreover, their risk of heat stress may be exaggerated during reproduction, when 

body temperatures and energetic workloads approach their annual maxima. In this study, I 

investigated whether a cold-specialist seaduck, the arctic-breeding common eider (Somateria 

mollissima), experiences heat stress during their incubation by examining their heart rate and 

incubation behaviour at Qikiqtakuluk (East Bay Island), a long-term breeding colony in the 

Qaqsauqtuuq (East Bay) Migratory Bird Sanctuary, Nunavut. Hens fast for roughly 25 days while 

incubating their eggs on sun-exposed nests. I used heart-rate data collected from incubating hens 

using a 3D-printed microphone egg in each nest during the summers of 2019, 2022, and 2023 (N= 

62), as well as incubation behaviour recorded via temperature fluctuations from thermal probes in 

each nest in summers 2018, 2019, 2022, and 2023 (N= 86). Recorded nest-level temperature was 

also recorded at each nest using hobo temperature pendants, and site-wide ambient temperature 

and weather factors (e.g. wind) were also measured using heat-stress tracking devices. I found 

significant temperature thresholds at which eiders begin to increase their heart rate and increase 

behavioural adjustments on the nest in response to heat stress. However, eiders are not yet 

experiencing high-enough temperatures in their environment to show statistically significant 

changes in their heart rate and behaviour. In addition, we found that weather factors contribute to 

eiders' physiological responses but not behavioural responses to heat stress. Further, hens' heart 

rates and behavioural adjustments increase later in the breeding season and during later stages of 

incubation, with later-laying hens also having higher heart rates. We conclude that eiders are not 

yet significantly heat-stressed during their incubation, but as temperatures continue to rise beyond 

our found temperature thresholds, incubating eiders may begin to experience significant energetic 

and behavioural costs of heat stress, particularly later into the season and their incubation, with 

late-laying hens being especially vulnerable to energetic costs. We show that eiders have the 

capacity to respond to climate change, but that these responses can interfere with their 

reproduction. As such, the revealed temperature thresholds and assessment of eiders' vulnerability 

to heat stress under climate change’s warming of arctic summers may aid in informing their timely 

management and encourage protective policy action in this declining seaduck.  
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CHAPTER 1 

 

General introduction 

The cost of reproduction 

Reproduction is an energetically costly life event for many organisms (Audzijonyte & 

Richards, 2018). In sexual reproduction, energy must be allocated among several reproductive 

activities that may include the development and maintenance of reproductive organs (Audzijonyte 

& Richards, 2018), courtship activities associated with defending a reproductive territory or mate 

and intrasexual competition (Adkison et al., 2014), and parental care (Stephens et al., 2009). 

Concurrently, energy must continually be invested into body maintenance (e.g., immunity 

(Bourgeon et al., 2009; Hanssen et al., 2005), growth (Audzijonyte & Richards, 2018; Zera & 

Harshman, 2001), and thermoregulation (Rezende & Bacigalupe, 2015). As such, studies suggest 

that competing energetic demands for reproductive investment and body maintenance can seldom 

be met by nutrient reserves or gains alone during reproduction, resulting in energetic constraints 

and, thereafter, a potential trade-off of energy allocated between maintenance and reproduction 

(Stearns, 1989). 

The occurrence of energetic trade-offs between reproduction and other life-history traits 

suggests that some individuals have the phenotypic flexibility to adaptively alter breeding 

investment decisions in response to variation in their body condition (Griesser et al., 2017), 

climatic conditions (Griesser et al., 2017), and resource availability (Stahlschmidt et al., 2013). In 

fact, studies on model organisms have demonstrated a link between reproductive costs and changes 

in metabolism, diet, nutrient availability (Harshman & Zera, 2007), and ultimately, breeding 

success (Nilsson & Svensson, 1996) and lifespan (Hamel et al., 2010; Wiersma et al., 2004). 

However, the underlying mechanisms that mediate these downstream effects on fitness are not 

well understood (Harshman & Zera, 2007; Josefson et al., 2024; Zera & Harshman, 2001). Recent 

studies suggest that the regulation of the endocrine system and intermediary metabolism (i.e., the 

process of producing and storing metabolic energy from nourishment to then build and break down 

energy-rich compounds (Veerappa & McClure, 2020) may be primary pathways for mediating 

reproductive trade-offs (Harshman & Zera, 2007; Williams, 2012a). As a result, how organisms 
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acquire and use energy can greatly impact reproduction or body maintenance, emphasizing the 

value of understanding resource management strategies when studying reproductive trade-offs 

(Descamps et al., 2016).  

 

Capital- vs income-based investment strategies 

A species’ energetic strategy for investment into reproduction is shaped by its life history, 

as well as when and where resources are available in relation to the spatial (i.e., breeding grounds 

are a distance away from feeding grounds) and temporal (short window of suitable conditions for 

their reproduction, typical in polar environments) demands of their reproductive strategy 

(Williams et al., 2017). For instance, there are two extremes that species may use to fuel the 

energetic demands of reproduction: income versus capital breeding (Stephens et al., 2009). Income 

breeders rely solely on energy consumed during the breeding season for immediate investment 

into reproduction (Stephens et al., 2009). For example, songbirds are typically income breeders 

during egg production, with energy consumed on the breeding grounds immediately transformed 

into reproductive machinery (e.g., ovary, oviduct) and reproductive units (e.g., follicles, eggs; 

Williams, 2012b). Conversely, capital breeders store energy prior to a given breeding stage for 

later investment into reproduction, a strategy that is advantageous in highly seasonal breeding sites 

where food availability and weather are unpredictable, coupled with an advantage for early arrival 

and initiation of breeding, and the ability to store excess energy (Rotics et al., 2018; Sénéchal et 

al., 2011; Williams et al., 2017). For example, large Arctic-breeding waterfowl, such as swans and 

geese, arrive on breeding grounds with stores of protein and lipids that they then use to fuel 

investment into reproductive machinery and eggs at a time when local resources are scarce 

(Badzinski et al., 2011; Bêty et al., 2004).  

Although there are species which rely on purely capital and income breeding investment 

strategies, the reality for many species is somewhere between the two, often referred to as ‘mixed 

capital-income breeding’ when the strategies are differentially applied within or between aspects 

of reproduction, such as territory defence, egg production, incubation, and offspring-provisioning 

(Houston et al., 2006; Stephens et al., 2009). For example, large female Weddell seals 

(Leptonychotes weddellii) can alter their capital breeding strategy to an income strategy within 
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their lactation period (an energetically expensive activity) depending on the abundance of prey 

available to them (Wheatley et al., 2008). Alternatively, female Arctic-breeding common eiders 

(Somateria mollissima -subspecies borealis and sedentaria) use an income-based or mixed 

strategy investment to fuel the lipid and protein components of egg production (Sénéchal et al., 

2011), but then later rely exclusively on stored (capital) lipids to fuel a fasting incubation period 

(Bottitta et al., 2003). Indeed, in larger migratory bird species, like the common eider, that occupy 

seasonally constrained environments, a mixed strategy can be most advantageous to time and 

energy restrictions of their environment (Williams et al., 2017): an income strategy during egg 

production reduces weight load during migration (Sénéchal et al., 2011), whereas a capital strategy 

during incubation shortens incubation length and decreases nest predation. Regardless of whether 

a mixed-strategy is used within or between pre-breeding, breeding, or post-breeding activities, 

individuals can benefit from a combination of immediate energetic gain combined with stored 

energy reserves to capitalize on the most efficient method of resource allocation during their 

reproduction (Stephens et al., 2009; Williams et al., 2017).  

With anthropogenic changes to climate, new energetically expensive pressures can emerge 

during a species’ period(s) of reproductive investment that can disrupt the optimal balance of 

reproductive investment and energy management for all reproductive strategies (Zera & 

Harshman, 2001), including increased thermoregulatory costs (Rezende & Bacigalupe, 2015) and 

a mismatch of timing between energetically costly reproductive activities and peaks in food supply 

(Williams et al., 2017). In time, the increased energetic costs can negatively impact reproductive 

success and species' fitness (Jaatinen et al., 2016), highlighting the importance of identifying 

climate change-induced stressors during reproduction to better inform management policies and 

mitigation strategies (Culp et al., 2017).  

 

Thermoregulating in a changing Arctic: heat stress during reproduction 

In the Arctic, where temperatures are near or at freezing for much of the annual cycle 

(Førland & Hanssen-Bauer, 2003; Smith et al., 2010), breeding individuals must invest in 

reproduction while facing potentially high thermoregulatory costs of staying warm (Førland & 

Hanssen-Bauer, 2003). Endothermic homeotherms, such as birds and mammals, are particularly 
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affected as they must generate their own body heat to maintain a consistent internal body 

temperature, requiring considerable energetic input when a large thermal gradient exists between 

the external and internal environment (Dawson & O’Connor, 1996; Hansen, 2009). In fact, 

endothermic homeotherms can cope with a range of ambient temperatures, known as the thermal 

neutral zone (TNZ), where little to no additional energy is needed (above basic maintenance costs 

(e.g., running basal metabolism)) to maintain a constant internal body temperature (Dawson & 

O’Connor, 1996). However, when temperatures drop below or rise outside the TNZ, individuals 

are required to increase metabolic energy investment into warming or cooling, respectively to 

maintain their body temperature (Dawson & O’Connor, 1996). As such, cold-adapted endothermic 

homeotherms have evolved morphological, physiological, and/or behavioural traits that help 

produce or retain body heat, thus efficiently warming themselves when Arctic temperatures cool 

(Clarke, 1991). These morphological cold-adapted traits can include increased density of fur, 

feathers, or fat to insulate heat in the core (Scholander et al., 1950a); and shorter morphological 

extremities, both of which reduce external body surface area for heat exchange to the environment 

(Serrat et al., 2008). In addition, physiological cold adaptations may include shivering and non-

shivering thermogenesis (increased metabolism to fuel heat production; Dawson & O’Connor, 

1996), and counter-current heat exchangers to retain generated heat within the body core 

(Ederstrom & Brumleve, 1964). Finally, individuals may also behaviourally respond to the cold 

by seeking shelter from wind or greater exposure to radiative heat (Glass et al., 2021). The cold 

adaptations that don’t require significant energetic input, such as insulation and countercurrent 

heat exchangers, can shift, or extend, a species’ thermal neutral zone towards lower ambient 

temperatures, buffering the costs of warming at low temperatures until they need to apply more 

costly warming methods (e.g. shivering; Oswald & Arnold, 2012). Understandably, the range and 

thresholds of thermal neutral zones will vary between species, seasons and individuals, due to their 

differing heat dissipation and retention qualities, core body temperatures, and exposure to thermal 

environments (Speakman & Król, 2010). 

Although advantageous in frigid environments (Dawson & O’Connor, 1996), cold 

adaptations may expectedly become maladaptive under the effects of climate change, as once-cold 

regions undergo rapid changes and warming (Choy et al., 2021; O'Connor et al., 2021; Oswald & 

Arnold, 2012). Indeed, climate change is directly impacting arctic ecosystems via increased 

atmospheric and oceanic temperatures, melting of ice caps, and a decline in sea ice extent (Bennett 
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et al., 2015; Sydeman et al., 2012). According to the Arctic Monitoring and Assessment Program 

(2021), the Arctic has warmed at three times the rate of the planet between 1971-2019 (AMAP, 

2021). Conversely, Rantanen et al., (2022) suggest that the Arctic has warmed nearly four times 

as fast as the globe during that period (Rantanen et al., 2022). Regardless, the direct and indirect 

effects of warming have had several studied consequences on arctic breeding species (Oswald & 

Arnold, 2012). Studies of indirect effects most markedly note increased exposure and 

susceptibility to disease, accumulated food contaminants and toxins, and changes in predator-prey 

dynamics and distribution (Sydeman et al., 2012). Less studied are the direct impacts, for example 

examining how warming ambient temperatures can be a source of heat stress for cold-adapted 

species, particularly during energetically demanding periods such as reproduction (Choy et al., 

2021; O'Connor et al., 2021; Oswald & Arnold, 2012).  

Endothermic species with advanced heat-retaining and -producing adaptations may be 

particularly at risk of over-heating due to their cold adaptations (O'Connor et al., 2021). In fact, 

endotherms, as a rule, are more forgiving of temperatures below their thermal neutral zone (known 

as the lower critical limit) than above (known as the upper critical limit; Hansen, 2009). Avian 

cold specialists may be particularly at risk of overheating due to bird’s already high body 

temperatures (mammalian average 37 °C, avian average 41 °C; Choy et al., 2021) being fairly 

close to their lethal limits (most vertebrates' lethal limits do not exceed 47 °C; Freeman et al., 

2020). If body temperatures rise to lethal limits, electrolytes and fluids are depleted, proteins 

denature, and cell membranes become compromised, resulting in death without adequate cooling 

responses (Hansen, 2009). Even before lethal temperatures are reached, exposing individuals to 

temperatures above their upper critical limit can negatively impact their health and fitness through 

physiological or behavioural responses aimed at maintaining their body temperature within a 

desired range (van Wettere et al., 2021). Such consequences of initiating a thermoregulatory 

response are expected to be exacerbated in breeding individuals, as they are already undergoing 

an energetically expensive event, as well as experiencing high thermal pressures (Audzijonyte & 

Richards, 2018; Speakman & Król, 2010). In fact, recent studies suggest that energetic 

management during reproduction may be regulated more by the ability to dissipate body heat, 

rather than limited energetic intake via feeding, known as the heat dissipation limit theory (Nord 

& Nilsson, 2019; Rogers et al., 2021; Tapper et al., 2020). In other words, the rate of energy 

turnover in the body is restricted by the rate at which heat can be dissipated from the body 
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(Sadowska et al., 2016). Regardless of the driving mechanism, a trade-off occurs between 

investment into reproduction and thermoregulation; and physiology and behaviour are the 

pathways by which energetic management can be accomplished (Cunningham et al., 2021; Tüzün 

& Stoks, 2022).  

Among arctic-breeding species, birds may be particularly vulnerable to heat stress effects 

due to low thresholds for heat tolerance. For example, a recent study of heat stress in thick-billed 

murres (Uria lomvia), a cold-adapted seabird, found birds begin using physiological responses to 

cool themselves at markedly lower temperatures than species breeding in warm or arid climates 

(Choy et al., 2021). In fact, studies have noted several cases of parent murres dying during their 

incubation on thermally exposed cliff nests, as suspected, due to overheating (Choy et al., 2021; 

Gaston & Elliott, 2013). Likewise, recent research in snow buntings (Plectrophenax nivalis), a 

cold-adapted songbird, indicated that they have a limited ability to dissipate heat via physiological 

mechanisms so that in even mildly warm conditions, they may require behavioural responses to 

cool down (O'Connor et al., 2021). As such, heat stress in breeding snow buntings during parental 

care can be harmful to breeding success, as parents are likely forced to behaviourally respond by 

reducing chick-provisioning (a thermally costly activity) to avoid over-heating themselves 

(O'Connor et al., 2022). Notably, both thick-billed murres and snow buntings surpassed their upper 

critical limit at an air temperature of 29.8-29.9 °C, indicating a low heat tolerance when compared 

to warm-climate species, resulting in an increased metabolic rate to compensate for greater cooling 

demands (Choy et al., 2021; O'Connor et al., 2021). Accordingly, thermoregulatory costs during 

reproduction may be particularly detrimental to Arctic species that cannot escape or take short 

breaks from the effects of increased radiative heat during breeding, such as incubation (Amat & 

Masero, 2004). Specifically, uniparental species that use capital stores to fuel incubation may risk 

losing their breeding attempt if they interrupt incubation for even short periods of time, as 

remaining on the nest not only shortens incubation length but also helps prevent nest predation 

(Smith et al., 2022). Moreover, while larger individuals under normal temperatures are expected 

to have greater breeding success due to sufficient fuel reserves (Hanssen et al., 2002), under heat 

stressed conditions, these same individuals, though slower to take in heat, may also be more likely 

to have trouble dissipating it (Zagkle et al., 2022). This is because larger bodies have reduced 

surface area per volume for heat loss, as well as slower heating/cooling rates, and so larger birds 

are less efficient at physiological cooling mechanisms, requiring them to use active cooling 
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mechanisms at much lower ambient temperatures as compared to smaller birds (Smit et al., 2016). 

As such, large-bodied, capital and uniparental incubators may be particularly at risk to the 

detriment of coupled energetic costs of reproduction and heat stress (Viblanc et al., 2014). 

 

Indicators of heat stress in avian populations 

The interactive effects of heat stress coupled with reproduction result in notable changes 

in avian body temperature, energetic use, and behaviour, leading to ultimate outcomes on clutch 

size (total eggs laid during the breeding attempt), offspring survival (DuRant et al., 2013), and 

reduced parent body condition, with an expected downstream lowered success of future breeding 

attempts (Cunningham et al., 2021). As such, avian species may be particularly good models for 

examining a variety of measurable physiological and behavioural indicators to examine heat stress 

effects during reproduction (Dawson & O’Connor, 1996). One valuable marker indicative of an 

individual experiencing heat stress (i.e., it is unable to dissipate body heat at the rate it is being 

produced), is an increase in body temperature (Chang et al., 2018) above the expected 1-2 °C that 

naturally occurs for some bird species during reproduction (Guillemette & Pelletier, 2022). On 

average, body temperatures 6 ˚C above a bird’s baseline average can be lethal (Freeman et al., 

2022). Another indication of heat stress may be evaporative water loss (Oladokun & Adewole, 

2022), typically measured by flow-through respirometry that records the organism’s respiration 

rate in a mask or chamber (O'Connor et al., 2021; Withers, 1977). Evaporative cooling allows 

greater dissipation of heat via water loss through respiration (Song & Beissinger, 2019). However, 

this cooling can quickly result in dehydration and a significant heat load to expel, particularly in 

species with high basal metabolic rates, and thus large body size (Song & Beissinger, 2019) 

because metabolic heat is produced as a byproduct of cooling, proportional to basal metabolic rate 

(Oswald & Arnold, 2012). These effects are exacerbated in species without easy access to free 

water (such as uniparental capital incubators; Lecomte et al., 2009), where metabolizing protein 

and fat stores may be the most feasible method of freeing water, but comes at the cost of quickly 

depleting energy stores for incubation (Bourne et al., 2021). Changes in metabolic rate can, 

therefore, also be an indicator of heat stress (Emami et al., 2020). As such, quantifying an 

individual’s resting or basal metabolic rate can be a valuable baseline for measuring heat stress-
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related increases in metabolic activity, especially when coupled with measurements of body mass 

(Dawson & O’Connor, 1996; O'Connor et al., 2021; Speakman & Król, 2010). However, 

quantifying basal metabolic rate is restricted to studies of at-rest, post-absorptive (i.e., no food in 

the digestive tract) individuals, which is often challenging to measure in the field (Downs & 

Brown, 2012). Proxies for metabolic rate, such as heart rate (Green, 2011; Malchaire et al., 2017), 

can be useful tools to estimate energy expenditure for thermoregulation if validated for the focal 

study system (Hawkins et al., 2000). Although heart rate and metabolic rate are not 

interchangeable, heart rate may be used as a proxy (or indicator) of an individual’s metabolic rate 

(Green, 2011) since heart rate and metabolic rate are intrinsically related through a series of 

physiological processes that make up “the oxygen cascade” (Green, 2011; Malchaire et al., 2017). 

In this process, as the body consumes energy (ATP), more energy needs to be produced to replenish 

the delivery of oxygen to tissues (Dzal et al., 2015). In birds and mammals, the oxygen transport 

system is fueled by aerobic respiration, meaning that when more energy is required, the respiration 

rate must be increased to maintain adequate oxygen supply (Green, 2011; Malchaire et al., 2017). 

However, since blood transports oxygen through the body, an increase in cardiac output (i.e., heart 

rate) is also needed to maintain a greater oxygen consumption rate (Harris, 1994).  

In addition to physiological responses, there are also observable behavioural outcomes to 

heat stress (Etches et al., 2008; Pattinson et al., 2020). Well-documented in open-ground 

incubating birds, heat stressed individuals are observed taking frequent incubation breaks or longer 

nest recesses, leaving nests vulnerable to predation and inconsistent heating (Amat & Masero, 

2004; Coe et al., 2015) as parents are driven to seek shade and water (Amat & Masero, 2004). 

However, even prior to nest departure, parents may display other behavioural indicators that they 

are thermally strained. For example, in some ground-nesting birds, parents can experience greater 

heat pressures when a warm boundary layer forms on the ground surface due to radiative heat 

(Brown & Downs, 2003). In response to over-heating, individuals can then perform nest shading 

(also known as egg shading) behaviour, in which the parent raises themselves off the nest to escape 

heat in the boundary layer (Brown & Downs, 2003; Sharpe et al., 2021). Similarly, nesting 

Heermann’s Gulls (Larus heermanni) have been documented holding their wings open and 

outward when over-heating (Bartholomew & Dawson, 1979). Other thermoregulatory behaviours 

that can be observed in incubating parents when over-heating include panting (or gular fluttering; 
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Bartholomew et al., 1968), bathing (Oswald et al., 2008), ruffling feathers (Clauser, 2015), and 

shifting orientation in relation to the sun (Luskick et al., 1978; Olin et al., 2023), which collectively 

can be considered unrest (Del Valle et al., 2021; Fernandes et al., 2021) or agitation behaviours 

(Smith et al., 2022).   

To measure heat stress in breeding birds, it is also important to document the source of the 

stressor: weather conditions experienced at breeding sites. There are several weather variables to 

consider in heat stress studies, although the most relevant are ambient temperature, radiative 

temperature (a particularly important variable for heat stress in open-tundra ground nesters; Fortin 

et al., 2000), humidity, and wind speed (Carroll et al., 2015; Fortin et al., 2000). Though one 

variable can be most predictive of heat stress risks for a given population, studies show that lead 

indicators may vary across locations and populations. In fact, recent studies suggest an integrative 

approach that uses multiple parameters to estimate apparent temperature - the temperature being 

perceived by the individual - is best (Zhang et al., 2014). In addition, microclimate is a large driver 

in birds choosing nesting sites, so, when possible, measurements recorded at the nest are 

favourable over the general area (Fast et al., 2010; Robertson, 2009; With & Webb, 1993). It is 

important to note that susceptibility to heat stress increases with heat exposure time, making it 

valuable to examine occurrences of both heat exposure and duration (Oswald & Arnold, 2012). 

In summation, heat stress may have detrimental effects on arctic-breeding birds, and these 

effects are further amplified in species with greater energetic constraints, such as capital incubators 

under high egg-predation risk (Audzijonyte & Richards, 2018; Speakman & Król, 2010). Indeed, 

physiological and behavioural outcomes of heat stress are expected to be counter to the goal of 

preserving limited energetic stores during incubation (Oswald & Arnold, 2012). Thus, even slight 

increases in thermoregulatory demand may ultimately lead to longer incubation times (due to 

interrupted incubation consistency), increased chances of clutch abandonment (Bourne et al., 

2021; Sharpe et al., 2019), and nest predation (Hand et al., 1981), proximately resulting in lowered 

within-year reproductive success (Oswald & Arnold, 2012). In the long-term, this could 

additionally impact lifetime fitness by hindering the individual’s ability to fully invest in future 

reproductive attempts and survival (Cunningham et al., 2021).  
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The common eider and Arctic-breeding populations’ susceptibility to heat stress 

Common eiders (Somateria mollissima) are the largest of Northern Hemisphere ducks with 

a sizeable circumpolar distribution across the Arctic and sub-Arctic regions of North America, 

Europe, and Asia (Waltho & Coulson, 2015). This species has six subspecies: the Pacific 

(Somateria mollissima (hereafter S.m.) nigrum), northern (S. m. borealis), dresser’s (S.m. 

dresseri), Hudson’s Bay (S.m. sedentaria), European (S.m. mollissima) and Faeroes (S.m. 

faesroeensis) common eider. However, of these subspecies, only the Hudson’s Bay and northern 

common eider are typically found breeding in the Eastern Canadian Arctic and tundra (Mosbech 

et al., 2006; Robertson et al., 2001).  

Common eiders spend most of their life cycle on water, feeding primarily on low energetic 

value aquatic invertebrates, with a preference for clams and mussels (Leopold et al., 2001; 

Varennes et al., 2015). Occupying cold aquatic environments, eiders (particularly arctic 

populations) are well adapted to withstand the cold by way of physiological, behavioural, and 

morphological adaptations (Gabrielsen et al., 1991; Jenssen et al., 1989). For example, they have 

low thermal conduction of the body through an efficient vascular system, constricting blood flow 

to vessels in the peripheral tissues when cold (Jenssen et al., 1989), as well as highly insulative 

down properties (D'alba et al., 2017). Although these adaptations minimize their thermoregulatory 

costs under evolved conditions, in the face of rapid anthropogenic-caused warming, these features 

may become maladaptive given eiders’ potential inability to cope with excess heat. Indeed, eider 

hens may experience thermal stress, especially during reproduction, when their bodies reach their 

highest annual temperatures during egg-laying (40.7 °C), strongly suggesting they are most 

thermally (with regards to warming) constrained during this period (Guillemette & Pelletier, 

2022).  

Eiders spend most of their annual cycle on water and ice; however, they move inland during 

reproduction while remaining close to open water sources (Bustnes, 1996; Schamel, 1977) since 

their young fledge soon after hatching (approx. 24 hours) and move into intertidal waters under 

their mother’s care (Bustnes, 1996; Schamel, 1977). Females lay, on average, 3-6 eggs in a single 

clutch (Erikstad et al., 1993) per year. Males will accompany females during their nest selection 

and incubation initiation to ensure paternity, but leave before incubation ends (Schamel, 1977). 
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Nest characteristics and vegetative cover vary between populations and breeding sites (Fast et al., 

2010), but in Arctic populations, female eiders tend to be philopatric colony nesters (McKinnon et 

al., 2006), nesting on open-ground shallow surface depressions with little cover from the elements, 

to better view predators from great distances (Fast et al., 2010). This nest site selection may be a 

source of increased risk of heat stress under climate change as this habitat offers little refuge from 

heat and radiative exposure (Fortin et al., 2000). Further, it also increases the vulnerability of eggs 

to predators when females are absent, behaviourally constraining females to maintain a strict 

incubation consistency (Fast et al., 2010). Collectively, these nesting attributes may cause female 

eiders significant conflict under heat stress, as high nest attentiveness is counter-productive to heat-

avoidant behaviours, such as seeking water to rehydrate (panting is dehydrating) and seeking shade 

to reduce heat load from the environment (Amat & Masero, 2004). Further, female eiders are 

uniparental incubators (McKinnon et al., 2006) and as a result of this extreme incubation strategy, 

females rely entirely on energetic gains collected prior to incubation initiation to fuel this period, 

fasting for 24-26 days of incubation (Criscuolo et al., 2003). Thus, females do not get recesses 

from the nest (Tulp & Schekkerman, 2006). Without additional thermoregulatory costs, this 

incubation strategy has a strict energetic budget, with most females losing 30-45% of their body 

weight through the incubation period (Gabrielsen et al., 1991). In fact, females may even complete 

incubation in a near-emaciated state (Criscuolo et al., 2003). Thus, additional thermal costs are 

expected to increase energetic loss during this period and expose eggs to predators and inconsistent 

incubation temperatures, at the risk of reduced female health and failed breeding attempts.  

As a result, Arctic-breeding female eiders are likely susceptible to negative physiological 

and behavioural impacts of heat stress during incubation due to their cold adaptations, thermal 

exposure of their nests, strict incubation strategy, and high risk of egg-predation from nest recesses. 

These risks of heat stress can negatively impact eider health and fecundity, namely by using more 

stored body fat and water than is optimal to partially fuel a physiological heat stress response, and 

behavioural adjustments in an attempt to stay cool and maintain body temperatures below a lethal 

limit (Lecomte et al., 2009; Nord & Williams, 2015). Notably, Arctic eider populations have 

experienced several population declines in the last few decades due to overharvesting, avian 

cholera outbreaks, and climate change-induced exposure to contaminants and novel predators 

(Barnas et al., 2022; Descamps et al., 2011; Smith et al., 2022; Tjørnløv et al., 2019). Studies have 

concurrently identified slow population recovery rates (Jónsson et al., 2009; Tjørnløv et al., 2019), 
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highlighting the time-sensitivity of identifying early indicators of new stressors, such as heat stress, 

to inform timely population management strategies and policy action.  

 

Thesis goal and chapter objectives 

In this thesis, I studied the capacity of Arctic incubating common eiders to respond to heat 

stress as the North undergoes rapid warming and extreme weather events brought on by climate 

change (Ruuskanen et al., 2021). Specifically, I examined the physiological and behavioural 

responses of incubating female common eiders to heat stress during the summer months, when 

environmental temperatures are at their highest, and birds may be most at risk of heat stress due to 

the physiological and behavioural constraints imposed by their reproductive strategies (capital 

incubation, in open-nest sites) and cold adaptations. 

In Chapter 1 of the thesis, I provided background information on topics related to the cost 

of reproduction, cold-adapted species, and the impending risks of heat stress in cold-adapted 

species during reproduction under a changing climate.  

In Chapter 2, I explore ambient and nest-level temperatures’ impact on incubating female 

eiders’ heart rate, a physiological indicator of a heat stress response. Heart rate’s segmented 

relationships with ambient and nest-level (i.e., radiative) temperature are studied and plotted to 

visualize an eider hen’s heat stress response model, akin to a Scholander-Irving curve or thermal 

neutral zone (Scholander et al., 1950b). This non-linear model identifies both lower- and upper-

critical temperature thresholds at which eiders can be predicted to be undergoing thermal stress 

conditions, as indicated by a sudden change in heart rate. Though eider cold stress response 

thresholds have been previously studied, this thesis presents, to our knowledge, the first heat stress 

response threshold for hens during their reproduction. A heat stress response threshold is a valuable 

tool in predicting how climate change will impact eiders, and other arctic-breeding populations, in 

the future as their environment continues to warm (Levesque & Marshall, 2021). In addition, I 

examine how breeding parameters (sample date, i.e. ordinal date, incubation stage, lay date) and 

additional weather factors (a heat index and wind and humidity index) linearly influence heart rate, 
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examining how factors apart from temperature play an important role in seabirds’ heat stress 

responses.  

In Chapter 3, I investigate the behavioural responses of incubating female eiders to heat 

stress, as eiders predictably experience greater incubation interruptions in response to heat stress 

when greater thermoregulatory demands occur concurrently with such costly life history events, 

as is incubation. As such, I examine eiders' daily movements on the nest (agitation) across daily 

ambient and nest-level temperatures the hens were exposed to, to determine at what temperature 

thresholds eiders begin exhibiting behavioural indicators of thermal stress, particularly heat stress. 

By identifying temperature thresholds at which eiders exhibit behavioural responses to heat stress, 

I can determine how heat stress is impacting their incubation consistency and thus theorize costs 

to not only hens, but their current breeding attempt. Similar to Chapter 2, I further examine the 

linear effects of breeding parameters and additional weather factors (a heat index and a humidity 

index) on eiders' behavioural heat stress responses, as they are expected to play a role in hens' 

thermal environment and need for thermoregulatory behaviours.  

In Chapter 4, I provide a general discussion of the wider implications of my results from 

Chapters 2 & 3 and how, together, the physiological and behavioural responses to heat stress in 

eiders may translate to fitness costs in this culturally and economically valued species, while 

predicting their long-term capacity to respond to the direct effects of climate change. Further, I 

discuss the implications and possible drivers of hens' narrower temperature range for physiological 

responses to thermal stress as compared to their behavioural response window. Particularly, why 

a physiological response to heat stress occurs at lower nest-level temperatures than a behavioural 

response, with possible outcomes for both hens' health and clutch survival. Finally, I discuss the 

potential limitations of this study and suggestions for future research avenues on this species, as 

well as how our findings align with current research priorities in the Kivalliq region and address 

literature gaps needed to better protect common eiders.  
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CHAPTER 2 

 

Introduction 

There are a diversity of ways in which species respond to climate change, charismatically 

referred to as “move, adapt, acclimate, or die” (Beever et al., 2017). For example, these responses 

can be phenological (Ovaskainen et al., 2013) or range shifts which move the organism further 

away (temporally or spatially, respectively) from the climatic stressor (Fei et al., 2017), or flexible 

responses such as behavioural (Buchholz et al., 2019) and physiological changes (Fuller et al., 

2010) that enable the organism to remain and endure the stressor. Although these responses can 

reflect an organism's capacity to cope with environmental change, they can lead to detrimental 

effects when responses do not match the pace of environmental change (Moritz & Agudo, 2013), 

or are conflicting with other selective pressures on a given trait (Shaw & Etterson, 2012). 

Currently, a general lack of mechanistic understanding of physiological responses to climate 

change is limiting our ability to estimate species' resilience to climate change effects (Fuller et al., 

2010). Particularly, knowledge about the upper thermal limits in endothermic organisms is 

incomplete, despite being a crucial factor in predicting their responses to climate change (Levesque 

& Marshall, 2021; McKechnie et al., 2017). Moreover, as endotherms' reproductive investment is 

constrained by the capacity to dissipate heat, exploring thermal limits during this critical life-

history event is an important avenue of research (Speakman & Król, 2010). Indeed, as global 

temperatures rise and extreme weather events become more prevalent and unpredictable (Rantanen 

et al., 2022), a thorough comprehension of the physiological impacts of climate change-induced 

warming on energy use in endotherms - specifically, the direct effects of heat stress during 

breeding (Khaliq et al., 2014; Oswald & Arnold, 2012) - is increasingly vital (Chown et al., 2010; 

Kronfeld-Schor & Dayan, 2013). 

Among endotherms, birds are an increasing focus for studies of physiological responses to 

climate change (Cooper et al., 2020; Wingfield et al., 2017), given their already high body 

temperatures and high mass-specific metabolic rates compared to mammals (Gavrilov et al., 2022). 

Within birds, there is increased concern for heat stress in Arctic-breeding species in particular 

(Bateman et al., 2020), including arctic seabirds (Choy et al., 2021). The concerns are based on 

their combination of high-latitude breeding grounds that are experiencing threefold increases in 
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ambient temperature and extreme weather events compared to the rest of the globe (AMAP, 2021; 

Rantanen et al., 2022), and their cold adaptations resulting in their lower heat tolerance (O'Connor 

et al., 2021; Oswald & Arnold, 2012). For example, many seabirds feed in cold waters and, as a 

result, require increased insulative properties to combat the high thermal conductance of these cold 

feeding grounds (Cook et al., 2020). Though advantageous for limiting heat loss to cold waters, 

this increased insulation can hinder their ability to dissipate body heat when they move to land to 

nest on sunny cliffsides (Choy et al., 2021) or open-ground areas (Snell et al., 2024). Indeed, 

switching to terrestrial habitats can increase exposure to the elements while simultaneously 

limiting access to fresh water (Alerstam & Högstedt, 1982; Hamer et al., 2001). As such, intense 

solar radiation can expose birds to operative (e.g., biologically relevant) temperatures far 

exceeding ambient temperatures without ready water-intensive mechanisms to cool themselves 

(e.g., evaporative cooling), resulting in birds overheating (Hart et al., 2016; Olin et al., 2023). 

Thus, increased thermoregulatory costs during the already energetically costly reproductive stage 

(Reid et al., 2000) may result in energetic trade-offs between reproduction and thermoregulation 

(Favilla & Costa, 2020). These energetic trade-offs may be particularly acute in species such as 

Arctic seabirds with additional thermal and reproductive constraints (Grunst et al., 2023), for 

example, short periods of favourable breeding conditions (Sauser et al., 2021), and variable and 

short abundance of prime food sources during reproduction (Harding et al., 2011), placing them in 

a particularly vulnerable state to heat stress (Welman & Pichegru, 2023). However, heat stress in 

birds in these regions has been greatly understudied (Andreasson et al., 2020; Cook et al., 2020; 

Snell et al., 2024), despite multiple reports of seabird mortality or failed breeding attempts related 

to heat, across several species (Choy et al., 2021; Cook et al., 2020; Gaston et al., 2002; Oswald 

et al., 2008). As such, it is critical to determine which mechanisms might be most capable of 

enabling Arctic-breeding seabirds to adaptively respond to climate change's direct effects.  

When examining the mechanisms available to Arctic seabirds’ capacity to respond to rising 

ambient temperatures in their current environment, phenotypically flexible responses (e.g., 

physiology, behaviour) to thermoregulatory challenges may provide the greatest degree of 

adaptive capacity (Monaco et al., 2017; Visser, 2008; Wingfield et al., 2017). This is because 

evolutionary changes to traits such as morphology (e.g., insulative plumage; D'alba et al., 2017, 

large bodies; Waltho & Coulson, 2015) will likely be too slow for population allele changes to be 

an effective adaptation in a long-lived seabird experiencing rapid environmental change 
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(Ruuskanen et al., 2021; Visser, 2008). During breeding, incubating (i.e., nest bound) individuals 

or those raising offspring are expected to be behaviourally constrained to reproductive activities 

and thus more burdened to absorb the energetic costs of thermoregulating through physiological 

responses (AlRashidi et al., 2011). For example, although cooling behaviours such as taking a 

recess to feed in cold waters can help counter the costs of overheating (Cook et al., 2020), they 

also expose eggs or nest-bound chicks to variable temperatures and greatly increase their risk of 

predation (Hart et al., 2016). These effects can be particularly detrimental in ground-nesting 

species where nests are highly accessible to predators, and thus parents have little behavioural 

flexibility to respond to heat stress without detrimental costs to their young or eggs (Lomas et al., 

2014). For example, ground-nesting Arctic skuas (Stercorarius parasiticus) faced with predators 

on their breeding grounds were observed panting at relatively mild temperatures (as low as 9 °C 

under sunlight) as a symptom of increased energetic demand to cool down, and these responses 

were detected in the absence of any behavioural responses, such as leaving the nest (Snell et al., 

2024). Alternatively, these individuals can employ a diversity of flexible physiological strategies 

to respond to acute heat stress, all with the goal of trying to avoid overheating to the point where 

lethal body temperatures are reached (Tattersall et al., 2012). These responses can include allowing 

their body temperature to rise slightly above normothermic levels, which temporarily reduces the 

thermal gradient between the body and the environment (Boyles et al., 2011; O’Connor et al., 

2024), vasodilating blood vessels for greater blood flow to the skin and hence radiation of excess 

body heat (Sejian et al., 2018), or using evaporative heat loss mechanisms to cool the body 

(Ruuskanen et al., 2021). Despite the short-term benefits of these responses to body temperature 

regulation, each comes with immediate costs of increased water loss and energetic demand 

(Albright et al., 2017; van de Ven et al., 2019). Moreover, these types of flexible responses to 

changes in thermoregulatory demands are not without potential longer-term costs since they occur 

at a time of significant energetic constraint (Stearns, 1989; Zera & Harshman, 2001). As a result, 

a compromise between investment into current reproduction and self-maintenance often occurs 

(Stearns, 1989; Zera & Harshman, 2001), as well as with other physiological systems (e.g., 

immune system; Hanssen et al., 2005), that may impair investment into future reproduction and 

hence lifetime reproductive success (Stearns, 1989). Given the potential multiple proximate and 

ultimate costs of using flexible physiological mechanisms to respond to heat stress during 

reproduction in cold-adapted seabirds, it is critical to determine the biological significance of a 
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given species' heat stress response (Cook et al., 2020). Since direct physiological effects from 

climate change are suspected to present themselves far sooner than indirect effects, gathering 

evidence of heat stress effects on arctic-breeding seabirds' physiology is essential to predicting 

their ongoing vulnerability to climate change (Oswald & Arnold, 2012).  

 Here we examine the physiological responses of a cold-adapted Arctic-breeding seabird, 

the common eider (Somateria mollissima), to predicted heat stress-inducing conditions caused by 

rising ambient temperatures and extreme weather events due to climate change. Specifically, we 

examined the energetic responses of incubating female eiders facing increasingly elevated 

temperatures during one of the most energetically demanding periods of their life cycle. While 

studies have examined several indirect effects of climate change on eiders (e.g., changes in 

breeding propensity; Dey et al., 2018, and exposure to novel predators (polar bears - Ursus 

maritimus) during breeding; Geldart et al., 2023), the direct effects of rising ambient temperature 

and heat waves on this cold-adapted bird's physiological responses are far less known (see Jenssen 

et al., 1989). Examining these questions in female Arctic-breeding eiders during their incubation 

is particularly relevant for several reasons. Firstly, eiders have pre-existing morphological, 

behavioural and physiological adaptations to the cold that cooperatively work to lower their 

thermal conductance (retaining body heat; Jenssen et al., 1989), which may now work against birds 

attempting to resist overheating in the face of increasingly warm conditions (Oswald & Arnold, 

2012). Secondly, female eiders use a limited store of body fat to sustain a 24–26 day incubation 

period under fasting conditions (Bottitta et al., 2003), requiring strict energetic budgeting that 

hinders their ability to respond to weather conditions without fitness costs (Tulp & Schekkerman, 

2006). Thirdly, as uni-parental incubators (McKinnon et al., 2006), females face strong nest 

predation pressures if they leave the nest and, therefore, must maintain a strict incubation 

consistency (e.g., 99.8% of the time on the nest; Bottitta et al., 2003) to ensure ducklings hatch 

(Fast et al., 2007). Fourthly, Arctic-breeding eiders nest in open locations (i.e., without vegetative 

cover; Fast et al., 2007), meaning they are vulnerable to the impacts of increased temperatures 

through solar radiation (Choy et al., 2021). Finally, the International Union for Conservation of 

Nature (IUCN) currently list common eiders as ‘Near Threatened’ (BirdLife International, 2018). 

Importantly, this most recent assessment communicates that should new information regarding 

mechanisms behind the declines of S.m. borealis subspecies be documented, then the status of the 

species will be uplisted to a threatened status (BirdLife International, 2018). Thus, addressing the 



 

31 
 

unknown direct effects of climate change on this culturally and ecologically significant subspecies 

(Henri et al., 2018; Vestbo et al., 2019) may be critical in informing their species' status.  

To examine the physiological response of incubating female eiders to heat stress, we used 

non-invasive techniques to record hens' heart rate responses to changes in temperature as a proxy 

for their metabolic investment into physiological cooling mechanisms across variable temperatures 

and environmental conditions (wind, humidity, etc.). We hypothesized that fluctuations in an 

eider’s heart rate in response to increases in temperature and environmental conditions that could 

induce heat stress indicated energy use towards physiological cooling mechanisms. More 

specifically, we predicted that when heat stressed, we would see significant increases in heart rate 

past a specific but unknown temperature threshold indicating birds had begun using physiological 

cooling mechanisms to avoid overheating. Currently, only the lower critical temperature limits at 

which eiders show signs of cold stress have been examined (Gabrielsen et al., 1991; Jenssen et al., 

1989). Both the temperature threshold and the degree to which eiders respond energetically to heat 

stress are critical gaps to be filled in our understanding of the thermal tolerances and physiological 

capacity for eiders, as well as other Arctic-breeding birds, to respond to the direct effects of climate 

change. More broadly, these results will provide a better understanding of whether arctic breeding 

birds will be able to keep up with rising temperatures during their breeding seasons, and the 

mechanisms by which they respond to these environmental changes. 

 

Methods 

Study site and system 

The incubating common eiders (hereafter eiders) in this study are from an established 

breeding colony on East Bay Island, Qikiqtakuluk, (64° 02′ N, 81° 47′ W), within the East Bay, 

Qaqsauqtuuq, Migratory Bird Sanctuary, Nunavut. At the mouth of the Hudson Bay, this flat rocky 

island (400 X 800 m) is historically the largest breeding colony of eiders in Northern Canada, with 

up to 9,000 annual breeding pairs (Hennin et al., 2016; Legagneux et al., 2016). However, the 

colony has declined in recent decades due to human activity and climate change, including novel 

predators (Iverson et al., 2014) and increased disease exposure, such as avian cholera (Descamps 

et al., 2012). Eiders in this breeding population migrate from their Western Greenland and 
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Newfoundland wintering grounds to East Bay Island and surrounding stop-over sites in mid-May 

to early June (Mosbech et al., 2006). Upon arrival, females begin feeding to replenish energy 

reserves (Steenweg et al., 2022), much of which will be stored to later fuel the entirety of a ~24-

day incubation period, during which time hens do not leave the nest to drink or feed (Bottitta et 

al., 2003). Pairing and nest selection occur shortly after females' arrival to the breeding grounds, 

with hens often reusing nest depressions from previous years' eiders to line with new down feathers 

and moss, for their current breeding attempt (Fast et al., 2010). Females begin laying in mid-June 

to early July (Steenweg et al., 2022), laying ~one egg per day, with an average clutch size of 2-4 

eggs (Descamps et al., 2011a; Love et al., 2010). Incubation initiation begins when the third or 

fourth egg is laid, depending on the hen’s body condition and clutch size (Hanssen et al., 2002). 

When broods successfully hatch, ducklings immediately take to the sea with their mothers to begin 

feeding (Descamps et al., 2011b). 

In mid-June, we collected data for East Bay Island’s long-term eider monitoring program, 

where we caught eiders in mist nets, banded them, nasal-tagged females (unique colour and shape 

tags on each nostril), and measured their body condition metrics (tarsus length, weight, wing chord, 

and bill length). Further, we observed eider colony density and breeding behaviour from bird 

blinds across the island (Hennin et al., 2016), recording colony size, female nesting sites, and 

breeding behaviour of nasal-tagged females (laying, incubation initiation, nest failure). We 

deployed our study’s remote nest monitoring equipment (see details below) once females had 

begun laying and incubating. 

Qikiqtakuluk experience nearly 24 hours of sunlight during summer months, with high 

winds in the bay, and frequent fog early in June (Environment and Climate Change Canada, 2024). 

When eiders first arrive at the island, ice and snow are still abundant, however, the snow quickly 

dwindles before hens initiate laying (Love et al., 2010). Surrounding sea ice within the bay 

typically begins breaking up in late June to early July (Jean-Gagnon et al., 2018), opening the bay 

for hens and their newly hatched ducklings to make their way to the water (Love et al., 2010). The 

waters become completely ice-free by early August (Gagnon & Gough, 2005).    
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Heart rate responses to weather and breeding parameters 

To examine the physiological (i.e., heart rate) response of incubating eiders to heat stress, 

we deployed 3D-printed microphone eggs in 62 nests across three years: 2019 (n=12), 2022 

(n=14), and 2023 (n=36) (Figure 2.1), from mid-June to mid-July. We equipped the microphone 

eggs, previously validated by Geldart and colleagues (Figure 2.2; Geldart et al., 2022), with 128 

GB SD cards and two microphones (PUI Audio model AOM-5024L-HD-R) mounted under the 

egg surface to make contact with the hen’s body (Figure 2.3). The microphone wire exited the base 

of the egg and connected to an audio sound recorder (Tascam DR-05X) placed inside a water-

proof ammunition box, powered by a battery pack (24 AA batteries in 2019, 36 in 2022-23). We 

pre-programmed recorders to record stereo sound at a 44.1k sampling frequency and an input level 

of 60, before field deployment. In 2019 battery life was ~11.9 days, while in 2022 and 2023 battery 

life was extended to 19.2 - 19.7 days.  

We chose nests for deployment by walking the periphery of the island, or by observation 

from a blind, to avoid colony disturbance. Females were flushed from their nests to deploy 

sampling equipment. We collected the first laid egg (when possible) from each nest, as determined 

by size and colour, to later estimate lay date and days of incubation using candling techniques 

(details below). Further, by collecting one egg from the nest, we ensured clutch size (i.e., 

reproductive investment) remained consistent after deploying our microphone egg (Hanssen et al., 

2003). We placed the microphone egg in the center of a hen’s clutch, and buried the wire under 

the nest to the ammunition box (Figure 2.3), before securing the microphone egg in place with 

nails to deter hens from rotating the egg (Kristjánsson & Jónsson, 2011). Finally, the recorder was 

set to begin recording, a GPS point of the nest was saved, and we covered the clutch with down 

and debris to help prevent nest predation before the hen’s return (Götmark & Åhlund, 1984). 

To record environmental parameters faced by incubating females that are indicative of heat 

stress, we deployed individual HOBO Pendant temperature recorders (Onset Inc., MX2202) at 

each studied nest to measure fine-scale changes in sun exposure and temperatures that females are 

experiencing on the nest as they incubate. HOBOs recorded light and temperature readings every 

two minutes. Further, we deployed 6-8 Kestrel weather meters across the island’s breeding colony 

(Kestrel Inc., 5400) to record the following environmental parameters: ambient temperature, wet 
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bulb temperature, humidity, wind speed, heat index, dew point, and wind chill. Kestrel units 

recorded environmental conditions every 30 minutes. In 2018 and 2019, Kestrels were placed atop 

six monitoring-bird blinds, and in 2022 and 2023, Kestrels were placed ~3 feet off the ground in 

front of five of these blinds, and one weather station within camp confines. Each nest was assigned 

the Kestrel unit closest to it, as determined by the distance between GPS points in GPS Garmin’s 

Basecamp® software. Finally, trail cameras were also deployed across the island (n=35 in 2019, 

2022 and 2023) to account for predator movements and foraging behaviour, as predators are known 

to impact eider’s incubating heart rate (Geldart et al., 2023). 

Field teams left the island in early July due to an increased polar bear presence; however, 

the weather monitoring and nest deployment equipment remained on the island, to later be 

retrieved by a team helicoptered to the island in mid to late July. 

 

Lay date and incubation stage estimates 

We estimated the days of incubation at the time of equipment deployment for each sampled 

hen by candling the collected first-laid egg from each nest (when possible). Common eiders 

typically begin incubation before their last egg is laid, however, the incubation initiation date is 

dependent on an individual’s clutch size, with females laying smaller clutches beginning 

incubation earlier in the laying sequence (Christensen & Balsby, 2020). As such, to remain 

conservative we considered incubation to begin when the fourth egg was laid. In some cases, the 

first laid egg was predated before nest deployment; in these cases, if clutch size suggested a later 

incubation stage than egg age, we relied on clutch size for the days of incubation estimation. Based 

on candling and clutch size information, we also estimated the lay date of the first-laid egg for 

each female to determine lay dates for each hen by working back from egg age. We standardized 

lay dates across years for statistical analyses by subtracting the mean annual ordinal lay date (2019 

= 171, 2022 = 170, 2023 = 172) from the female’s lay date (Hennin et al., 2016).  

 



 

35 
 

Quantifying heart rate 

To examine eider heart rate responses to differing thermal conditions, we selected two days 

within each female’s incubation period corresponding to the highest and lowest peak daily 

temperature she experienced. We first determined each female's nest duration, which we describe 

as the day following the female's return to the nest after equipment deployment until nest predation, 

abandonment, or microphone battery failure. We omitted the first day females returned to the nest, 

to avoid falsely detecting heart rate responses caused by human disturbance. Using nest duration 

and HOBO temperature recordings, we then identified the highest daily recorded temperature for 

each hen’s nest duration. We chose HOBO temperature rather than Kestrel temperature to 

determine sampling dates and times due to its fine-scale sampling rate (two versus 30 minutes). 

Further, HOBO units recorded temperatures closest in proximity to a female’s nest, providing a 

more accurate assessment of the temperatures experienced within the female’s immediate 

environment while incubating (herein referred to as “nest-level temperature”). We selected two 

sampling days to record heart rate for each hen: 1) the day with the highest maximum nest-level 

temperature recorded, and 2) the day with the lowest maximum nest-level temperature recorded 

within her nest duration. This choice controlled for time-of-day effects, as peak temperatures 

typically occur between 11:00 and 15:00. For each sampling day, we selected a 30-minute window, 

15 minutes before and 15 minutes after the peak temperature had occurred, for heart rate analysis. 

This window was large enough to minimize bias from acute stressors, while remaining within the 

available timeframe needed for heart rate analyses. In addition, we excluded heart rate samples 

taken within several hours of a trail camera’s detection of a polar bear on the island to account for 

the potential impact of a predator in a hen’s viewshed on her heart rate. 

We analyzed audio files from microphone eggs to detect hens' heartbeats within the 

predetermined 30-minute window of heart rate’s response to temperature using the Avisoft-

SASLab Pro (Version 5.3.2) Windows application. We first applied noise reduction and bandpass 

filters to enhance heartbeat visibility before performing a pulse train analysis to semi-automatically 

detect and label heartbeats. We then visually verified the detections to remove any false positives 

and add any missed heartbeats. Due to varying microphone quality, we omitted some heartbeat 

segments of time (30-second increments) from the 30-minute audio files for certain females. 

Although we aimed for two sampling days per hen, some females had one day or both removed 
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due to poor audio quality or short nest survival. A single individual, blind to the hen’s ID and peak 

temperature, performed all heartbeat detections to avoid bias. We then converted the heartbeats, 

along with their dates and times, into heart rates (beats/30 sec) in R Studio Software (Version 

4.4.1. 2024-06-14; R Development Core Team, 2024).  

 

Statistical analyses 

Quantifying environmental parameters indicative of heat stress 

We recorded several environmental parameters as predictors of heat stress: nest-level 

temperature, ambient temperature, wet bulb temperature, humidity, wind speed, heat index, dew 

point, and wind chill. We analyzed nest-level temperature and ambient temperature separately as 

the expected primary drivers of heat stress, but other environmental factors were scaled, centred 

and rotated into a principal component analysis (PCA). The PCA allowed us to condense the highly 

correlated parameters into a few meaningful components, to add to our analyses (Forkman et al., 

2019). We applied a varimax rotation (Comrey & Lee, 2013) and retained two components with 

eigenvalues > 1, explaining >10% of the variance. Further, these two components cumulatively 

explained 93% of variance in the dataset (Table D, Appendix; see details below). The first rotated 

component, hereafter the ‘thermal index’, explained 60% of the variance and consisted of heat 

index, wet bulb temperature, wind chill, and dew point, all with loadings > 0.55, considered to be 

a valuable loading to the component (Comrey & Lee, 2013). All variables contributing to the 

thermal index were positively correlated with one another. As such, a high thermal index value 

was associated with an increased risk of heat stress. The second rotated component, hereafter the 

‘wind and humidity index’, explained 33% of the variance and contained relative humidity and 

wind speed, each with loadings > 0.55 (Comrey & Lee, 2013), and with a positive correlation 

between relative humidity and wind speed. As Qikiqtakuluk is a small island within a bay, high 

winds expectedly carry moisture from surrounding water and thawing ice, which explains why 

high winds are accompanied by high relative humidity, something that would not be predictably 

associated to each other at an inland study site. Further, in a cold region, little humidity is needed 

to saturate air, as compared to a warmer climate. As such, we determine that a high wind and 

humidity index value decreases an eider’s risk of heat stress, as it displaces the heat radiating from 
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hens’ bodies with cooler air from the bay, with few effects of humidity on the hens’ efficiency of 

evaporative cooling (i.e., panting).  

Effects of environmental parameters and reproductive decisions on heart rate 

Of our original 62 deployments in hens’ nests, 49 nests produced data that could be used 

in the statistical analyses (n = 10 in 2019, n = 9 in 2022, and n = 30 in 2023). We used two linear 

mixed-effects models, one with nest-level temperature and one with ambient temperature, to 

examine the influence of environmental and reproductive factors on heart rate. The first linear 

model examined variation in heart rate (continuous, range: 14 – 124 beats/30sec) as the response 

variable, predicted by nest-level temperature (continuous, range: 5.02 – 43.67 °C), with thermal 

index (continuous, range: -1.26 – 3.64), wind and humidity index (continuous, range: -1.65 – 1.77), 

days of incubation (continuous, range: 1 – 19), standardized lay date (continuous, range: -10 to 

+5), and ordinal date (continuous, range: 172 – 189) as fixed factors, and year (3-factor level: 

2019, 2022, and 2023) and nest id (49 levels) as random factors. The second linear model with 

ambient temperature as the primary response variable included the same covariates and random 

effects as those in the first model, however excluded the thermal index due to a high variance 

inflation factor of 28.4 when included in the model (VIF). Indeed, a VIF >10 indicated high 

collinearity with our ambient temperature.  

 

Identifying temperature thresholds for changes in heart rate 

We also performed two segmented regression models to examine nest-level temperature 

and ambient temperature effects on heart rate, as it can be a valuable tool in identifying thresholds 

for species' physiological responses to thermal stress (McKechnie et al., 2017; Monaco et al., 

2017). While previous studies on eider metabolism and heart rate have suggested there is a critical 

temperature inflection point at which eiders physiologically respond to cold stress (Gabrielsen et 

al., 1991; Jenssen et al., 1989; Richman & Lovvorn, 2011), it remains unknown (although it is 

expected) whether a similar pattern occurs when heat stressed. Our segmented models for nest-

level and ambient temperature mirrored the linear models we performed, with the exception that 

year was treated as a fixed effect (3-factor levels: 2019, 2022, and 2023) due to model complexity 

issues with iterations of the random effect. For each model, we specified a search for two 
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breakpoints, as we expected a threshold for when eiders become heat stressed and a threshold for 

when they become cold-stressed during their incubation. However, if both breakpoints were 

significant, a third breakpoint was searched for to determine if the relationship was further 

segmented. We did not assess the thermal index and wind and humidity index for segmented 

relationships with heart rate, as there was no reason to believe they would follow a segmented 

pattern. However, as with our linear models, we nonetheless included them in the nest-level 

temperature model as fixed effects, and the humidity and wind index was included in the ambient 

temperature model as a fixed effect.  

We performed all statistical analyses in R studio (Version 4.4.1. 2024-06-14; R 

Development Core Team, 2024). We used dplyr (Wickham et al., 2023) for early data exploration, 

the psych package (Revelle, 2024) for principal component analysis, lme4 (Bates et al., 2015) for 

linear mixed effects modelling, lmerTest (Kuznetsova et al., 2017) for predictive linear model 

outputs, and LIMBARE  (Lee et al., 2024) for segmented modelling. We performed data visuals 

using cowplot (Wilke, 2024), ggeffects (Lüdecke, 2018), and ggplot2 (Wickham, 2016). Lastly, 

we set α = 0.05 as the threshold for statistical significance in all our model analyses.  

 

Results 

Linear effects of weather and breeding parameters on heart rate 

Our first linear model revealed that variation in heart rate was explained by all fixed effect 

factors; nest-level temperature (T = -18.8, p < 0.0001), thermal index (T = 14.9, p < 0.0001), wind 

and humidity index (T = -5.2, p < 0.0001), days of incubation (T = 14.3, p < 0.0001), standardized 

lay day (T = 11.8, p < 0.0001) and ordinal date (T = -13.9, p < 0.0001) (Table 2.1). Heart rate was 

positively correlated to thermal index (Figure 2.6), days of incubation (Figure 2.7), and 

standardized lay date (Figure 2.8). Conversely, heart rate was negatively correlated with nest-level 

temperature (Figure 2.4), wind and humidity index (Figure 2.9), and ordinal date (Figure 2.10). 

The greatest degree of variance in our random effects structure was found for nest id (variance= 

265.2, SD=16.3), though year also varied (variance = 72.1, SD = 8.5) (Table 2.2). 
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Similarly, we found that ambient temperature (T = 2.9, p < 0.0001, Figure 2.5), wind and 

humidity index (T = 15.3, p < 0.0001), days of incubation (T = 12.7, p < 0.0001), standardized lay 

date (T = 10.6, p < 0.0001), and ordinal date (T = -12.2, p < 0.0001) were all significantly related 

to variation in heart rate (Table 2.3). All variables were positively correlated to heart rate, apart 

from ordinal date. Further, nest id (variance = 240.8, SD = 15.5) was most variable in our random 

effects structure, with year (variance = 112.8, SD = 10.6) a source of variance to a lesser extent 

(Table 2.4).  

 

Segmented effect of temperature on heart rate 

We detected a significant effect of nest-level temperature (T = -15.7, p < 0.0001), thermal 

index (T = -2.7, p = 0.006), wind and humidity index (T = -4.3, p < 0.0001), days of incubation (T 

= 16.517, p < 0.0001), standardized lay date (T = 11.8, p < 0.0001), and ordinal date (T = -15.3, p 

< 0.0001) on heart rate in our nest-level temperature’s segmented relationship with heart rate 

(Table 2.5). In fact, only year was not significantly related to variation in heart rate (p > 0.1, Table 

2.5). Specifically, we detected two significant temperature breakpoints in the model, the first at a 

nest-level temperature of 19.25 °C (p < 0.0001, Table 2.6), and the second at 33.55 °C (p = 0.0001, 

Table 2.6) (Figure 2.11). At temperatures below 19.25 °C, heart rate significantly increased as 

nest-level temperatures progressively cooled (slope = -1.1, p = 0.005, Table 2.7). However, 

between 19.25 °C and 33.55 °C heart rate remained stable (slope = -0.02, p > 0.05, Table 2.7), 

only marginally increasing at temperatures above 33.55 °C (slope = 0.4, p > 0.05, Table 2.7).  

In our segmented model of heart rate as a response to ambient temperature, we found that 

ambient temperature (T = -4.8, p < 0.0001), wind and humidity index (T = 3.8, p > 0.0002), days 

of incubation (T = 20.0, p < 0.0001), standardized lay day (T = 14.7, p > 0.0001), ordinal date (T 

= -20.7, p < 0.0001) and year (2023 statistically different from 2019, p = 0.0008) were all 

significantly related to variation in heart rate (Table 2.8). Specifically, we detected three significant 

breakpoints within our model, the first was located at an ambient temperature of 8.7 °C (p < 0.01, 

Table 2.9), the second at 9.0 °C (p < 0.008, Table 2.9), and the third at 16.6 °C (p < 0.0001, Table 

2.9). Breakpoints 8.7 °C and 9 °C are likely a single breakpoint, but due to a lack of heart rate data 

between the two temperature values (Figure 2.12) they are split into two. A gradual decline in heart 
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rate can be seen as temperatures increase from the lowest recorded temperature of 2.4 °C up to 8.7 

°C (slope = -0.5, p < 0.05, Table 2.10) before we see a sudden drop in temperature between 8.7- 9 

°C (slope = -34.4, p < 0.01, Table 2.10). Though not statistically detectable, heart rate then 

appeared to steadily increase from 9 °C to temperatures of 16.6 °C (slope = 1.7, p > 0.05, Table 

2.10). Although beyond 16.6 °C heart rate appeared to decline, this slope was not significant (slope 

= -3.8, p > 0.05, Table 2.10), with notably few data in this region (Figure 2.12).  

 

Discussion 

We aimed to explore the influence of weather parameters on Arctic breeding and 

incubating common eiders’ changes in heart rate, a physiological signal of heat stress, to determine 

if they are currently experiencing heat stress in their breeding environment and how this may affect 

their fixed energetic budget during their incubation. We predicted that heart rate would increase 

past a nest-level and ambient temperature inflection point, whereby heat-stressed females would 

then increase energy production towards fueling physiological cooling mechanisms to maintain a 

stable internal body temperature. Further, we predicted that other weather factors, compiled into a 

thermal index and a wind and humidity index, would influence hens’ heat stress and thus change 

heart rate. Consistent with our predictions, we found that female incubating eiders are beginning 

to show signs of heat stress, with nest-level temperature marginally increasing heart rate past an 

inflection point, and conversely, ambient temperature marginally decreasing heart rate past an 

inflection point, though heart rate data was scarce beyond the ambient temperature inflection point. 

Further, we found that heart rate was significantly affected by both the thermal index and wind 

and humidity index. Below, we examine in further detail the temperature and weather correlations 

with heart rate, as well as, briefly, interactions with breeding parameters to better understand if 

eiders are heat stressed and the potential trade-offs occurring between thermoregulation and 

reproduction in heat-stressed hens. These findings lead us to a better understanding of eider hens’ 

capacity to respond to heat stress, a question of increasing urgency as climate change accelerates 

in the Arctic, and we still lack evidence on endotherm’s physiological mechanisms of response to 

heat stress, particularly when occurring with other energetically expensive life history events such 

as reproduction. 



 

41 
 

 

Upward trend in heart rate emerges at nest-level temperatures above 33 °C 

We predicted that heart rate responses to temperature would follow a similar pattern of a 

Scholander-Irving curve (Scholander et al., 1950). This curve visualizes how the basal metabolic 

rate of an endotherm remains stable and low within a range of ambient temperatures, known as the 

thermal neutral zone, where no or minimal additional energy is needed for thermoregulation. Once 

temperatures exceed the upper bound, or drop below the lower bound, of the thermal neutral zone, 

described as the upper and lower critical temperatures (UCT and LCT, respectively), metabolic 

rate must increase to fuel more active methods of thermoregulating (Dawson & O’Connor, 1996). 

We found that, as predicted, eiders do increase their heart rate above a temperature inflection point, 

though only marginally so within our current dataset. Specifically, heart rate began increasing at 

nest-level temperatures of 33.6 °C, which we suspect to be their UCT in nest-level temperature. 

This is, to our knowledge, the first estimate of a heat stress response threshold for this species 

during incubation or, even more generally, in summer-acclimatized eiders. We chose to 

specifically focus on nest-level temperature in this study, given that recent studies on heat stress 

have highlighted the importance of moving beyond ambient temperature, and to examine other 

environmental factors that can have a significant influence on how quickly an individual becomes 

heat stressed (Liu et al., 2019; Rezende & Bacigalupe, 2015). For example, some studies have 

evaluated the significance of radiative sunlight and wind with ambient temperature, to focus more 

on evaluating the operative temperature of a species (Fortin et al., 2000; O'Connor et al., 2022), 

which describes the temperature of an object with the same size, shape and colour (same radiative 

properties) as a species whose operative temperature is in question (Dzialowski, 2005). This gives 

a better idea of the thermal comfort level the species or individual is experiencing in its given 

environment.  

Particularly for seabirds, heat from direct sun has been identified as a significant 

contributor to heat stress (Choy et al., 2021; Olin et al., 2023; Snell et al., 2024). Indeed, sunlight 

can be a particularly important feature for heat stress in open-habitat nesting birds (Choy et al., 

2021), or ground nesters (With & Webb, 1993). For example, the black back of thick-billed murres 

(Uria lomvia), a cliff-nesting seabird, can register at 46 °C during sun exposure, even when 
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ambient temperatures are as low as 23 °C (Choy et al., 2021). These results are similar to our 

findings of environmental factors experienced by female incubating eiders, where on sunny days, 

nest-level temperatures (a metric that contains radiative heat) were far warmer than our recorded 

ambient temperatures across the island. In fact, our results for nest-level temperatures were 

precisely the pattern we would expect to see in a species response to warming temperatures outside 

of their thermal neutral zone, though we saw only a weak effect. We found this marginal increase 

in heart rate to occur beyond a nest-level temperature threshold of 33.6 °C (which may be equated 

to 10.2 °C in ambient temperature). Due to our precise sampling rate of nest-level temperature (2-

minute intervals), we had a large distribution and sample size of temperatures with heart rate 

recorded around this threshold, providing further support that though only a marginal increase, this 

inflection point may hold great ecological significance to eiders perceived heat stress at these 

nesting temperatures, and the beginning of employing a physiological response to cool themselves.  

These marginal increases in heart rate, may be associated to the use of physiological 

cooling mechanisms, such as panting, though not yet causing any significant changes in metabolic 

rate (associated to significant changes in heart rate). For example, in the thick-billed murre study 

(Choy et al., 2021), although resting metabolic rate was determined to significantly increase at 

ambient temperatures beyond 29.9°C, birds began to steeply increase evaporative water loss at 

ambient temperatures as low as 21.2°C. So, these birds were likely using active cooling methods, 

like panting, to maintain a constant internal body temperature, though not yet greatly increasing 

their metabolic rate to do so. Thick-billed murre parents share incubation duties and thus can take 

breaks in cool water recesses while feeding (Choy et al., 2021; Ito et al., 2010). However, female 

common eiders do not have this flexibility, and so, if they are also using these evaporative cooling 

methods, at what might appear to be relatively mild temperatures, this could result in them quickly 

becoming dehydrated past this upper boundary we’ve explored. Dehydration can have negative 

consequences both for a female’s health, and also to her ducklings through increased predation 

risk if she should choose to leave the nest for water (Bottitta et al., 2003). Further, if a hen chooses 

to remain on the nest, she will expectedly metabolize more body fat to free water and prevent 

severe dehydration, but at the cost of depleting incubation energy reserves faster (Bourne et al., 

2021). Thus, as we have begun to determine here with nest-level temperature, ambient temperature 

alone may not be the best indicator of when an individual is becoming heat stressed, and nest-level 

temperature should be carefully examined as an indicator of heat stress.  
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In our results of heart rate response to nest-level temperature, we also found a heart rate 

inflection point at 19.3 °C (associated with an ambient temperature of 5.6 °C), below which, eiders 

increased their heart rate. We suspect this defines the lower boundary of eiders thermal neutral 

zone, i.e. the lower critical temperature (LCT), below which hens need to increase energy 

production towards generating metabolic heat to stay warm. A comparison of the LCTs’ found in 

this study and those previously identified in other eider studies are discussed in more detail in the 

following section on ambient temperature.  

 

Early signs of a heart rate response emerge at ambient temperatures beyond 16 °C 

Most studies examining the thermal neutral zone of a species, or performance curves, use 

ambient temperature as the primary predictive variable of a response (Choy et al., 2021; Levesque 

& Marshall, 2021; Scholander et al., 1950), whether that response is a change in heart rate, body 

temperature, metabolic rate, or even behaviour (Dawson & O’Connor, 1996; Liu et al., 2019; 

Pereira & Nääs, 2008; Scholander et al., 1950). We found that female incubating eiders showed a 

marginal response to potential heat stress by decreasing their heart rate at temperatures above an 

inflection point of 16.6 °C, though we do not believe this threshold accurately depicts the location 

of a UCT for this species due to data sparsity. A recent critique paper by McKechnie et al., found 

that a previous study (Khaliq et al., 2014) compiling hundreds of species heat stress response 

thresholds from the literature (46.2% of which were avian studies), were too close to the edge of 

provided datasets to be of great statistical, or biological, significance (McKechnie et al., 2017). 

Though our study’s sample size would be adequate for an accurate assessment of a species' heat 

tolerance during incubation, we particularly lack heart rate data at our highest recorded ambient 

temperatures and, as such, further data at higher ambient temperatures would be necessary to 

validate this threshold (McKechnie et al., 2017). Nonetheless, the changes in heart rate at 

temperatures surrounding 16.6 °C do indicate that hens are starting to respond to higher 

temperatures and may be approaching a state of heat stress.  

Potential decreases in eider heart rate beyond 16.6 °C may indicate that the birds are 

applying different strategies to respond to heat stress that are less energetic than a heart rate or 

metabolic response. For example, hens may be allowing their body temperature to rise, a process 
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often referred to as adaptive thermoregulation in endotherms (Boyles et al., 2011). Similarly, hens 

may be taking advantage of more behavioural thermoregulatory responses to offset physiological 

costs, such as spreading out their wings for greater surface area of heat loss (Bartholomew & 

Dawson, 1979). A previous study that recorded winter-acclimatized common eiders’ metabolic 

responses to temperatures as high as 32 °C, found indication of a metabolic heat stress response in 

three individuals at the upper end of these temperatures (Jenssen et al., 1989). However, despite 

this increase in metabolic rate at 32 °C, birds were able to increase conductance rates, allowing 

greater passive heat dissipation, at temperatures as low as 0 °C (Jenssen et al., 1989), which may 

assist in delaying the need for active cooling methods. As such, our detection of a slight decrease 

in heart rate may indicate that hens are employing such passive cooling methods to avoid energy 

loss. In incubating birds, another efficient method of passive heat loss may include increasing heat 

transfer from their body to their eggs. This is an effective way for parents to increase conductive 

heat loss, however, highlights the complexity of costs and benefits of heat stress responses. because 

it may cause changes in the heat tolerance of offspring (Lourens et al., 2005; Morita et al., 2016). 

Our results also found a second inflection point at ~9 °C, below which eider heart rate 

increased with decreasing ambient temperature. We suspect this threshold defines a lower bound 

of the thermal neutral zone (i.e. LCT) in our incubating hens, where birds need to increase energy 

production towards generating body heat to stay warm and continue warming their eggs, which 

we also found in the heart rate relationship with nest-level temperature. In support of our LCT in 

temperatures relationship with heart rate, an increase in metabolic rate at the lower bound of the 

thermal neutral zone in eiders has been observed in multiple studies (Gabrielsen et al., 1991; 

Jenssen et al., 1989), although the specific ambient temperatures of the inflection points, the state 

of the birds, and the seasonal timing of the work varied across the studies. For example, Gabrielson 

et al., (1991) measured Resting Metabolic Rate (RMR) in 12 wild, non-incubating eiders during 

the summer, and reported a LCT of 7 °C. In their measurement of the basal metabolic rate (BMR) 

of winter acclimated common eiders’ across a range of ambient temperatures, Jenssen et al., (1989) 

reported an LCT of approximately 0 °C, though they detected an increase in BMR as early as 1.5 

°C (Jenssen et al., 1989). Thus, our results suggest that, as expected, summer-acclimated, free-

living incubating common eiders have an LCT that is shifted to warmer ambient temperatures 

compared to winter-acclimated birds.   
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Impact of additional weather factors on eider heart rate 

The thermal index had a positively loaded dew point, wet bulb temperature, heat index, 

and wind chill, and was positively correlated to heart rate. As such, the thermal index may be 

similar to eiders ‘perceived’ temperature of their environment, closely related to components of a 

species operative temperature (O'Connor et al., 2022). Studies suggest that operative temperatures 

are more accurate predictors of heat stress than examination of ambient temperature effect alone 

(Dzialowski, 2005). Our thermal index results suggest that as eiders perceive a warmer 

environment, they increase their heart rate, as anticipated if the hens require active 

thermoregulatory responses to maintain body temperature. Our wind and humidity index was 

comprised of wind speed, and humidity, both positively loaded, and was negatively associated to 

heart rate. High winds associated with a lowered heat stress response (i.e. low heart rate) is on par 

with other studies of heat stress in avian parents, which note wind’s ability to alleviate heat stress 

effects (Braimoh-Azaki et al., 2023; Cook et al., 2020; Oswald & Arnold, 2012). Heat stress 

studies also note humidity’s role in increasing the risk of heat stress by inhibiting the effectiveness 

of evaporative heat loss (e.g. panting) (Gerson et al., 2014; Van Dyk et al., 2019). However, in our 

study, we found high humidity was also associated with high winds, which had an effect in 

lowering heart rate, suggesting that wind speed likely has a more prevailing impact on heat stress 

effects in eiders. This may be a trend in other Arctic-breeding seabirds, as they expectedly 

experience a similar humidity and wind effect from breeding near large bodies of water. These 

results highlight the complexity of weather influences on heat stress responses and an organism's 

susceptibility to heat stress in its environment, indicating the importance of studying heat stress in 

wild populations in the field.  

 

Impact of reproductive investment and season on heart rate 

Although our primary focus was the impact of thermal stress, we also controlled for both 

the timing of breeding and reproductive investment, as well as the influence of annual and 

individual variation in heart rate. As expected, standardized lay date, incubation stage, and ordinal 

date were all related to the heart rate of female common eiders during incubation. As standardized 

lay date increased, so did heart rate, meaning that females laying earlier had lower heart rates. We 
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suspect that earlier-laying females had lower heart rates because they are of higher quality and 

likely more experienced mothers. Indeed, early laying female common eiders in our population 

typically arrive at breeding grounds earlier and heavier than later laying females, and both traits 

are linked to higher breeding success (Descamps et al., 2011a). Further, earlier laying females tend 

to be older and more experienced at breeding than late laying hens (Baillie & Milne, 1982). As 

such, birds laying later in the season may tend to have elevated heart rates because their lack of 

breeding experience results in greater stress levels and hypervigilance during the breeding period 

(Angelier et al., 2007; Goutte et al., 2010). Increases in heart rate can be an indicator that the 

automatic sympathetic nervous system response is being triggered, and so we would suspect a 

similar heart rate response when they are being impacted by reproductive hypervigilance and stress 

(Cabanac & Guillemette, 2001). Therefore, inexperienced later laying hens may be more 

vulnerable to heat stress effects during their incubation (Nord & Nilsson, 2019).  

Regarding ordinal date, we may see lower heart rates later in the season due to females 

depleting more of their fat reserves and needing to conserve energy (Gabrielsen et al., 1991; 

McNally, 1941) (smaller bodies, lower quality; Williams et al., 2008). However, we have an 

additional temperature element that may be at play, as generally speaking, ambient and nest-level 

temperatures are warmer later in the season, meaning that a later ordinal date will generally be 

associated with greater exposure to high environmental temperatures (MacDonald et al., unpubl 

data). We found that eiders increase their heart rate, though only marginally so, when exposed to 

high temperatures, so a decrease in heart rate across ordinal date could possibly be attributed to 

stressed low-quality hens (that expectedly have higher heart rates; Cabanac & Guillemette, 2001), 

losing their clutches to predation, or abandonment, earlier on in the season. Alternatively, to these 

findings, we found that as incubation stage increased, heart rate significantly increased, as well. 

This is contrary to previous work by Gabrielson et al., in which they found incubating eiders energy 

expenditure decreases as females lost body mass during their incubation (Gabrielsen et al., 1991). 

Similarly, previous research on eiders from Qiqiktakuluk found changes in heart rate response 

decreased as incubation progressed (Geldart et al., 2023). In the context of Geldart et al.’s study, 

decreased changes in heart rate were associated with a lower response to stimuli (Geldart et al., 

2023). However, another recent study found eider heart rate during incubation to be lowest 2 days 

following the laying of their fourth egg, before increasing steadily throughout the first third of their 

incubation period (Guillemette & Pelletier, 2022). Despite these results, we suspect that in our 
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common eider hens, an increase in heart rate as incubation progresses is associated with a dire 

need to access and metabolize body energy reserves (Parker & Holm, 1990), a process that can be 

mediated by the stress hormone corticosterone (Cherel et al., 1988). Indeed, although 

corticosterone and heart rate are mediated by different pathways in birds (Nephew et al., 2003), 

heart rate is correlated to energy expenditure in eiders (Hawkins et al., 2000), which may link the 

two responses during late stages of incubation. For example, in female incubating wood ducks (Aix 

sponsa) (also a uniparental incubating species) stress-induced circulation of corticosterone in hens 

can be 105% higher in later stages of incubation, as compared to early stages, and is associated 

with an increased need to free energy reserves for survival (DuRant et al., 2013). Further, during 

late stages of incubation, wood duck hens with lower body masses had higher corticosterone 

(DuRant et al., 2013). As such, we expect to see a similar relationship between corticosterone and 

incubation stage in eiders, where energy-depleted females in late stages of incubation (Parker & 

Holm, 1990) need high corticosterone levels to quickly metabolize fat and protein for their 

survival. As a result, we suggest that eiders increase in heart rate as incubation progresses may be 

a stress response (Cabanac & Guillemette, 2001) associated with this greater circulation of 

corticosterone in energy-depleted hens (DuRant et al., 2013).  

Given these results, females later into the season (ordinal date), as well as females in later 

stages of incubation, may be particularly susceptible to heat stress effects due to their incredibly 

depleted energetic reserves. This underscores that although we did not see statistically significant 

increases in heart rate in heat-stressed hens, even marginal energetic costs of physiologically 

responses to heat stress during this time can be detrimental to hen survival or clutch survival. 

Further, hens may be pushed to abandon their clutch when heat stressed later in the season or later 

in incubation, as high corticosterone levels are often associated with reduced prolactin levels, a 

hormone that typically drives parental care (Criscuolo et al., 2005; Shoji et al., 2013).  

 

Significance 

Though the Arctic-breeding female eiders we studied here are physiologically responsive 

to rising temperatures, particularly nest-level temperature, we are not yet seeing high enough 

temperatures to elicit a statistically significant response in heart rate. In the short term, this may 
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be encouraging news for low Arctic populations of common eiders. However, as the Arctic is 

predicted to continue to warm, and experience greater extreme weather events in the coming 

decade, this is a critical avenue to be monitored in arctic cold-adapted species, especially birds 

(Oswald & Arnold, 2012). Moreover, while low Arctic populations face predictable diel cycles in 

solar radiation, high Arctic populations can face multiple complete days of strong solar radiation 

making them more susceptible to thermal stress (O’Connor et al., 2022). Particularly during such 

an energetically and behaviourally constrained activity, as incubation is for eiders, the health and 

size of future generations may be severely impacted by effects of heat stress during this period, 

resulting in higher rates of nest failure.  

Species with the ability to use multiple avenues of response may have a larger capacity to 

respond to a changing environment (Monaco et al., 2017), and as such, it is critical to explore more 

than physiological responses when trying to determine climate change's direct effects on eiders. 

One response category well known for offsetting physiological responses to changing 

environmental conditions and playing a significant role in how responsive an organism can be is 

behaviour (Abram et al., 2017; Long et al., 2014). As such, to gain a complete picture of eiders’ 

capacity to adaptively respond to heat stress in their environment, we will require an analysis of 

their physiological and behavioural responses to changes in temperature and environmental 

conditions. 
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Tables 

Table 2.1 Examination of the impacts of weather conditions and breeding decisions on heart rate 

during incubation in female common eiders (Somateria mollissima) breeding on East Bay Island, 

Qikiqtakuluk, Nunavut, Canada. A Linear Mixed Effects Model to examine heart rate’s response 

to nest-level temperature, thermal index, wind and humidity index, days of incubation, 

standardized lay date and ordinal date, with year and nest id as random effects. 

Fixed effect Estimate Standard Error T-Value Pr(>|z|) (p-value) 

Intercept 3384.25490 238.41168 14.195 < 2e-16*** 

Nest-Level 

Temperature -0.60503 0.03215 -18.818 < 2e-16*** 

Thermal Index 3.09309 0.20786 14.880 < 2e-16*** 

Wind and Humidity 

Index -1.69776 0.32767 -5.181 2.31e-07*** 

Days of Incubation 19.50349 1.36088 14.332 < 2e-16*** 

Standardized Lay 

Date 18.34263 1.55434 11.801 < 2e-16*** 

Ordinal Date -19.12356 1.37292 -13.929 < 2e-16*** 
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Table 2.2 Determining the impacts of weather conditions and breeding parameters on heart rate in 

common eider (Somateria mollissima) hens breeding on East Bay Island, Qikiqtakuluk, Nunavut, 

Canada. The random effects structure of Year and Nest ID, which are the random effects included 

in the model used to examine how heart rate is affected by weather and breeding parameters 

described in Table 2.1. 

Random Effects Variance Standard Deviation 

Year 72.10 8.491 

Nest ID 265.18 16.284 

Residuals 69.98 8.366 

4197 observations, 3 year groups and 49 nest id groups. 
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Table 2.3 Examining the effects of weather conditions and breeding parameters on heart rate in 

female common eiders (Somateria mollissima) breeding on East Bay Island, Qikiqtakuluk, 

Nunavut, Canada. A Linear Mixed Effects Model for exploring heart rate’s response to ambient 

temperature, wind and humidity index, days of incubation, standardized lay date and ordinal date, 

with year and nest id as random effects.  

Fixed effect Estimate Standard Error T-Value  Pr(>|z|) (p-value) 

Intercept  3034.31181 245.88565 12.340 < 2e-16 *** 

Ambient 

Temperature 0.14078 0.04903 2.871 0.00411 

Wind and Humidity 

Index 3.72293 0.24286 15.330 < 2e-16 *** 

Days of Incubation 17.86325 1.40465 12.717 < 2e-16 *** 

Standardized Lay 

Date  16.59271  1.56920 10.574 < 2e-16 *** 

Ordinal Date -17.21513   1.41628 -12.155 < 2e-16 *** 
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Table 2.4 Examining how weather conditions and breeding decisions impact heart rate in common 

eider (Somateria mollissima) hens nesting on East Bay Island, Qikiqtakuluk, Nunavut, Canada. 

The random effects structure of Year and Nest ID, which are the random effects included in the 

model used to examine how weather and breeding parameters affect heart rate, as described in 

Table 2.3. 

Random Effects Variance Standard Deviation 

Year 112.79 10.620   

Nest ID 240.83  15.519  

Residuals 76.13 8.725 

4197 observations, 3 year groups and 49 nest id groups. 

 

  



 

67 
 

Table 2.5 Examining weather conditions and breeding parameters effect on common eider 

(Somateria mollissima) hens' heart rate at a breeding colony on East Bay Island, Qikiqtakuluk, 

Nunavut, Canada. A segmented model of hens’ heart rate with nest-level temperature as the 

segmented variable. The model examines additional fixed effects correlation to heart rate, 

including thermal index, wind and humidity index, days of incubation, standardized lay date, 

ordinal date, and year. Nest id is included as a random effect. We used 95% confidence intervals 

for all breakpoints. 

Variables Value Std. Error Degrees of 

Freedom 

T-Value P-Value 

Intercept 2374.9382 150.70612 3719 15.758738 0.0000 

Nest-Level 

Temperature 

 -1.9690 0.06987 3719 -15.699003 0.0000 

Thermal Index  -0.4352 0.16020 3719 -2.716817 0.0066 

Wind and Humidity 

Index 

 -0.7959 0.18698 3719 -4.256546 0.0000 

Days of Incubation  14.0665 0.85162 3719 16.517283 0.0000 

Standardized Lay Date  13.1753 1.11993 45 11.764463 0.0000 

Ordinal Date -13.3454 0.87052 3719 -15.330318 0.0000 

Year (2022)  10.4654 6.93920 45 1.508153 0.1385 

Year (2023)    9.1498 5.61999 45 1.628082 0.1105 

Breakpoint 1    1.0803 0.10166 3719 10.626053 0.0000 

Breakpoint 2 0.3932 0.09863 3719 3.986653 0.0001 

Breakpoint 1 

Confidence Interval 

0.0000 0.60636 3719 0.000000 1.0000 

Breakpoint 2 

Confidence Interval 

0.0000 0.96566 3719 0.000000 1.0000 
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Table 2.6 Examining how weather conditions and breeding parameters impact heart rate in 

common eider (Somateria mollissima) hens nesting on East Bay Island, Qikiqtakuluk, Nunavut, 

Canada. The estimated temperature breakpoints (oC), standard errors, and p-values of our 

segmented variable, nest-level temperature, from its segmented model with heart rate (see Table 

2.5 for the segmented model summary). 

 Estimation Standard Error P-Value 

Breakpoint 1 19.24857 1.36004 0.0000 

Breakpoint 2 33.55000 0.94711 0.0001 
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Table 2.7 Determining weather conditions and breeding parameters influence on common eider 

(Somateria mollissima) hens' heart rate at a breeding colony on East Bay Island, Qikiqtakuluk, 

Nunavut, Canada. The slope estimates, standard errors and confidence intervals (upper and lower 

bounds) for hens’ heart rate’s segmented relationship with nest-level temperature (see Table 2.5 

for the segmented model summary). 

Slope # Estimate Standard 

Error 

P-Value Lower Bound 

(95%) 

Upper Bound 

(95%) 

Slope 1 -1.0969 0.3888 0.0048 -1.8589 -0.3349 

Slope 2 -0.0166 0.4908 0.9730 -0.9786  0.9453 

Slope 3  0.3765 0.4654 0.4185 -0.5357  1.2890 
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Table 2.8 Examining the influence of weather conditions and breeding parameters on common 

eider (Somateria mollissima) hens' heart rate at a breeding colony on East Bay Island, 

Qikiqtakuluk, Nunavut, Canada. A segmented model of hens’ heart rate with ambient temperature 

as the segmented variable. The model examines additional fixed effects, including, thermal index, 

wind and humidity index, days of incubation, standardized lay date, ordinal date, and year. Nest 

id is included as a random effect. We used 95% confidence intervals for all breakpoints. 

Variables Value Std. Error Degrees of 

Freedom 

T-Value P-Value 

(Intercept) 3169.577 150.57781 3718 21.049428 0.0000 

Ambient Temperature -0.487 0.10124 3718 -4.806389 0.0000 

Wind and Humidity 

Index 

0.699 0.18527 3718 3.771140 0.0002 

Days of Incubation 17.186 0.85971 3718 19.990725 0.0000 

Standardized Lay Date 16.330 1.10948 45 14.719054 0.0000 

Ordinal Date -17.975 0.86967 3718 -20.668692 0.0000 

Year (2022) 10.757 6.74755 45 1.594246 0.1179 

Year (2023) 19.638 5.44675 45 3.605466 0.0008 

Breakpoint 1 -33.909 13.57663 3718 -2.497575 0.0125 

Breakpoint 2 36.045 13.57545 3718 2.655131 0.0080 

Breakpoint 3 -5.398 1.34015 3718 -4.027700 0.0001 

Breakpoint 1 

Confidence Interval 

0.000 0.12571 

 

3718 

 

0.000000 1.0000 

Breakpoint 2 

Confidence Interval 

0.000 0.03096 

 

3718 

 

0.000000 1.0000 

Breakpoint 3 

Confidence Interval 

0.000 0.18424 

 

3718 

 

0.000000 1.0000 
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Table 2.9 Assessing weather conditions and breeding parameters influence on heart rate in female 

common eiders (Somateria mollissima) nesting on East Bay Island, Qikiqtakuluk, Nunavut, 

Canada. The estimated temperature breakpoints (oC), standard errors, and p-values of our 

segmented variable, ambient temperature, from its segmented model with heart rate (see Table 2.8 

for the segmented model summary). 

 Estimation Standard Error P-Value 

Breakpoint 1 8.697669 0.09581678 0.0125 

Breakpoint 2 9.002701 0.08781418 0.0080 

Breakpoint 3 16.584902 0.76670515 0.0001 
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Table 2.10 Determining weather conditions and breeding parameters influence on female common 

eiders (Somateria mollissima) heart rate at a breeding colony on East Bay Island, Qikiqtakuluk, 

Nunavut, Canada. The slope estimates, standard errors and confidence intervals (upper and lower 

bounds) for hens’ heart rate’s segmented relationship with ambient temperature (see Table 2.8 for 

the segmented model summary). 

Slope # Estimate Standard 

Error 

P-Value Lower Bound 

(95%) 

Upper Bound 

(95%) 

Slope 1 -0.4866082 0.2098767 2.041979e-02 -0.8979665 -0.07524997 

Slope 2 -34.3952694 5.9549878  7.655386e-09 -46.0670454 -22.72349338 

Slope 3 1.6493223 3.1753610  6.034731e-01 -4.5743852 7.87302985 

Slope 4 -3.7484073 3.3694652 2.659389e-01 -10.3525590 2.85574442 
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Figures 

 

Figure 2.1 Latitude and Longitude coordinates of common eider (Somateria mollissima) nests 

sampled for examining weather and breeding parameters impact on heart rate, an indicator of heat 

stress, across three years of study (2019, 2022, 2023), underlaid by a map of East Bay Island 

(Qikiqtakuluk), Nunavut, Canada where the study was conducted.  
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Figure 2.2 Nest deployment equipment used in our study of the impacts of heat stress on female 

common eider (Somateria mollissima) heart rate, at an Arctic-breeding colony on East Bay Island, 

Qikiqtakuluk, Nunavut, Canada. a) microphone egg interior anatomy and b) interior storage of the 

external battery pack and Tascam audio recorder (figures by Geldart et al., 2022).  
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Figure 2.3 Nest deployment of microphone egg and Tascam recorder used in our study of heat 

stress’ impacts on incubating common eiders (Somateria mollissima) heart rate at an Arctic-

breeding colony on East Bay Island, Qikiqtakuluk, Nunavut, Canada.   
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Figure 2.4 Examining the effect of nest-level temperature on heart rate in incubating common eider 

(Somateria mollissima) hens on East Bay Island, Qikiqtakuluk, Nunavut, Canada. Plotted here is 

the relationship between hens’ heart rate and nest-level temperature from our nest-level 

temperature’s linear mixed effects model. The trendline is denoted by a black line, and the shaded 

region surrounding the trendline indicates the confidence interval of the predicted values.  
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Figure 2.5 Examining the effect of ambient temperature on heart rate in nesting female common 

eiders (Somateria mollissima) on East Bay Island, Qikiqtakuluk, Nunavut, Canada. Plotted here is 

the relationship between hens’ heart rate and ambient temperature from our ambient temperature’s 

linear mixed effects model. The trendline is denoted by a black line, and the shaded region 

surrounding the trendline indicates the confidence interval of the predicted values.  
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Figure 2.6 Investigating thermal index’s impact on heart rate in nesting female common eiders 

(Somateria mollissima) on East Bay Island, Qikiqtakuluk, Nunavut, Canada. Plotted here is the 

relationship between hens’ heart rate and thermal index from our nest-level temperature’s linear 

mixed effects model. The trendline is denoted by a black line, and the shaded region surrounding 

the trendline indicates the confidence interval of the predicted values.  
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Figure 2.7 Assessing incubation stage’s impact on heart rate in nesting female common eiders 

(Somateria mollissima) on East Bay Island, Qikiqtakuluk, Nunavut, Canada. Plotted is the 

relationship between heart rate and incubation stage (in days) from the linear mixed effects model 

of nest-level temperature. The trendline is denoted by a black line, and the shaded region 

surrounding the trendline indicates the confidence interval of the predicted values. A similar 

significant relationship was found between standardized ordinal date and heart rate in the linear 

mixed effects model for ambient temperature (Table 2.3). 
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Figure 2.8 Determining breeding parameters impact on heart rate in nesting female common eiders 

(Somateria mollissima) on East Bay Island, Qikiqtakuluk, Nunavut, Canada. Plotted is the 

relationship between heart rate and incubation stage (in days) from the linear mixed effects model 

of nest-level temperature. The trendline is denoted by a black line, and the shaded region 

surrounding the trendline indicates the confidence interval of the predicted values. A similar 

significant relationship was found between standardized ordinal date and heart rate in the linear 

mixed effects model for ambient temperature (Table 2.3). 
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Figure 2.9 Influence of weather parameters on heart rate in female common eiders (Somateria 

mollissima) nesting on East Bay Island, Qikiqtakuluk, Nunavut, Canada. Plotted here is the 

relationship between heart rate and wind and humidity index from the linear mixed effects model 

of nest-level temperature effects. The trendline is denoted by a black line, and the shaded region 

surrounding the trendline indicates the confidence interval of the predicted values. A similar 

significant relationship was found between wind and humidity index and heart rate in the linear 

mixed effects model for ambient temperature (Table 2.3). 
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Figure 2.10 Examining the impact of breeding parameters on heart rate in common eider 

(Somateria mollissima) hens nesting on East Bay Island, Qikiqtakuluk, Nunavut, Canada. Plotted 

here is the relationship between heart rate and ordinal date from the linear mixed effects model of 

nest-level temperature effects. The trendline is denoted by a black line, and the shaded region 

surrounding the trendline indicates the confidence interval of the predicted values. A similar 

significant relationship was found between ordinal date and heart rate in the linear mixed effects 

model for ambient temperature (Table 2.3). 
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Figure 2.11 Assessing the effects of heat stress on heart rate in common eider (Somateria 

mollissima) hens breeding on East Bay Island, Qikiqtakuluk, Nunavut, Canada. Represented on 

the plot is nest-level temperature’s segmented relationship with hens’ heart rate. Grey solid lines 

indicate the location of breakpoints, with standard errors for each breakpoint indicated by grey 

dotted lines. Blue solid lines indicate estimated slopes of the relationship, as separated by 

breakpoints. 
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Figure 2.12 Determining the effects of heat stress on heart rate in common eider (Somateria 

mollissima) hens breeding on East Bay Island, Qikiqtakuluk, Nunavut, Canada. Represented on 

the plot is ambient temperature’s segmented relationship with hens’ heart rate. Grey solid lines 

indicate the location of breakpoints, with standard errors for each breakpoint indicated by grey 

dotted lines. Blue solid lines indicate estimated slopes of the relationship, as separated by 

breakpoints. 
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CHAPTER 3 

 

Introduction 

The Arctic is undergoing rapid warming as a result of climate change, at a faster rate than 

the rest of the globe (CAPE-Last Interglacial Project Members, 2006). In fact, some regions of the 

Arctic are warming at upwards of 4 times the rate (Rantanen et al., 2022). With such rapid 

warming, it is critical to document how arctic species may be responding, as many terrestrial 

vertebrates are expected to be unable to adapt to the speed of change without shifting their range 

distributions (Callaghan et al., 2004). Species’ and populations’ impacts and responses to indirect 

effects of climate change in the North are well-researched; including changes in predator-prey 

dynamics and distribution (Gilg et al., 2009; Renner et al., 2024), changes in migration patterns 

(Kuletz et al., 2024), impacts of introduced disease and parasitism (Anderson et al., 2021; Kutz et 

al., 2009; Parkinson et al., 2014), phenological mismatch between predators and prey (Kwon et 

al., 2019; Lameris et al., 2018), loss of habitat, particularly loss of suitable breeding habitat for 

birds (Wauchope et al., 2017), and changes in sea ice extent for feeding grounds (Grunst et al., 

2023; Laidre et al., 2015). Though important avenues of research (Gunderson et al., 2017), it is 

equally important to understand how polar species and individuals are impacted by and responding 

to the direct impacts of climate change, a current and relatively understudied area of research in 

endothermic species (Oswald & Arnold, 2012).  

In the Arctic, direct effects of climate change include rapidly rising ambient temperatures 

driven by a feedback loop of increased sea-ice melt (arctic amplification) and changes in water 

vapour and cloud cover (Koenigk et al., 2020). Further, climate change has directly led to more 

extreme weather events, such as storms and heat waves (Dobricic et al., 2020; Koenigk et al., 

2020). These effects have resulted in an increase in reported heat stress in arctic species (Choy et 

al., 2021; O'Connor et al., 2021). Heat stress can be defined as exposure to temperatures beyond 

an individual’s ability to regulate their internal body temperature by way of passive heat-

dissipating mechanisms (Welman et al., 2024), a definition we follow in this work. Arctic breeding 

species may be particularly vulnerable to heat stress due to their cold adaptations (Choy et al., 

2021; Dawson & O’Connor, 1996). Indeed, Arctic species use a variety of cold adaptations that 

allow them to occupy cold environments with reduced energetic costs of thermoregulation 



 

86 
 

(Dawson & O’Connor, 1996). For example, many arctic species have thick insulative layers that 

help retain heat within the core (Scholander et al., 1950). Though energy efficient in a cold 

environment, this ability may prove less adaptive to a warming environment where these species 

now need to work harder to lose body heat, increasing their risk of heat stress (Oswald & Arnold, 

2012). These effects can pose a severe health risk to cold-adapted populations, highlighted by the 

fact that several mortality events associated with climate change-induced heat waves have been 

documented across birds near the poles (Fretwell et al., 2023; Gaston et al., 2002; Olin et al., 2023).  

  When species face climate-change effects like heat stress in their environment, there are 

a few ways in which they can attempt to respond, which have been charismatically described as 

“move, adapt, or die” (Benson & Cummins, 2011; Habary et al., 2017) - with some researchers 

including “acclimate” in this equation (Beever et al., 2017). In short, species can shift their 

distributions, adapt to better tolerate heat or heat-avoidant strategies over generations, or they can 

physiologically or behaviourally respond immediately in situ, to avoid death (Beever et al., 2017). 

For species that cannot change their distribution, an in situ behavioural response to heat stress can 

provide an adaptive response to either avoid or buffer increased thermoregulatory needs (Logan et 

al., 2019). Particularly, certain behaviours (e.g., shade seeking, orientating the body to dissipate 

heat) can help mitigate the cost of an energetically demanding physiological response (Angilletta 

et al., 2010). Behavioural responses to thermal stress have the advantage of being easily observable 

by researchers and can provide insight into the trade-offs these responses can incur at the expense 

of other activities during an organism’s life (Cook et al., 2020). One life-history event that can be 

particularly disrupted by heat stress responses is reproduction, particularly for arctic-breeding 

birds (Collier et al., 2017; O’Connor et al., 2024). Indeed, many cold-adapted birds migrate to the 

Arctic during the summer months to breed for a short but seasonally highly productive 

environment and an abundance of suitable breeding habitats (Fox, 2021). However, due to the time 

constraints of the reproductive season and the high energetic costs associated with reproduction, 

increased thermoregulatory behaviours in response to heat stress can disrupt incubation and 

quickly deplete parental energy reserves (Collier et al., 2017; Cook et al., 2020). Thermoregulatory 

behaviours commonly observed during incubation in heat-stressed parents can include wing 

drooping, postural and orientation changes, or standing (sometimes referred to as ‘shading’ where 

parents hover over the hot boundary layer in their nest while shading eggs from the sun) (Clauser 

& McRae, 2017; Downs & Ward, 1997; Olin et al., 2023; Smit et al., 2016). Further, many studies 
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note reduced nest attentiveness in heat-stressed parents, with parents taking more frequent or 

longer breaks from the nest (commonly referred to as ‘off-bouts’) as a means to seek shade or 

water to cool down (AlRashidi et al., 2011). These breaks may become increasingly necessary as 

parents need to escape lethal temperatures, but also rehydrate, as exploiting evaporative cooling 

strategies on the nest (panting, or gular fluttering), can quickly lead to dehydration (Bourne et al., 

2021). Unsurprisingly, responding to heat stress by incubation interruptions and increased at-nest 

activity can have several negative consequences on both parents, eggs, and, ultimately, breeding 

success (Skutch, 1949; Wang & Beissinger, 2009; Yorio & Boersma, 1994). For example, frequent 

nest absences can expose eggs to lethal temperatures (Bourne et al., 2021), but also highly variable 

temperatures, which can reduce egg and chick health (Booth, 1987; Lourens et al., 2005), as well 

as necessitate that parents expend more energy to rewarm eggs rather than to consistency keep 

eggs warm (Vleck, 1981). Furthermore, reduced nest attendance can leave eggs exposed to 

predators (Meyer et al., 2020) and, in some species, increase predation risk indirectly by extending 

the incubation period and, thus, opportunities for predation attempts (Martin et al., 2015). 

Additionally, heightened activity by heat-stressed parents on the nest itself can increase nest 

detection by visual predators (Martin et al., 2000; Skutch, 1949). In the Arctic, this may increase 

nest detection by polar bears (Ursus maritimus) and gulls (Larus spp.), effective visual predators 

that are known to predate on breeding seabirds and their nests (Blanco & Bertellotti, 2002; 

Jagielski et al., 2021). In conclusion, thermoregulatory behaviours exhibited to mediate heat stress 

in arctic-breeding species are likely adaptive responses to acute temperatures above an eider's 

upper critical temperature, but if chronic, can interfere with incubation requirements and lead to 

greater nest failure.  

In this study, we investigated the behavioural responses of incubating common eiders 

(Somateria mollissima), a cold-adapted, Arctic-breeding sea duck, to predict climate change-

inducing heat stress conditions in their breeding environment. We focused on the agitation 

behaviour of hens on their nests as the are exposed to varying environmental conditions and 

temperatures during one of their most energetically costly and behaviourally constraining life 

events, incubation. Eiders are large-bodied sea ducks (Waltho & Coulson, 2015), allowing them 

to maintain a strict capital incubation strategy where they can carry enough body reserves to fuel 

their entire incubation period, during which time hens fast, refusing to leave the nest to eat or drink 

for approximately 24 days (Bottitta et al., 2003; Hanssen et al., 2002). In fact, eiders breeding in 
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the Eastern Canadian Arctic have one of the highest recorded incubation consistencies in birds, 

with hens staying on the nest 99.8% of their incubation period (Bottitta et al., 2003). They choose 

to breed in open-ground nest cups with little vegetative cover, which much like other ground-

nesting species, offers a clear view of approaching predators, but at great risk of clutch predation 

when hens are absent (Fast et al., 2010; Tertitski et al., 2021). Despite these factors driving hens 

to remain on the nest, previous studies have noted the indirect effects of climate change on 

disturbing hens' incubation, including the negative effects of novel predators (Geldart et al., 2023) 

and contaminant exposure (Smith et al., 2022). Equally important is to document the direct effects 

of climate change on incubation behaviour, to which recent work has noted high temperatures and 

low winds associated with contaminant exposure can lead to greater incubation interruption (Smith 

et al., 2022).   

Indeed, with such open nest sites, hens are highly exposed to environmental conditions, 

including high heat loads from the sun, as well as radiant heat from the earth’s surface beneath 

their nests (Guthery et al., 2005; Hovick et al., 2014). As the Arctic is undergoing considerable 

warming in the summer months, this heat load from the sun will likely contribute to heat stress in 

these birds, as they incubate their eggs during the Arctic summer under nearly 24 hours of sunlight. 

Further, as a species so well-adapted to the cold (D'alba et al., 2017; Jenssen et al., 1989), eiders 

are expected to become heat stressed at distinctly lower temperatures compared to lower latitude 

species, as has been documented in other arctic breeding seabirds (Choy et al., 2021; Oswald et 

al., 2008). While on the nest, eiders will expectedly respond to heat stress via panting, an effective 

evaporative cooling method (Song & Beissinger, 2019) which has been previously observed in 

incubating eiders under high temperatures (Fast et al., 2007). As evaporative cooling works by 

evaporating water from the body, it can be dehydrating (Albright et al., 2017) and require hens to 

rehydrate by metabolizing their fat stores to free water uptake (Ma et al., 2020). This heat stress 

response can deplete energy for incubation and may result in hens reaching a lower critical body 

mass (previously described as 1,100 g; Korschgen, 1977) before incubation ends, where they may 

risk abandoning their clutch even temporarily to feed (Criscuolo et al., 2002), or death (Ma et al., 

2020). As such, hens may benefit from also exhibiting behavioural responses on the nest to heat 

stress, which, although it may interrupt incubation consistency, will not lead to significant water 

loss. However, these responses come with their own set of potential costs: increasing hens' 
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detectability by predators and exposing her eggs to variable incubation temperatures (DuRant et 

al., 2013; Tertitski et al., 2021).  

As such, our goal was to investigate whether eiders exhibit incubation behaviours in 

response to heat stress during their incubation, and if their response is triggered at a specific 

threshold temperature. To examine incubating hens' behavioural response to heat stress, we 

recorded hens' activity on the nest via temperature-sensitive thermal probes placed in the centre of 

their clutches, which indicated when hens were either agitated, still, or absent from the nest via 

relative large drops or gains in temperature. We hypothesized that as ambient temperature rose and 

hens became increasingly heat stressed, they would become more active on the nest, presumably 

engaging in behavioural responses of cooling, such as standing or shifting (agitation/fidgeting 

behaviour), to increase body heat loss. Given eider hens’ incredible incubation consistency, we 

further predicted any increase in movement on the nest would occur only beyond an inflection 

point in temperature, suggestive of a threshold at which birds are driven to a behavioural heat stress 

response. The existence of this behavioural-response threshold to heat stress would provide 

information on whether Arctic-breeding eiders are currently undergoing heat stress during their 

incubation, whether they are capable of behaviourally responding via behavioural adjustments on 

the nest, and if so, to what extent does temperature impact their incubation consistency (i.e. are 

they significantly moving more on the nest when heat stressed?). This information can aid in our 

understanding of eiders’ capability to behaviourally tolerate warming conditions and can provide 

insight into temperatures at which they become behaviourally heat stressed, serving as seabird-

indicators of arctic ecosystem health  (Oswald & Arnold, 2012). 

 

Methods 

Study species and site 

We studied a northern common eider (hereafter, eider) breeding colony on East Bay Island, 

Qikiqtakuluk, (64° 02′ N, 81° 47′ W), within the East Bay, Qaqsauqtuuq, Migratory Bird 

Sanctuary, Nunavut, over four years; 2018 (n=20), 2019 (n=12), 2022 (n=18), and 2023 (n=36), 

for a total sample size of 86 incubating hens (Figure 3.1). Though historically the largest common 

eider breeding colony in Canada (Fast et al., 2011), breeding pairs have experienced waves of 



 

90 
 

decline in recent decades due to multiple stressors, including avian cholera outbreaks (Descamps 

et al., 2012; Love et al., 2010; van Dijk et al., 2021) and exposure to a novel predator (Iverson et 

al., 2014). Female eiders typically arrive on the flat rocky island (400 m by 800 m), or nearby 

staging areas, from May to early June to feed and build energy reserves for incubation (Steenweg 

et al., 2022) before initiating egg laying in mid-June to early July (Love et al., 2010; Steenweg et 

al., 2022). The deployment of remote nest monitoring equipment for our study took place during 

egg-laying and early incubation (see details below). 

Eiders at Qikiqtakuluk follow a strict capital incubation strategy, with females relying 

solely on endogenous reserves to fuel approximately 24 days of incubation, during which time 

they do not leave the nest to feed (Bottitta et al., 2003; Sénéchal et al., 2011). This strategy, 

supported by their large body size and refuelling at, or nearby, breeding grounds, is particularly 

effective in cold climates (Jönsson, 1997; Williams et al., 2017). Hens’ clutch size at this site 

averages between 2-4 eggs (Descamps et al., 2011a; Love et al., 2010) and is influenced by a 

combination of the mother’s condition at laying and external environmental conditions (Descamps 

et al., 2011a). After successful hatching, ducklings quickly head to sea with their mothers, who 

oversee groups of offspring together to feed (Descamps et al., 2011b). The island receives nearly 

24 hours of sunlight during summer, with high winds and frequent fog in June (Environment and 

Climate Change Canada, 2024). Ice and snow cover is still present when eiders arrive on the island, 

but snow quickly melts before hens begin laying (Love et al., 2010). Sea ice break-up begins to 

occur in late June and early July (Jean-Gagnon et al., 2018), opening up the water for eiders and 

their ducklings after hatching, before being completely ice-free in early August (Gagnon & Gough, 

2005).    

 

Incubation interruptions in response to weather and breeding parameters 

We located nests for possible equipment deployment by walking the periphery of the island 

or by observation from bird monitoring blinds (n = 6) to avoid colony disturbance. The location of 

sampled nests were recorded into a Garmin GPSMAP 64s handheld device (latitude, longitude 

coordinates). We flushed hens from their nests before deploying our behaviour sampling 

equipment which consisted of a thermal probe leading from a Tinytag® Plus 2 temperature logger 
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placed into the center of each studied nest. Within the nest, the temperature-sensitive thermistor of 

the probe was aimed upwards to ideally make contact with the female’s brood patch while 

incubating (Figure 3.2). To help secure the probe into the nest, and prevent females from tampering 

with it, we buried the probe cord under soil and rock, and the Tinytag logger itself was also buried, 

to camouflage it within the environment. We preprogrammed Tinytags in the Tinytag explorer 

software prior to deployment, setting the device to record temperature every minute. Tinytags can 

be expected to record for approximately 22 and a half days at this rate with their battery life. We 

deployed units from mid-June to mid-July alongside a 3D-printed egg outfitted with microphones 

(see Chapter 2 Methods) which replaced a single egg to maintain incubation costs. In 2018, no 

microphone-based eggs were deployed, only behaviour-monitoring equipment. When possible, we 

removed the first laid egg from the nest which was later aged (by candling) to help estimate a hen’s 

‘days into incubation’ and therefore initial lay date of the first egg. Both incubation days and lay 

dates were estimated using a combination of egg age and clutch size. Before leaving each nest 

following equipment deployment, we covered eggs with eider down and nest debris, to prevent 

egg predation before the female returned to her nest (Götmark & Åhlund, 1984). 

We additionally recorded environmental temperatures at the nest and several 

environmental parameters island-wide to determine conditions conducive to heat stress for 

incubating hens. Specifically, we deployed a HOBO Pendant temperature and light level recorder 

(2-minute sampling interval; Onset Inc model MX2202) at each sampled nest to record more fine-

scale changes in temperature and radiative heat stress at nest-level (hereafter, nest-level 

temperature). Additionally, we installed six Kestrel weather meters on six bird-monitoring blinds 

in 2018 and 2019, and then redeployed these units in 2022 and 2023 to approximately 3 feet off 

the ground at five of these blinds and one at the EBI weather station. We set Kestrel weather meters 

to record ambient temperature, wet bulb temperature, humidity, wind speed, heat index, dew point, 

and wind chill every 30 minutes. We assigned each Kestrel-unit data to the nests it was nearest, as 

determined by the distance between each nest and the Kestrel unit’s GPS point measured in GPS 

Garmin’s Basecamp® software. 

Finally, we deployed trail cameras across the island (n=19 in 2018, n=35 in 2019, 2022 

and 2023) to record predator movements and foraging behaviours. These data were used to verify 

if any days used in the study had large predators (primarily polar bears) detected on the island and, 
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if so, whether any of the behavioural data from that date should be omitted from the study. All 

equipment recorded data remotely, allowing us to continue recording data long after our field team 

left the island in early July, due to the danger of increased polar bear activity. A retrieval team was 

then helicoptered onto the island in mid-late July to retrieve remote monitoring and recording 

devices. Of the 86 nests on which equipment was deployed, 68 nests had behavioural data that 

could be used for statistical analyses (n= 19 in 2018, n= 9 in 2019, n= 10 in 2022, n= 30 in 2023).   

 

Lay date and incubation stage estimates 

We used information from behavioural monitoring and the candling of the first-laid egg 

collected at nest visits to determine the lay date of that first egg and then the hen’s incubation stage 

(i.e., number of days into incubation at the time of equipment deployment). We additionally used 

the clutch size for a given bird to help with these estimates when it indicated a later day into 

incubation than egg age. Lay dates were standardized across years for statistical analyses, and 

calculated by subtracting the average lay date for the given year (2018 = 177, 2019 = 171, 2022 = 

170, 2023 = 172) from the female’s lay date (Hennin et al., 2016). We additionally standardized 

ordinal date, by subtracting ordinal date from a chosen set date for all years of sampling. For this 

study we chose June 15th, an ordinal date of 166. 

 

Quantifying incubation behaviour 

To determine which days to select within the incubation period to examine eider behaviours 

in response to potential temperature stressors, we identified the maximum daily nest-level 

temperatures recorded from our HOBO pendant devices at each nest. We first removed the first 

day females returned to their nest after equipment deployment as human disturbance may impact 

their behaviour. From the remaining days available, we then selected two sample dates per female 

(where possible) representing the day with the highest and lowest maximum daily nest-level 

temperature reached, providing us with two days per bird to examine a hen’s daily nest movements. 

For each of those sampling days, we also recorded the maximum daily ambient temperature (from 

the Kestrel units). Any movements on the nest recorded within 30 minutes before or after a polar 
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bear was detected on the island, via trail cameras, was omitted from the results to avoid 

misinterpreting a predator response as a heat stress response. In 2022, no bears were detected on 

the island during the dates incubation behaviour was recorded for our analyses. 

 We used fine-scale changes of in-nest temperature data from the temperature probe 

(Tinytag® Plus 2) indicative of a female’s movements during incubation as previously validated 

by our team (Smith et al., 2022). For instance, sudden spikes or drops in temperature detected by 

the thermistor-based probe indicate incubation interruptions, as females readjust, stand, or leave 

the nest. We analyzed all temperature recordings in the Tinytag Explorer software, remaining 

consistent in our visual interpretation of eiders nest movements by examining the temperature 

traces of all individuals at a resolution of 12 hours (y-axis) and setting the x-axis to a maximum 

change of 12 ̊C since temperature variation in nests did not vary more than by this amount. We 

recorded three behavioural variables for hens: instances of “Movements”, periods of “Stationary 

bouts”, and periods of “Absences from the nest”. We also recorded the start and end time (by time 

of day, hh:mm) of each event. We determined a hen’s “Movement” on the nest by visually 

examining the trace of temperature over time for any sudden spike, or drop, in nest temperature 

greater than 0.25 ̊C. Further, because a hen’s movement on her nest can be near-instantaneous to 

a few minutes long, all movements were classified as events instead of durations for ease of 

measurement. We documented Stationary bouts as periods between Movements and Absences 

when females were on the nest. Lastly, we determined Absences from the nest by a sudden drop 

in temperature of more than 4 ̊C. We verified all possible nest absences for 2019, 2022, and 2023 

by listening to audio recordings from the microphone-equipped 3D-printed egg to determine if the 

hen’s heartbeats or digestive sounds could be heard, indicating that she is on the nest. We recorded 

no absences in any females in 2018. In the behavioural monitoring of 68 incubating hens in this 

study, we only detected 21 instances of nest absences in 9 females, and two of those absences were 

determined to be clutch abandonment events. Of the nest recesses (not including the two nest 

abandonments), absences accounted for only 9 hours and 46 minutes of 3,192 hours of sampled 

incubation behaviour, representing a 99.7 % incubation consistency as supported by previous work 

in eiders (Bottitta et al., 2003). Due to the low sample size of hen absences, we did not explore this 

behaviour further.   
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Statistical analyses 

Quantifying environmental parameters indicative of heat stress 

We rotated, centred and scaled the Kestrel weather parameters prior to being used in a 

principal component analysis (PCA) to reduce redundancy while producing meaningful 

associations between variables (Forkman et al., 2019). Weather parameters included heat index, 

wet bulb temperature, wind chill, dew point, wind speed and humidity. A varimax rotation was 

applied (Comrey & Lee, 2013), and two components with eigenvalues > 1 and explaining >10% 

variance were retained. Additionally, the two rotated components cumulatively explained 85% of 

the variance in the dataset (Table F, Appendix; see details below). Maximum daily ambient 

temperature and maximum daily nest-level temperatures were not included in the PCA as these 

were the primary variables of interest that we expected would be most likely to directly impact 

incubation behaviour. Rotated component 1, referred to hereafter as thermal index, explained 66% 

of the variance and consisted of heat index, wet bulb temperature, wind chill, dew point, and wind 

speed, with individual loadings all > 0.55 (Comrey & Lee, 2013). All but one variable were 

positively correlated to one another, with wind speed being negatively correlated. Thus, a high 

thermal index is associated with an increased risk of heat stress in eiders, as a low wind speed, but 

a high wind chill value (not to be mistaken with wind chill ‘effect’), dewpoint, heat index and wet 

bulb temperature, should increase the perceived temperature of their thermal environment. The 

second rotated component, referred to hereafter as humidity, explained 19% of the variance and 

consisted entirely of relative humidity and was positively loaded. Relative humidity is expected to 

be negatively associated with risk of heat stress in polar regions. In a warm environment, relative 

humidity is expected to inhibit evaporative cooling efficiency, increasing the risk of heat stress; 

however, in a colder environment, high humidity is typically accompanied by a colder air mass. 

Indeed, cold, dense air requires less moisture than warm, buoyant air to be fully saturated (i.e., 

have a high relative humidity). As such, given the climate of our field site, high relative humidity 

is expected to occur most often due to moist cold air coming in from the bay by strong winds, and 

thus will expectedly have an effect of relieving heat stress.  
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Effects of reproductive decisions and environmental parameters on incubation consistency 

To examine which reproductive and weather metrics were impacting interruptions to 

incubation behaviour, we analyzed eider daily nest movement counts using two generalized linear 

mixed models with a Poisson distribution. Maximum daily nest-level temperature and maximum 

daily ambient temperature were analyzed separately, one in each model, as they were both of 

primary interest to us as predictive variables, and we wanted to be able to examine their individual 

and unique influence on eider daily nest movements. Our model of incubation behaviour (response 

variable, count data, range: 1 – 75 movements) incorporated the following predictor: maximum 

daily nest-level temperature (continuous, range: 9.18 – 44.61 °C), and the following additional 

fixed effects: thermal index (continuous, range: -1.96 – 2.30), humidity (continuous, range: -5.04 

– 1.36), days of incubation (continuous, range: 0 – 19), relative lay date (continuous, range: -10 – 

15.9) and standardized ordinal date (continuous, range: 6 – 23). Year (4-factor level: 2018, 2019, 

2022, and 2023) and nest id (68 levels) were included as random effects. The second GLMM 

model of incubation behaviour explored maximum daily ambient temperature (continuous, range: 

3 – 19.8 °C) as the main predictor, and similarly included the covariates and random effects 

described above, except for the thermal index. When included in the model, the thermal index had 

a variance inflation factor (VIF) of 19.0. However, since a VIF > 10 indicates a variable is 

exhibiting high collinearity with other variables in the model we excluded thermal index from this 

particular model. Our generalized linear mixed model residuals were further assessed for 

overdispersion and goodness of fit by way of Kolmogorov–Smirnov tests (Hartig, 2022). 

 

Identifying temperature thresholds for alterations in incubation behaviour 

To assess for expected temperature threshold effects on interruptions to incubation 

behaviour, we performed two segmented regression models of the effect of maximum daily nest-

level temperature and maximum daily ambient temperature on changes in incubation behaviour. 

We used the LIMBARE package in R to run the segmented analyses (Lee et al., 2024) searching 

for two breakpoints, predicting there would be a change in behavioural response when cold 

stressed, and again a response when heat stressed. Thermal index and humidity were not assessed 

for threshold effects as there was no a priori expectation the effect of thermal index and humidity 
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on behaviour would follow a segmented pattern. The maximum daily nest-level temperature model 

contained the same fixed-effect structures as described above, with the addition of year as an 

additional fixed effect (categorical, four levels) since the segmented analysis could only 

incorporate a single random effect. The maximum daily ambient temperature model also included 

a similar fixed and random effect structure, excluding the thermal index due to a high VIF value 

detected in the previous generalized linear mixed model for maximum daily ambient temperature.  

Because LIMBARE does not accept non-gaussian family distributions, we performed a 

square root transformation on the behavioural count data that resulted in a more normal distribution 

for analysis. However, in the maximum daily nest-level temperature model we experienced 

convergence- and singularity issues with our random-effects structure that was nevertheless 

necessary to retain (i.e., nest id). Therefore, we performed a segmented regression using non-

transformed behavioural data in the maximum daily nest-level temperature model; and this 

revision further allowed us to identify two breakpoints (i.e., the package prevented the transformed 

variable from running in the model when searching for more than one breakpoint). Nevertheless, 

the location of the first breakpoint found in the transformed and un-transformed behaviour models 

for maximum daily nest-level temperature were similar (17.3°C and 19.2 °C, respectively), and 

the significance of the breakpoints were similar (p=0.0004 vs p=0.0006), providing reassurance 

that breakpoints did not largely differ in the untransformed vs transformed models. As such, we 

felt confident evaluating the second breakpoint using the non-transformed count data for the nest-

level temperature model. 

Although we searched for two breakpoints, if a breakpoint was not statistically significant, 

we lowered the search to one breakpoint; and if two breakpoints were significant, a third breakpoint 

was explored. In some cases, when a breakpoint was marginally significant, it was still explored 

as a possible behavioural response threshold. We set α = 0.05 as the threshold for statistical 

significance in all our model analyses. All manipulations and data analyses were performed in R 

Studio (Version 4.4.1. 2024-06-14; R Development Core Team, 2024), using dplyr (Wickham et 

al., 2023) and car package (Fox & Weisberg, 2019) for data manipulation and exploration, 

DHARMa package (Hartig, 2022) for model residual diagnostics, psych package (Revelle, 2024) 

for principal component analysis, and glmmTMB package (Brooks et al., 2017) to create general 

linear models. Additionally, we used the LIMBARE package (Lee et al., 2024), to perform a linear 
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mixed-effects breakpoint analysis that builds off of the segmented package (Muggeo, 2008) in R 

Studio, but allows for greater inclusion of random factors and estimation of multiple breakpoints. 

Lastly, ggplot2 (Wickham, 2016), cowplot (Wilke, 2024), or, ggeffects (Lüdecke, 2018) were used 

to create data visuals and model predictions. Coefficients ± standard errors (SE) for all model 

outputs are included in the results. 

 

Results 

Linear effects of breeding and weather parameters on incubation interruptions 

In exploring the effect of maximum daily nest-level temperature on hen daily nest 

movements, we found a significant effect of days of incubation, with females moving less as days 

of incubation progressed (Z = -3.1, p < 0.002, Figure 3.4, Table 3.1). In contrast, daily nest 

movements significantly increased with ordinal date (Z = 2.0, p = 0.04, Figure 3.5 Table 3.1), but 

not with lay date (Z = -0.8, p > 0.05), Table 3.1). Year (variance = 0.1, SD = 0.3, Table 3.2) and 

nest ID (variance = 0.2, SD = 0.4, Table 3.2) contributed little variance to the overall model. No 

significant statistical effects of maximum daily nest-level temperature (Z = 1.277), thermal index 

(Z = 1.8), and humidity (Z = -0.2) were found (all p > 0.05, Table 3.1) in the Poisson regression 

models. 

We observed a significant effect of maximum daily ambient temperature on hen’s daily 

nest movements, with hens moving more as maximum daily ambient temperatures increase (Z = 

5.0, p < 0.0001, Figure 3.3, Table 3.3). In addition, hens significantly decreased movement on the 

nest as the number of days into incubation progressed (Z = -3.5, p < 0.001, Table 3.3). Further, 

daily nest movements significantly increased with ordinal date (Z = 2.3, p = 0.02, Table 3.3), but 

there was no significant relationship with lay date (Z = -1.0, p > 0.05, Table 3.3). Similarly, 

humidity did not significantly influence daily nest movement, either (Z = -0.2, p > 0.05, Table 3.3). 

Year (variance = 0.1, SD = 0.3, Table 3.4) and nest ID (variance = 0.2, SD = 0.4, Table 3.4) 

contributed minimal variance to the overall model.  
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Segmented effect of temperature on incubation interruptions 

In our segmented model of daily nest movements as a response to maximum daily nest-

level temperature, we found significant effects temperature (T = 2.3, p = 0.005, Table 3.5), thermal 

index (T = 4.0, p < 0.001, Table 3.5) and year on daily nest movements, with 2022 being 

statistically different from our 2018 reference year. However, humidity (T = -0.5), days of 

incubation (T = -0.8), standardized ordinal date (T = -0.3), and standardized lay date (T = -0.2) did 

not significantly affect daily nest movement in the model (all p-values > 0.05, Table 3.5). Further, 

two nest-level temperature breakpoints in nest movements were found: one significant breakpoint 

at 19.12°C (p < 0.001, Table 3.6) and a second marginally significant breakpoint at 38.62°C (p = 

0.07, Table 3.6) (Figure 3.6). As maximum daily nest-level temperatures rose from the lower 

bound of temperatures to the first breakpoint at 19.12 °C, we see a significant increase in daily 

nest movements by hens (slope = 1.3, p = 0.0004, Table 3.7). In temperatures ranging from 19.12 

°C to 38.62 °C we see a slight decrease in daily nest movements though not significant (slope = -

0.7, p = 0.3, Table 3.7). For the max daily temperatures above 38.62 °C, we see what appears to 

be an upward trend in daily nest movements, though not significantly so (slope = 0.8, p = 0.7, 

Table 3.7) (Figure 3.6).  

In our maximum daily ambient temperature’s segmented model with daily nest 

movements, we found significant effects of temperature (T = 2.6, p = 0.01, Table 3.8) and year on 

daily nest movements, with nest movements in 2022 being statistically distinct from our referenced 

year of 2018. However, no significant effects of humidity (T = -0.7), days of incubation (T = -1.1), 

standardized lay date (T = -0.1) and standardized ordinal date (T = -0.4) (all p-values > 0.05, Table 

3.6). Two significant ambient-temperature breakpoints were also found with daily nest 

movements, one at 5.9 °C (p = 0.01, Table 3.9, Figure 3.7) and the other at 17.2 °C (p = 0.04, 

Table 3.9, Figure 3.7). On days where maximum ambient temperatures were less than 5.9 °C, 

eiders significantly increased their activity on the nest as temperatures increased (slope = 0.6, p = 

0.01, Table 3.10). Movements then plateaued between 5.9 °C and 17.2 °C (slope= -0.03, p > 0.05, 

Table 3.10). Then, from 17.2 °C to the upper bound of the temperature dataset, hens again further 

increased their daily nest movements as temperatures rose, though not significantly so (slope = 

0.5, p > 0.05, Table 3.10). 
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Discussion 

In our study of eider hen incubation, we expected nest movements, which we equate to 

agitation behaviour, to increase in frequency on days when eiders were exposed to temperatures 

and environmental conditions past a critical inflection point indicative of heat stress. 

Additionally, we predicted that other weather factors, comprised of a thermal index and 

humidity, would fluctuate with eiders nest movements due to their presumed link to the thermal 

environment eiders experience. In addition, we examined the effects of reproductive parameters, 

individual variation, and year, as these factors can also affect incubation behaviour. Our findings 

revealed that agitation behaviour varies across temperature conditions with predicted inflection 

points, supporting our initial hypothesis. However, the increases in agitation behaviour beyond 

the high-temperature inflection points were not statistically significant. We also found that 

agitation behaviour did not fluctuate with weather factors, rejecting our initial hypothesis. We 

further noted that hens move less frequently on the nest as incubation progresses, but that hens 

sampled later in the season indicated greater agitation behaviour. In our work, we identified 

a potentially critical temperature threshold at which heat stress may begin to interrupt incubation 

consistency and deplete energy reserves in hens.  

 

Incubation behaviour’s nest-level temperature response 

We found hens decreased agitation behaviours below a lower nest-level temperature 

threshold (19.12 °C) as a response to cold stress, with eiders remaining relatively more still at nest-

level temperatures from 19.12 °C to 38.62 °C. We suspect this threshold indicates a cold-response 

threshold for hens. Indeed, hens reducing activity on the nest (Baerends, 1959), and tucking their 

bill and limbs into the shelter of their highly insulative plumage (D'alba et al., 2017) can be an 

energetically low-cost strategy to reduce convective heat loss during incubation (Cook et al., 

2020), as these extremities are primary sites of heat exchange in many duck species (Guillemette 

et al., 2017). We also found the expected increase in agitation behaviours beyond a marginally 

significant upper nest-level temperature threshold of 38.62 °C in response to heat stress, though 

the increase in behaviour was not statistically significant. Nest-level temperatures were recorded 
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at values that well-exceeded those of ambient temperature at our site; for example, our maximum 

ambient temperature recorded was 19.8°C, whereas our maximum nest-level temperature was 

44.61°C. As a reminder, nest-level temperature is the measure of air temperatures under sun 

exposure, whereas ambient temperature is the measure of air temperature in the shade. As such, 

the fact that nest-level temperatures recorded at each hen’s nest are substantially higher than the 

ambient temperatures recorded around our site shows that eider nests are exposed to substantial 

heat in their nest environment from direct solar rays. If eiders are absorbing this radiative heat 

from the sun, it may suggest ambient temperature alone may not be the best predictor of when hens 

are heat stressed (Hart et al., 2016). For example, in a study on bank cormorants nesting on sunny 

cliff sides, the effects of sun and wind with temperature were found to be better predictors of heat 

stress in incubating parents than ambient temperature alone (Cook et al., 2020). Several other 

studies on cliff-nesting and ground-nesting species that nest in sun-exposed nest sites found heat 

from solar rays to be a significant contributor to heat stress (Choy et al., 2021; Oswald et al., 2008; 

Welman & Pichegru, 2023). In arctic-breeding seabirds such as thick-billed murres (Uria lomvia), 

common murres (Uria aalge) and Arctic skuas (Stercorarius parasiticus), sun exposure plays a 

significant role in parents' expression of heat stress during their incubation (Choy et al., 2021; Olin 

et al., 2023; Snell et al., 2024). As such, we suspect eiders that nest in open-nest sites (Fast et al., 

2010) under the lengthy arctic sun (O'Connor et al., 2022), may also be vulnerable to the effects 

of sun on heat stress during incubation. 

When nesting parents are exposed to direct sun and high ambient temperatures causing 

them to overheat, many will interrupt their incubation by leaving the nest to participate in 

thermoregulatory behaviours, such as bathing and drinking water (Hand et al., 1981; Olin et al., 

2023; Oswald et al., 2008). However, in our study, we found only marginal increases in 

interruptions to hens' incubation at nest-level temperatures above 38.62 °C, and these behaviours 

were constrained to movements on the nest. These results may suggest that hens are not yet 

significantly heat-stressed, or dehydrated, from evaporative cooling methods that might cause 

them to leave their nest for cool-down behaviours. Alternatively, these results may highlight just 

how dedicated eiders are to remaining on their nest during their incubation period (Bottitta et al., 

2003). In fact, in Arctic skua parents, heat stress was not found to significantly impact incubation 

consistency, despite parents physiologically responding to heat stress at markedly low 

temperatures, which researchers suggested may indicate a maladaptive drive to maintain high 
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incubation consistency at an energetic cost to parents when heat stressed (Snell et al., 2024). As 

uniparental capital incubators (Sénéchal et al., 2011), eider hens may similarly restrain from 

leaving the nest when heat stressed in order to maintain their extremely high incubation 

consistency (Bottitta et al., 2003), and only employ the use of on-nest agitation behaviours when 

necessary to offset the energy and water costs of physiological responses. Unfortunately, eiders 

breeding on Qikiqtakuluk have several nest predators, including gulls, arctic foxes and polar bears 

(Barnas et al., 2022; Reed et al., 2007). Thus, increased agitation behaviour on the nest may 

increase their visibility to predators and risk of clutch predation (Cresswell et al., 2003; Martin et 

al., 2000), posing a breeding cost of thermoregulatory behaviour to hens.  

 

Incubation behaviour’s ambient temperature response 

Similar to our nest-level temperature results, in our ambient temperature recordings we saw 

that movement on the nest significantly decreased below a lower temperature threshold (5.9 °C). 

Studies on passerines and waterfowl alike have observed this pattern in which incubation 

consistency is negatively correlated to ambient temperature (Batt et al., 1992; Haftorn, 1988; 

White & Kinney, 1974), particularly in open-nesting birds, where presence of snow, rain and fog 

contribute to an increase in nest attentiveness (Baerends, 1959; Batt et al., 1992; Oscar, 1957; 

Skutch, 1962). Alternatively, when exposed to temperatures beyond a significant upper ambient 

temperature boundary, which we found to be 17.2 °C, we observed marginally the predicted 

increase in movement on the nest. Increased movement, by way of adjusting body position, 

standing, and increased egg rotation on the nest can be an indication of discomfort, stress, and 

agitation in birds (Chatwin et al., 2013; Sieving et al., 2024), but also a means to dissipate excess 

body heat (Cook et al., 2020). In fact, standing with legs exposed to the external environment while 

on the nest may be an effective method of passive heat dissipation (Cook et al., 2020). Many cold-

adapted birds have specialized blood vessel networks in their legs for countercurrent heat 

exchange, effectively recycling heat within the body to conserve energy in the cold (Guillemette 

et al., 2017). However, for birds that can control blood flow in this region, they may also be able 

to advantageously dilate the warm blood vessels when over-heating to increase convective heat 

loss (Guillemette et al., 2017). For example, Southern African breeding bank cormorants 

(Phalacrocorax neglectus) will behaviourally respond to heat stress on the nest by adjusting their 
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posture and standing on the nest as a suspected means to offset the need for an active physiological 

cooling response (gular fluttering) (Cook et al., 2020). Such behavioural movements allowed 

parents to decrease gular fluttering by up to 30%, indicating that a behavioural response may 

adaptively lower energy costs for parents of this species, but at a thermoregulatory cost to eggs 

(Cook et al., 2020).  

 

Impact of additional weather factors on eider incubation behaviour 

Contrary to our predictions, weather factors, particularly a thermal index and humidity, did 

not significantly affect eider movement on the nest. This was unexpected, as studies highlight the 

influence of weather factors, like wind, on heat stress behaviours in other breeding birds (Braimoh-

Azaki et al., 2023; Cook et al., 2020). Further, weather factors like wind speed, heat index, and 

humidity are frequently used in equations of species operative temperature in heat stress analysis 

studies, as a measure of an organism's perceived environment (Bourne et al., 2021), usually based 

on their size, colour and shape (Dzialowski, 2005). However, many of these studies focus on 

operative temperature’s relationship to energetics (Bakken, 1980), evaporative cooling and water 

loss (Bakken et al., 1991; Van Dyk et al., 2019). Thus, weather factors like our thermal index and 

humidity may play a more direct role in physiological responses due to their interactions with the 

effectiveness of evaporative cooling methods and water loss (Gerson et al., 2014). Again, this 

supposition is further supported by our Chapter 2 result, where we found significant effects of a 

thermal index and wind and humidity index on eider heart rate.  

 

Impact of reproductive investment and season on incubation behaviour 

Standardized ordinal date and incubation stage were found to significantly influence eider 

incubation behaviour, whereas standardized lay date did not. We found that as incubation stage 

progressed, hen movement on the nest significantly decreased. Smith et al. (2022) similarly found 

eiders breeding on Qikiqtakuluk to be more active on the nest during the early stages of incubation, 

when temperatures were warm (Smith et al., 2022). They suspected such a response to be the result 

of low nest investment in the early days of incubation, and so when exposed to warm temperatures 
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during this period, they may have been prioritizing their heat dissipation over incubation 

consistency (Smith et al., 2022). In our case, increased activity in the early stages of incubation 

was significant irrespective of temperature, yet this could still be driven by low initial incubation 

investment as hens may be weighing current versus future reproductive effort (Martin, 2002). 

Decreased activity in later stages of incubation is not surprising, as common eider hens can benefit 

from decreasing activity when energetic reserves become alarmingly low and need to be 

strategically used (Bottitta et al., 2003). Further, increased investment in the form of consistent 

incubation leads to healthy egg development and future offspring fitness (DuRant et al., 2013). 

Indeed, Bolduc and Guillemette (2003) found that as incubation stages progressed for female 

eiders breeding in Denmark, their nest attendance also increased (Bolduc & Guillemette, 2003). 

Alternatively, breeding eiders in the central Baltic do not change their frequency of nest absences 

throughout their incubation; however, the duration of nest absences (or recesses) for some hens is 

marginally shortened towards later stages of incubation (Garbus et al., 2018).  

At Qikiqtakuluk, breeding common eiders have some of the highest incubation consistency 

in birds (99.8%) (Bottitta et al., 2003). For example, Icelandic eiders leave the nest on average 1.3-

1.8 times per day during incubation, depending on their nesting material (Kristjánsson & Jónsson, 

2011), whereas Qikiqtakuluk eiders have been recorded to only take nest recesses every second 

day, on average, during the last four days of incubation when more frequent nest absences occur 

as females become dehydrated and deplete their fat reserves (Bottitta et al., 2003). It is important 

to note that although incubation consistency may increase as incubation progresses, if energy and 

water reserves are depleted before eggs hatch parents may leave the nest more frequently to refuel 

(Bottitta et al., 2003). However, this may come at great risk of clutch predation (Barnas et al., 

2022; Reed et al., 2007), as mentioned above. In our study, sampled females' incubation stages 

ranged from 0-19 days (average = day 8), and as eiders typically complete incubation on days 24-

26, this may explain why we did not detect the increase in female absences or incubation 

interruptions that occur in the last days before incubation completion. 

Contrary to incubation stage, we observed that as standardized ordinal date advances (the 

date at which a behaviour sample was taken), the number of daily hen movements on the nest also 

increases. Because hens in our study did not initiate breeding all at the same time, during the later 

seasonal period, there were hens still in the beginning stages of incubation. Furthermore, because 
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females in poorer condition tend to delay (or forfeit) breeding, higher stress levels may also result 

in reduced incubation consistency, as other studies note that stressed avian parents are more absent 

due to prematurely depleted energy reserves, forcing parents to increase nest absences for water, 

or altogether nest abandonment (DuRant et al., 2013). This absence may be preceded by increased 

movement on the nest, as those observed in this study. For example, fasting king penguin 

(Aptenodytes patagonicus) parents that abandon their clutches or chicks due to depleted energetic 

reserves can be seen using ‘comfort behaviours’ prior to abandonment, such as wing flapping and 

calling (Groscolas et al., 2008).  

Females' incubation behaviour was not significantly correlated to lay date, though one 

might suspect that late layers would experience greater incubation interruptions, as late breeders 

in a given year are typically of lower quality than early breeders (Descamps et al., 2011a). 

However, the effects of lay date may be more directly linked to another phenotypic pathway, such 

as physiology, rather than behaviour in this species, supported by the fact that we see a significant 

correlation between heart rate and lay date in Chapter 2. 

 

Significance and concluding remarks 

 We found the predicted pattern of eider hen behaviour where movement on the nest 

decreased below thresholds of a cold-stress response and increased when hens were exposed to 

temperatures beyond heat stress-inducing thresholds. However, hens are not yet exposed to 

temperatures in their environment that induce behavioural responses of statistical significance to 

heat stress beyond these (significant) thresholds. Eiders' behavioural responses during 

reproduction can negatively interact with their reproductive success (Carroll et al., 2018), 

depending on their decision to use physiological versus behavioural responses to their thermal 

environment (Monaco et al., 2017). For instance, if eiders deplete their energetic budget for 

incubation in attempts to physiologically thermoregulate, they may choose to replenish energetic 

reserves by abandoning their clutch (Bottitta et al., 2003; Gabrielsen et al., 1991) or chicks 

(Bustnes & Erikstad, 1991; Gabrielsen et al., 1991). Alternatively, if they offset physiological 

thermoregulation with increased behavioural movement on the nest, they risk increasing clutch 

predation by making themselves more detectable to predators (Smith et al., 2012), as well as risk 
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diminishing embryo health by exposing eggs to frequent, or large, temperature fluctuations (Booth, 

1987; Lourens et al., 2005).  

Given the potential negative costs of increased agitation movement on nest success, we suggest 

future studies focus on establishing the outcomes of behavioural responses to heat stress during 

incubation. While in our study we examined the heat stress responses of hens during incubation, 

we did not determine if these responses impacted nest outcome (e.g. eggs hatched, nest predated, 

hen abandoned). Specific studies could relate the degree of hen agitation with the likelihood of 

clutches being depredated and/or embryo health impacted. These analyses would provide evidence 

of whether or not eiders' heat stress responses on the nest impact their current reproductive success 

(Amat & Masero, 2004) and, thus, the effect of heat stress on arctic-breeding eiders population 

health. Further, future studies should explore other behavioural strategies eiders may exploit to 

offset thermoregulatory costs on the nest, such as nest-site selection (Carroll et al., 2018; 

Robertson, 2009). For example, as hens' breeding environment is now experiencing higher 

environmental temperatures, they may be selecting the quality of their nest sites based on different 

attributes, such as low solar variability or selecting nests within closer distances to water (Wright 

et al., unpubl data). In summary, we find that eiders have the capacity to behaviourally respond to 

heat stress, but future studies should examine how these behavioural responses influence their 

breeding success and explore other breeding decisions eiders may be making in response to heat 

stress. 
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Tables 

Table 3.1 Examination of the impacts of weather conditions and breeding decisions on incubation 

interruptions in female common eiders (Somateria mollissima) breeding on East Bay Island, 

Qikiqtakuluk, Nunavut, Canada. A Generalized Linear Mixed Model with a Poisson distribution 

was used to examine how daily nest movements were affected by variation in maximum daily nest-

level temperature, thermal index, humidity, days of incubation, standardized lay date and 

standardized ordinal date, with year and nest id as random effects.  

Fixed effect Estimate Standard Error Z-Value  Pr(>|z|) (p-value) 

Intercept  2.614 0.346  7.563 3.95e-14 *** 

Maximum Daily Nest-

Level Temperature 

 0.005 0.004  1.277 0.202 

Thermal Index  0.075 0.041  1.818 0.069 

Humidity -0.005 0.030 -0.168 0.867 

Days of Incubation -0.052 0.017 -3.139 0.002 ** 

Standardized Lay Date -0.009 0.011 -0.768 0.443 

Standardized Ordinal Date  0.044 0.022  2.040 0.041 * 
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Table 3.2 The random effects structure, Year and Nest ID, of the Poisson regression examining 

effects of nest-level temperature, thermal index, humidity, days of incubation, standardized lay 

date and standardized ordinal date on daily nest movements of incubating common eider hens 

(Somateria mollissima) breeding on East Bay Island, Qikiqtakuluk. 

Random Effects Variance Standard Deviation 

Year 0.101 0.318 

Nest Id 0.182 0.426 

133 observations, 4-year groups and 68 nests in groups.  
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Table 3.3 Determining the impacts of weather conditions and breeding decisions on incubation 

interruptions in female common eiders (Somateria mollissima) nesting on East Bay Island, 

Qikiqtakuluk, Nunavut, Canada. The Generalized Linear Mixed Model with a Poisson distribution 

for examining hens’ daily nest movements in response to maximum daily ambient temperature, 

humidity, days of incubation, standardized lay date and standardized ordinal date, with year and 

nest id as random effects.  

Fixed effect Estimate Standard Error Z-Value  Pr(>|z|) (P-Value) 

Intercept  2.427 0.350  6.935 4.06e-12 *** 

Maximum Daily 

Ambient 

Temperature 

 0.024 0.005  5.012 5.40e-07 *** 

Humidity -0.005 0.027 -0.175 0.861 

Days of 

Incubation 

-0.058 0.017 -3.452 0.0006 *** 

Standardized 

Lay Date 

-0.012 0.011 -1.030 0.303 

Standardized 

Ordinal Date 

 0.051 0.022  2.279 0.023 * 
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Table 3.4 The random effects structure, Year and Nest ID, of the Poisson regression examining 

effects of ambient temperature, humidity, days of incubation, standardized lay date and 

standardized ordinal date on daily nest movements of incubating common eider hens (Somateria 

mollissima) breeding on East Bay Island, Qikiqtakuluk.  

Random Factor (grouping 

factor) 

Variance Standard Deviation 

Year 0.108 0.329 

Nest Id 0.185 0.430 

133 observations, 4 year groups and 68 nest id groups.  
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Table 3.5 Determining the impacts of weather conditions and breeding decisions on incubation 

interruptions in common eider (Somateria mollissima) hens nesting on East Bay Island, 

Qikiqtakuluk, Nunavut, Canada. A segmented model of hens’ daily nest movements with 

maximum daily nest-level temperature as the segmented variable. The model examines additional 

fixed effects impact on daily nest movements, including, thermal index, humidity, days of 

incubation, standardized lay date, standardized ordinal date, and year. Nest id is included as a 

random effect. We used 95% confidence intervals for all breakpoints.   

Variables Value Std. Error Degrees of 

Freedom 

T-Value P-Value 

Intercept 6.084 9.595 60 0.634 0.528 

Maximum Daily Nest-Level 

Temperature 

1.346 0.454 45 2.962 0.005 

Thermal Index 4.570 1.144 45 3.995 0.0002 

Humidity -0.346 0.642 45 -0.539 0.593 

Days of Incubation -0.279 0.365 45 -0.765 0.448 

Standardized Lay Date -0.078 0.255 45 -0.305 0.762 

Standardized Ordinal Date -0.099 0.472 45 -0.210 0.835 

Year (2019) 0.993 4.323 60 0.230 0.819 

Year (2022) 12.210 4.932 60 2.476 0.016 

Year (2023) -0.125 3.479 60 -0.036 0.972 

Breakpoint 1 -2.021 0.550 45 -3.677 0.0006 

Breakpoint 2 1.463 0.801 45 1.826 0.075 

Breakpoint 1 Confidence 

Interval 

0.0000 2.051 45 0.0000 1.000 

Breakpoint 2 Confidence 

Interval 

0.0000 1.783 45 0.0000 1.000 
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Table 3.6 Examining how weather conditions and breeding decisions impact incubation 

consistency in common eider (Somateria mollissima) hens nesting on East Bay Island, 

Qikiqtakuluk, Nunavut, Canada. The estimated temperature breakpoints (oC), standard errors, and 

p-values of our segmented variable, maximum daily nest-level temperature, from its segmented 

model with daily nest movements (see Table 3.5 for the segmented model summary). 

 Estimation Standard Error P-Value 

Breakpoint 1 19.119 1.979 0.0006 

Breakpoint 2 38.617 1.229 0.075 
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Table 3.7 Examining the influence of weather conditions and breeding decisions on common eider 

(Somateria mollissima) hens incubation interruptions at a breeding colony on East Bay Island, 

Qikiqtakuluk, Nunavut, Canada. The slope estimates, standard errors and confidence intervals 

(upper and lower bounds) for hens’ daily nest movements segmented relationship with maximum 

daily nest-level temperature (see Table 3.5 for the segmented model summary). 

Slope # Estimate Standard 

Error 

P-Value Lower Bound 

(95%) 

Upper Bound 

(95%) 

Slope 1 1.346 0.383 0.0004 0.595 2.096 

Slope 2 -0.675 0.623 0.278 -1.897 0.546 

Slope 3 0.787 1.810 0.664 -2.760 4.335 
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Table 3.8 Investigating the influence of weather conditions and weather conditions on incubation 

interruptions in female common eiders (Somateria mollissima) nesting on East Bay Island, 

Qikiqtakuluk, Nunavut, Canada. Daily nest movements segmented model summary with 

maximum daily ambient temperature. The model includes additional fixed effects: humidity, days 

of incubation, standardized lay date, standardized ordinal date, and year. Nest id is included as a 

random effect. We used 95% confidence intervals for all breakpoints. 

Variables Value Std. Error Degrees of 

Freedom 
T-Value P-Value 

Intercept 1.146 1.472 62 0.779 0.439 

Maximum Daily 

Ambient Temperature 
0.579 0.222 44 2.612 0.012 

Humidity -0.054 0.076 44 -0.706 0.484 

Days of Incubation -0.051 0.045 44 -1.137 0.262 

Standardized Lay Date -0.004 0.032 44 -0.113 0.910 

Standardized Ordinal 

Date 
0.021 0.056 44 0.371 0.713 

Year (2019) 0.964 0.532 62 1.810 0.075 

Year (2022) 1.346 0.573 62 2.349 0.022 

Year (2023) -0.339 0.410 62 -0.828 0.411 

Breakpoint 1 -0.604 0.225 44 -2.686 0.010 

Breakpoint 2 0.518 0.245 44 2.113 0.040 

Breakpoint 1 Confidence 

Interval 
0.0000 0.593 44 0.0000 1.000 

Breakpoint 2 Confidence 

Interval 
0.0000 0.875 44 0.0000 1.000 
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Table 3.9 Examining the effects of weather conditions and weather conditions on incubation 

consistency in female common eiders (Somateria mollissima) nesting on East Bay Island, 

Qikiqtakuluk, Nunavut, Canada. The estimated temperature breakpoints (oC), standard errors, and 

p-values of our segmented variable, maximum daily ambient temperature, from its segmented 

model with daily nest movements (see Table 3.8 for the segmented model summary).  

 Estimation Standard Error P-Value 

Breakpoint 1 5.900 0.412 0.010 

Breakpoint 2 17.200 0.708 0.040 
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Table 3.10 Analysis of how weather conditions and weather conditions influence incubation 

interruptions in common eider (Somateria mollissima) hens nesting on East Bay Island, 

Qikiqtakuluk, Nunavut, Canada. The slope estimates, standard errors and confidence intervals 

(upper and lower bounds) for hens’ daily nest movements segmented relationship with maximum 

daily ambient temperature (see Table 3.8 for the segmented model summary). 

Slope # Estimate Standard 

Error 

P-Value Lower Bound 

(95%) 

Upper Bound 

(95%) 

Slope 1 0.579 0.225 0.010 0.138 1.019 

Slope 2 -0.025 0.233 0.914 -0.482 0.432 

Slope 3 0.492 0.739 0.505 -0.955 1.940 
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Figures 

 

Figure 3.1 Latitude and Longitude coordinates of common eider (Somateria mollissima) nests 

sampled for examining the heat stress effects of weather and breeding parameters on incubation 

interruptions across four years of study (2018, 2019, 2022, 2023), underlaid by a map of East Bay 

Island (Qikiqtakuluk), Nunavut, Canada where the study was conducted.  
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Figure 3.2 Nest deployment set up for our study of the impacts of heat stress on female common 

eider (Somateria mollissima) incubation interruptions, at an Arctic-breeding colony on East Bay 

Island, Qikiqtakuluk, Nunavut, Canada.   

 

  



 

132 
 

 

Figure 3.3 Examining the effect of ambient temperature on the incubation consistency of nesting 

female common eiders (Somateria mollissima) on East Bay Island, Qikiqtakuluk, Nunavut, 

Canada. Plotted here is the relationship between hen daily nest movements and maximum daily 

ambient temperature from our ambient temperature’s generalized linear mixed model. The 

trendline is denoted by a black line, and the shaded region surrounding the trendline indicates the 

confidence interval of the predicted values.  
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Figure 3.4 Influence of incubation stage on incubation interruptions in female common eiders 

(Somateria mollissima) nesting on East Bay Island, Qikiqtakuluk, Nunavut, Canada. Plotted here 

is the relationship between hen daily nest movements and incubation stage (i.e., days of incubation) 

from the generalized linear mixed model of nest-level temperature effects. The trendline is denoted 

by a black line, and the shaded region surrounding the trendline indicates the confidence interval 

of the predicted values. A similar significant relationship was found between days of incubation 

and daily nest movements in the generalized linear mixed model for maximum daily ambient 

temperature (Table 3.3). 
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Figure 3.5 Assessing the impacts of ordinal date (i.e., progression of the season) on the incubation 

consistency of nesting female common eiders (Somateria mollissima) on East Bay Island, 

Qikiqtakuluk, Nunavut, Canada. Plotted is the relationship between hen daily nest movement and 

standardized ordinal date from the generalized linear mixed model of nest-level temperature. The 

trendline is denoted by a black line, and the shaded region surrounding the trendline indicates the 

confidence interval of the predicted values. A similar significant relationship was found between 

standardized ordinal date and daily nest movements in the generalized linear mixed model for 

maximum daily ambient temperature (Table 3.3). 
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Figure 3.6 Determining the effects of heat stress on incubation consistency in common eider 

(Somateria mollissima) hens breeding on East Bay Island, Qikiqtakuluk, Nunavut, Canada. 

Represented on the plot is maximum daily nest-level temperature’s segmented relationship with 

daily nest movements for hens. Grey solid lines indicate the location of breakpoints, with standard 

errors for each breakpoint indicated by grey dotted lines. Blue solid lines indicate estimated slopes 

of the relationship, as separated by breakpoints.  
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Figure 3.7 Examining heat stress’ effects on incubation consistency in common eider (Somateria 

mollissima) hens breeding on East Bay Island, Qikiqtakuluk, Nunavut, Canada. Plotted is 

maximum daily ambient temperature’s segmented relationship with daily nest movements 

(transformed) for hens. Grey solid lines indicate the location of breakpoints, with standard errors 

for each breakpoint indicated by grey dotted lines. Thick blue solid lines indicate estimated slopes 

of the relationship, as separated by breakpoints.  
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CHAPTER 4 

 

General discussion 

The Arctic is undergoing accelerated warming (Rantanen et al., 2022) accompanied by 

more frequent and extreme weather events (AMAP, 2021), such as floods (Walsh et al., 2020), 

and heat waves (Walsh et al., 2018). For some high-latitude species, rising temperatures may 

actually improve overall fitness (Peck et al., 2006) as their environments tend to be far below their 

thermal limits (Sørensen et al., 2024). However, these effects will likely only be positive in the 

short term (Peck et al., 2006) and do not account for the negative effects of greater temperature 

fluctuations and extreme weather events that accompany climate warming (Vasseur et al., 2014). 

Thus, examining species' responses to acute thermal conditions is critical in determining their 

capacity to respond to these changes and how they will be impacted by climate change (Buckley 

& Huey, 2016b). Currently, a lack of understanding of the mechanisms of heat stress responses in 

endotherms inhibits our understanding of the adaptiveness of these responses (Boyles et al., 2011; 

Long et al., 2014) and the potential trade-offs between thermoregulatory responses and other 

energetic activities, like reproduction (Brown & Downs, 2003). Nonetheless, studies note that 

many endotherms can integrate multiple response mechanisms to heat stress, such as offsetting 

energetic physiological responses with behavioural adjustments (Logan et al., 2019; Long et al., 

2014), but that these responses can negatively interact with reproductive activities (Hansen, 2009). 

These negative effects have appeared in multiple arctic-breeding birds (Choy et al., 2021; Oswald 

et al., 2008). Therefore, species' use of multiple response mechanisms (Monaco et al., 2017) and 

how they interplay with reproduction is expected to reveal their capacity to cope with heat stress 

in the face of climate change (Brown & Downs, 2003; Monaco et al., 2017). 

 Incubating common eiders breeding in the Arctic provide an ideal study species and 

framework for examining Arctic species' physiological and behavioural responses to heat stress 

due to their combined cold adaptations, exposed nest sites, and capital incubation strategy. Indeed, 

eiders are incredibly well-insulated birds (D'alba et al., 2017) that use physiological, behavioural 

and morphological adaptations to stay warm in their cold environment (Gabrielsen et al., 1991; 

Jenssen et al., 1989). As a result, these adaptations may hinder their tolerance to heat (Schou et al., 

2022). Further, hens nest in open-ground nest cups (Fast et al., 2010), where they are exposed to 
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nearly 24 hours of Arctic sun during their breeding period (Steenweg et al., 2015). These nesting 

sites can expose hens to a high radiative heat load from solar rays (Fortin et al., 2000) at a time 

when hens are already thermally constrained (Guillemette & Pelletier, 2022). In addition to their 

vulnerability to heat stress, hens may be limited in their ability to energetically or behaviourally 

respond to heat stress during reproduction due to their reproductive tactics. Female eiders solely 

incubate their eggs for ~24 days (McKinnon et al., 2006), during which time they completely fast 

(Bottitta et al., 2003; Criscuolo et al., 2003), depleting through as much as 30-45% of body fat 

(Gabrielsen et al., 1991). Thus, a depleted fixed energetic budget could restrict their ability to 

respond to greater thermoregulatory demands during this time. Further, hens are driven to maintain 

a high incubation consistency due to the high risk of clutch predation at their breeding sites (Amat 

& Masero, 2004; Fast et al., 2010), inhibiting them from leaving the nest to refuel or rehydrate 

without reproductive consequence (Swennen et al., 1993). Therefore, hens' health and fecundity 

may be particularly at risk of behavioural or physiological thermoregulatory responses that deplete 

through energy or water and increase their predator visibility (Lecomte et al., 2009; Nord & 

Williams, 2015). 

 

Incubating eiders physiological and behavioural responses to temperature, with 

interactions of weather and breeding parameters 

We are excited to present, to our knowledge, the first measures of significant temperature 

thresholds for both heart rate and behavioural adjustments in response to heat stress in common 

eiders. Establishing significant temperature-response thresholds for populations or species can be 

a valuable tool for understanding their distributions (Peck et al., 2009) and how they respond to 

temperature extremes and fluctuations in their environment (Buckley & Huey, 2016a). As a result, 

these thresholds can provide insight into their adaptive capacity to climate change (Debnath, 2024). 

Further, establishing these clear response thresholds of eiders to high environmental temperatures 

can be a valuable management tool to track threat severity for these birds, and determine when to 

involve management strategies (Ingram et al., 2021).  

We found that incubating female eiders can respond to rising temperatures in their 

environment over significant temperature thresholds, but are not yet exposed to high enough 
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temperatures to cause large changes in their heart rate or behavioural adjustments. This is positive 

news for hens, as it indicates that they can continue their incubation activities and maintain their 

energetic budgets with little impact from heat stress in their current breeding environment. 

However, the mild upward trend in heart rate and nest movements do suggest a need to monitor 

temperatures that incubating eiders are exposed to in the future as the Arctic continues to warm, 

and these trends could become more significant at exposure to higher temperatures. Indeed, if 

eiders continue to breed at Qikiqtakuluk when temperatures largely exceed our found temperature 

thresholds, we suspect that they will be exposed to higher energetic and reproductive costs of 

thermoregulatory responses, as has been documented in other Arctic species (Choy et al., 2021; 

O'Connor et al., 2021; Snell et al., 2024).  

Alternatively, our results may indicate that hens are employing other strategies to cope with 

heat stress, that were not recorded in our study. For example, hens could be taking advantage of 

facultative hyperthermia, which is when an organism allows their body temperature to rise slightly 

above normal levels in response to environmental temperatures above their thermal neutral zone 

(Boyles et al., 2011; Gerson et al., 2019). Similar to behavioural responses, facultative 

hyperthermia can be an energy-efficient and water-saving thermoregulatory strategy, as it reduces 

the temperature gradient between the body and the environment, thus delaying the need for 

energetic evaporative cooling methods (Beaman et al., 2024; Boyles et al., 2011; McKechnie et 

al., 2016; Tapper et al., 2020). This strategy would not have been detected in our study as we did 

not measure hens’ body temperatures (for example, via implanted passive integrated transponder 

(PIT) tags; Andreasson et al., 2023) that could aid in their balance of heart rate and behavioural 

responses (McKechnie et al., 2016). It is important to note that although energetically efficient and 

water-saving, facultative hyperthermia may be associated with variable costs on parent health and 

reproduction (Speakman & Król, 2010; Tapper et al., 2020).  

In our assessment of temperature effects on heart rate and incubation behaviour, we also 

found that heat load from solar rays played a significant role in the detectability of eiders' suspected 

thermal neutral zone (i.e., Scholander-Irving curve). Indeed, our heart rate’s nest-level temperature 

model (as a reminder to the reader, nest-level temperature is air temperature under sun exposure) 

mirrored that of a Scholander-Irving curve, where energy use remains stable within a range of air 

temperatures, but increases beyond an upper and lower critical temperature boundary (Scholander 
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et al., 1950). In fact, our heart rate model with nest-level temperature more closely followed a 

Scholander-Irving curve than our heart rate model with ambient temperature, which is the 

temperature metric normally used to build these curves (McNab, 1992; Scholander et al., 1950). It 

is important to note that we had a lower sampling rate for ambient temperature and a lack of high 

ambient temperatures recorded beyond its threshold. Nonetheless, our nest-level temperature 

model presents a clear pattern where heart rate remains stable within a range of nest-level 

temperatures and only increases beyond the boundaries of this range. Thus, we propose that sun-

sensitive temperature metrics may be more valuable in detecting physiological heat stress in arctic-

breeding eider populations, than ambient temperature alone. In addition to sun effects, we found 

that weather variables, particularly a thermal index and wind and humidity index, also contributed 

to hens' heart rate response on the nest. Indeed, heart rate increases with increasing thermal index 

and decreases with increasing wind and humidity. Interestingly, however, these variables didn’t 

significantly affect hen behaviour. Further, we found eiders' thermal stress responses, in both heart 

rate and behavioural adjustments, interact with their breeding decisions and metrics. Firstly, we 

found heart rates to be generally higher and hens to move more on the nest, in measurements that 

were recorded later into the season. Secondly, we found that as incubation progressed, hens’ heart 

rates increased, but they reduced physical activity on the nest. Lastly, heart rate was significantly 

higher in hens that laid eggs later into the breeding season. As such, hens may be most vulnerable 

to heat stress effects later in the season, later into their incubation, and when they are inexperienced 

or of low quality, as assessed by their lay date. As such, it is important to account for these 

interactions in heat stress studies in natural environments and during reproduction. Therefore, our 

results of temperature effects and interactions of weather and breeding parameters on heat stress 

in eiders contribute to the literature on our understanding of arctic seabirds' thermal limits and how 

hens' breeding decisions and stages are influenced by these thermal constraints (Braschler et al., 

2021). 

 

Decoupling of physiological and behavioural responses to temperature 

In addition to our findings of thresholds for eiders' behavioural and physiological responses 

to their thermal environments, we made another fascinating discovery: that thresholds for 

physiological and behavioural responses can deviate from one another under differing thermal 
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conditions. Indeed, in our ambient temperature models, we found that eiders exhibit physiological 

and behavioral responses to heat stress at similar temperature thresholds (16.6 °C and 17.2 °C, 

respectively), but respond to cold stress at different temperature thresholds (8.9 °C and 5.9 °C, 

respectively). Alternatively, in our nest-level temperature models for physiology and behaviour, 

cold-stress responses occurred at similar thresholds, but in this instance, heat-stress responses 

differed by approximately 5 °C (33.6 °C for a physiological response and 38.6 °C for a behavioural 

response). This divergence between physiology and behaviour with regard to performance curves 

has been previously described in individuals undergoing thermal or physiological constraints 

(Monaco et al., 2017). For example, ectotherms from arid environments limit movement at high 

temperatures to slow desiccation- the extensive drying of their bodies, resulting in the reach of 

behavioural performance limits before physiological limits, effectively decoupling the two. At 

eiders ambient temperature thresholds for cold stress, we see behaviour and physiology are 

decoupled with eiders initiating physiological responses to cold stress first. Given eiders' strict 

energetic budgets during incubation (Gabrielsen et al., 1991; Sénéchal et al., 2011), we would 

expect hens to reduce nest movements first in response to cold before energetic physiological 

responses (Tullett & Deeming, 1987). Specifically, reduced nest activity should work in harmony 

with breeding constraints, as it lends to a high incubation consistency, promoting a shorter and 

energetically efficient incubation period (Bottitta et al., 2003; Hanssen et al., 2022). However, 

some degree of egg rotation is important for egg viability and thus may impose a constraint on 

hens' ability to reduce activity on the nest altogether at cold temperatures, which could explain 

why we found that eiders illicit a physiological response first. In fact, eiders have been recorded 

to rotate their eggs on average 13.9 times a day in more insulative nests, and 15.3 per day in less 

insulative nests (Kristjánsson & Jónsson, 2011), so egg rotation may be particularly critical in the 

cold. At the heat stress response threshold, we see responses to heat stress decoupled in nest-level 

temperatures, where once again, a physiological response to heat stress is initiated before a 

behavioural response. Thus, as a whole, our results suggest hens are behaviourally constrained to 

the nest by a hormonal drive to diligently incubate their eggs (Mohring et al., 2024), and therefore, 

may resist behavioural responses until energetic (Conway & Martin, 2000) or water costs (Bourne 

et al., 2021) of physiological responses become too encumbering. This information provides 

valuable insight into how hens may balance their energetic needs with their behavioural 

constraints, and the trade-off’s that may emerge from these decisions (Mathot et al., 2019). 
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Conservation implications and research priorities 

Our findings show that incubating eiders at Qikiqtakuluk are not currently at serious risk 

of heat stress in their environment. Indeed, as previously mentioned, warming can alleviate the 

energetic costs of thermoregulating for eiders in the short term (Peck et al., 2006). Hens will not 

as often be exposed to environmental temperatures below their thermal neutral zone (TNZ) 

(Sørensen et al., 2024), and instead spend more time within the TNZ where they do not need to 

actively regulate their body temperature (Dawson & O’Connor, 1996). Further, warming during 

the incubation period can reduce the amount of heat eiders need to generate to warm their eggs, 

which is typically a large cost of incubation for birds in cold environments (Nord & Williams, 

2015). Further, hens dissipating heat to their eggs may provide a buffer to heat stress as hens 

approach their upper critical (Grant, 1982). Despite this short-term benefit, our results suggest that 

eiders will begin to experience significant energetic costs and behavioural disturbances to their 

incubation in the future if nest-level temperatures greatly exceed 33.55 °C throughout their 

incubation. Particularly because arctic-breeding eiders are extremely well adapted to the cold 

(Jenssen et al., 1989) and have occupied these climates since the Pleistocene (Tiedemann et al., 

2004), and therefore it remains unknown how their cold environment-selected traits will cope with 

a warmer climate (Boonstra, 2004). 

Indeed, the Arctic has experienced dramatic warming as a result of human-induced climate 

change, with one of the most extreme warming events recorded in summer 2023 (Ballinger et al., 

2023). This warming is only expected to continue into the end of the century, with detrimental 

effects on warming oceans and reducing sea ice coverage (Crawford et al., 2021; Mohammadzadeh 

Khani et al., 2022). As Qikiqtakuluk holds the largest known breeding colony of common eider in 

the Canadian Arctic (Love et al., 2010), monitoring their exposure to high nest-level temperatures 

in the future will be critical in informing the health of arctic-breeding populations, and of common 

eiders as a species. The International Union for Conservation of Natures’ (IUCN) 2018 assessment 

report of common eiders noted that evidence of declines in the borealis subspecies (our population 

of eiders) would warrant uplisting the species status to a threatened status from its current listing 

as ‘Near Threatened’ (BirdLife International, 2018). Indeed, eiders meet nearly all markers for this 

uplisting, and declines in the borealis subspecies would provide the final confirmation that this 

species needs greater conservation efforts (BirdLife International, 2018). As such, finding 
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evidence to uplist their status could provide greater momentum for eider conservation, as the IUCN 

Red List of Threatened Species has the power to generate policy-making towards species 

protection, design effective management strategies and increase funding towards a species 

conservation (Betts et al., 2020). For example, uplisting common eiders to a more vulnerable 

species status could provide the momentum needed for the development of Marine Protected Areas 

(MPAs) in the ocean waters surrounding eider breeding grounds (Lalonde et al., 2022). Indeed, 

Arctic waters have experienced a substantial increase in boating activity in recent decades due to 

climate change-induced reduction of sea ice, opening waters up for increased oil and gas 

exploration, fishing vessels, cargo transportation and boating tourism (Lemelin & Dawson, 2014). 

Thus, an MPA would provide a particularly effective conservation strategy, especially as it targets 

the protection of ecosystems as a whole (Wenzel et al., 2016).  

In addition, our research is performed in the Kivalliq region of the Inuit Nunangat. Every 

three years, the Nunavut Wildlife Management Board visits with representatives from this region 

to discuss local issues in wildlife management and create a list of regional wildlife research and 

management priorities (Nunavut Wildlife Management Board, 2023a). The goal of this list is to 

ensure that wildlife and the environment are conserved and managed in a way that benefits wildlife 

and Nunavut’s residents, in accordance with the Nunavut Agreement (Nunavut Wildlife 

Management Board, 2023b). As such, we hope that our research will contribute to this goal and 

address Kivalliq Regional Wildlife Priorities (2023-2025) priority #6C: “Understand the impacts 

of climate change on ecosystems and wildlife” (Nunavut Wildlife Management Board, 2023a). 

Eiders hold great cultural significance to Inuit communities (Henri et al., 2018), harvested for 

warm materials and food (Gilliland et al., 2009; Vestbo et al., 2019) with further ecological 

significance to Arctic communities (Vestbo et al., 2019), so we hope our findings will inform 

management strategies that profit Inuit and the local ecosystem. 

 

Future directions  

Based on our findings and gaps in the literature, we believe future research should focus 

on extending our understanding of heat tolerances across endothermic species in field settings by 

examining individual variations in responses and effects of temperature fluctuations and length on 
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heat stress. Further, a better understanding of species’ behavioural responses to heat stress will be 

needed to examine species’ full capacity to respond to temperature changes and trade-offs with 

reproduction. Lastly, heat response strategies should be explored beyond heart rate and movement 

on the nest to provide further insight into eiders’ and other arctic breeding birds' capacity to 

respond to climate change.  

We suggest that to develop more biologically significant estimates of wild species' thermal 

capacities, future studies should focus on quantifying thermal limits in natural environments as 

opposed to laboratory settings (Phoenix & Lee, 2004). Many studies establishing upper and lower 

critical temperatures of species have done so in controlled chambers, whether on wild or captive 

populations (Scholander et al., 1950; Terblanche et al., 2007; Thonis et al., 2020). Though these 

studies provide valuable, repeatable thresholds for physiological response limits to temperature, 

they often do not reflect the true conditions experienced by populations in their natural habitat 

(Hoffmann & Sgro, 2018) and thus lack conservation applications (Braschler et al., 2021). Further, 

laboratory studies can lack the context of organisms' states and conditions in their environment 

that can influence their response thresholds and mechanisms of response (Steyn et al., 2022). In 

this context, an important avenue to explore is individual variation in trait-based responses (Zhang 

et al., 2023). For example, studies note that an individual’s body size and body condition can 

influence decision-making tactics when heat-stressed (Buchholz et al., 2019). In addition, 

individuals in populations can show large inter-individual variation in physiological parameters, 

like cardiac output (Zhang et al., 2023). Further, the length of exposure to high temperatures, and 

fluctuation of temperature exposure, can influence susceptibility to heat stress (Ørsted et al., 2022; 

Sadeghi et al., 2021), so monitoring high temperatures as well as duration of exposure to said 

temperatures can provide a more robust understanding of a populations' risk of heat stress (Cook 

et al., 2024; Sadeghi et al., 2021). More broadly, when examining endothermic species responses 

to climate change and how these responses interact with reproduction, we need more studies testing 

for behavioural responses to heat stress (Buchholz et al., 2019). Indeed, although we have a solid 

foundation of endotherms' physiological responses to heat stress, few studies examine their 

behavioural responses (Buchholz et al., 2019). Nonetheless, behavioural responses to heat stress 

can significantly buffer more energetic responses (Huey et al., 2012), with variable outcomes on 

reproductive activities (Gudka et al., 2019; Verzuh et al., 2023). As a result, exploring the 



 

145 
 

combined effects of physiological and behavioural responses is critical in assessing species 

resilience to climate change (Buchholz et al., 2019).  

As discussed previously, eiders and other endothermic organisms may use several 

mechanisms of response to heat stress, beyond changes in heart rate and behavioural adjustments 

on the nest. For example, we discussed that facultative hyperthermia can be an energetically 

favourable response to heat stress in eiders that buffers a more energetic response (Boyles et al., 

2011; Gerson et al., 2019). However, as hens are confined to their nests during incubation, another 

useful strategy may be changes in breeding decisions before incubation commences, such as nest-

site selection (Kauffman et al., 2021). For example, eiders may change the parameters by which 

they assess nest-site quality to choose nests that provide more protection from heat and sun. 

Previous studies have found that breeding birds selecting nest sites sheltered from heat or sun can 

be a valuable tool for parents to reduce their thermoregulatory costs (Robertson, 2009) and increase 

breeding success in hot or fluctuating temperature environments (Carroll et al., 2018). In fact, 

recent work on nest-site selection in arctic-breeding eiders suggests hens select for nest sites 

exposed to lower solar variability and closer to bodies of water irrespective of changes in climate 

over the past 20 years (Wright et al., unpubl data), indicating their insensitivity to climate change 

as of yet. Instead, at Qikiqtakuluk, eider nest site selection may now be driven by their need to 

detect approaching predators from large distances (Fast et al., 2010), which may impose a trade-

off between selecting a thermally favourable and predator-detectable nest site (Robertson, 2009).  

Indeed, common eiders at Qikiqtakuluk have a number of terrestrial and aerial nest 

predators (Barnas et al., 2022; Reed et al., 2007). In fact, nest predation has become so prevalent 

at this site, that it challenged our ability to observe heat stress impacts on incubation success and 

chick hatching. Therefore, we believe future studies on heat stress responses in incubating hens 

should be carried out at other breeding colonies with fewer predators to examine if there are any 

heat stress effects linked to the success of a given breeding attempt (e.g., the number of eggs 

hatched, clutch abandonment, chick abandonment). Further, as our study site only experienced 

marginal heat stress-inducing temperatures, we suggest that future studies examine the heat stress 

of eiders at warmer or more sun-exposed sites to determine just how significant the energetic and 

behavioural responses are at these sites. 
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Concluding words  

In conclusion, we find that eiders may be vulnerable to significant heat stress in the coming 

future, and that their physiological and behavioural responses to heat stress will require trade-offs 

with energy use and incubation consistency during their breeding period. As such, we suggest that 

heat stress-inducing temperatures should continue to be monitored in this arctic-breeding eider 

population to help inform future assessments of their health and contribute to the management of 

eiders within the Kivalliq region. Further, we suggest this study should be extended to warmer 

breeding sites with fewer predators to study the effects of heat stress on not only physiology and 

behaviour, but the success of breeding attempts. More generally, to develop our understanding of 

heat stress across Arctic populations, future studies will need to quantify heat stress response 

thresholds across more diverse taxa and in field-setting experiments (Braschler et al., 2021) 

exploring more how external conditions and inter-individual variation alter vulnerability to heat 

stress (Cook et al., 2024; Steyn et al., 2022; Zhang et al., 2023). Lastly, researchers will want to 

focus on building an understanding of both physiological and behavioural responses to heat stress, 

together, to better understand their influence on reproduction (Buchholz et al., 2019). 

 

 

  



 

147 
 

References 

AMAP. (2021). Arctic Climate Change Update 2021: Key Trends and Impacts. Summary for 

Policy-makers.  

Amat, J. A., & Masero, J. A. (2004). How Kentish plovers, Charadrius alexandrinus, cope with 

heat stress during incubation. Behavioral Ecology and Sociobiology, 56(1), 26-33. 

https://doi.org/10.1007/s00265-004-0758-9  

Andreasson, F., Rostedt, E., & Nord, A. (2023). Measuring body temperature in birds - the 

effects of sensor type and placement on estimated temperature and metabolic rate. J Exp 

Biol, 226(24). https://doi.org/10.1242/jeb.246321  

Ballinger, T., Bigalke, S., Walsh, J., Brettschneider, B., Thoman, R., Bhatt, U., Hanna, E., 

Hanssen-Bauer, I., Kim, S.-J., & Overland, J. (2023). NOAA Arctic Report Card 2023: 

Surface Air Temperature.  

Barnas, A. F., Geldart, E. A., Love, O. P., Jagielski, P. M., Harris, C. M., Gilchrist, H. G., 

Hennin, H. L., Richardson, E. S., Dey, C. J., & Semeniuk, C. A. D. (2022). Predatory cue 

use in flush responses of a colonial nesting seabird during polar bear foraging. Animal 

Behaviour, 193, 75-90. https://doi.org/https://doi.org/10.1016/j.anbehav.2022.08.009  

Beaman, J. E., White, C. R., Clairbaux, M., Perret, S., Fort, J., & Grémillet, D. (2024). Cold 

adaptation does not handicap warm tolerance in the most abundant Arctic seabird. 

Proceedings of the Royal Society B: Biological Sciences, 291(2015), 20231887. 

https://doi.org/doi:10.1098/rspb.2023.1887  

Betts, J., Young, R. P., Hilton-Taylor, C., Hoffmann, M., Rodríguez, J. P., Stuart, S. N., & 

Milner-Gulland, E. J. (2020). A framework for evaluating the impact of the IUCN Red 

List of threatened species. Conservation Biology, 34(3), 632-643. 

https://doi.org/https://doi.org/10.1111/cobi.13454  

BirdLife International. (2018). Somateria mollissima. The IUCN Red List of Threatened Species 

2018.  

Boonstra, R. (2004). Coping with changing northern environments: the role of the stress axis in 

birds and mammals. Integrative and Comparative Biology, 44(2), 95-108.  

Bottitta, G. E., Nol, E., & Gilchrist, H. G. (2003). Effects of Experimental Manipulation of 

Incubation Length on Behavior and Body Mass of Common Eiders in the Canadian 

https://doi.org/10.1007/s00265-004-0758-9
https://doi.org/10.1242/jeb.246321
https://doi.org/https:/doi.org/10.1016/j.anbehav.2022.08.009
https://doi.org/doi:10.1098/rspb.2023.1887
https://doi.org/https:/doi.org/10.1111/cobi.13454


 

148 
 

Arctic. Waterbirds, 26(1), 100-107, 108. https://doi.org/10.1675/1524-

4695(2003)026[0100:EOEMOI]2.0.CO;2  

Bourne, A. R., Ridley, A. R., McKechnie, A. E., Spottiswoode, C. N., & Cunningham, S. J. 

(2021). Dehydration risk is associated with reduced nest attendance and hatching success 

in a cooperatively breeding bird, the southern pied babbler Turdoides bicolor. 

Conservation Physiology, 9(1). https://doi.org/10.1093/conphys/coab043  

Boyles, J. G., Seebacher, F., Smit, B., & McKechnie, A. E. (2011). Adaptive Thermoregulation 

in Endotherms May Alter Responses to Climate Change. Integrative and Comparative 

Biology, 51(5), 676-690. https://doi.org/10.1093/icb/icr053  

Braschler, B., Chown, S. L., & Duffy, G. A. (2021). Sub-critical limits are viable alternatives to 

critical thermal limits. Journal of Thermal Biology, 101, 103106. 

https://doi.org/https://doi.org/10.1016/j.jtherbio.2021.103106  

Brown, M., & Downs, C. T. (2003). The role of shading behaviour in the thermoregulation of 

breeding crowned plovers (Vanellus coronatus). Journal of Thermal Biology, 28(1), 51-

58. https://doi.org/https://doi.org/10.1016/S0306-4565(02)00036-0  

Buchholz, R., Banusiewicz, J. D., Burgess, S., Crocker-Buta, S., Eveland, L., & Fuller, L. 

(2019). Behavioural research priorities for the study of animal response to climate 

change. Animal Behaviour, 150, 127-137. 

https://doi.org/https://doi.org/10.1016/j.anbehav.2019.02.005  

Buckley, L. B., & Huey, R. B. (2016a). How Extreme Temperatures Impact Organisms and the 

Evolution of their Thermal Tolerance. Integrative and Comparative Biology, 56(1), 98-

109. https://doi.org/10.1093/icb/icw004  

Buckley, L. B., & Huey, R. B. (2016b). Temperature extremes: geographic patterns, recent 

changes, and implications for organismal vulnerabilities. Global Change Biology, 22(12), 

3829-3842. https://doi.org/https://doi.org/10.1111/gcb.13313  

Carroll, R. L., Davis, C. A., Fuhlendorf, S. D., Elmore, R. D., DuRant, S. E., & Carroll, J. M. 

(2018). Avian parental behavior and nest success influenced by temperature fluctuations. 

Journal of Thermal Biology, 74, 140-148. 

https://doi.org/https://doi.org/10.1016/j.jtherbio.2018.03.020  

https://doi.org/10.1675/1524-4695(2003)026%5b0100:EOEMOI%5d2.0.CO;2
https://doi.org/10.1675/1524-4695(2003)026%5b0100:EOEMOI%5d2.0.CO;2
https://doi.org/10.1093/conphys/coab043
https://doi.org/10.1093/icb/icr053
https://doi.org/https:/doi.org/10.1016/j.jtherbio.2021.103106
https://doi.org/https:/doi.org/10.1016/S0306-4565(02)00036-0
https://doi.org/https:/doi.org/10.1016/j.anbehav.2019.02.005
https://doi.org/10.1093/icb/icw004
https://doi.org/https:/doi.org/10.1111/gcb.13313
https://doi.org/https:/doi.org/10.1016/j.jtherbio.2018.03.020


 

149 
 

Choy, E. S., O'Connor, R. S., Gilchrist, H. G., Hargreaves, A. L., Love, O. P., Vézina, F., & 

Elliott, K. H. (2021). Limited heat tolerance in a cold-adapted seabird: implications of a 

warming Arctic. Journal of Experimental Biology, 224(13), jeb242168.  

Conway, C. J., & Martin, T. E. (2000). Effects of ambient temperature on avian incubation 

behavior. Behavioral Ecology, 11(2), 178-188. https://doi.org/10.1093/beheco/11.2.178  

Cook, A. M., Rezende, E. L., Petrou, K., & Leigh, A. (2024). Beyond a single temperature 

threshold: Applying a cumulative thermal stress framework to plant heat tolerance. 

Ecology Letters, 27(3), e14416. https://doi.org/https://doi.org/10.1111/ele.14416  

Crawford, A., Stroeve, J., Smith, A., & Jahn, A. (2021). Arctic open-water periods are projected 

to lengthen dramatically by 2100. Communications Earth & Environment, 2(1), 109. 

https://doi.org/10.1038/s43247-021-00183-x  

Criscuolo, F., Chastel, O., Gabrielsen, G. W., Lacroix, A., & Le Maho, Y. (2003). Relationship 

between nutritional status and prolactin levels in the common eider, a capital incubator. 

Antarctic biology in a global context. Backhuys, Leyden, 193-197.  

D'alba, L., Carlsen, T. H., Ásgeirsson, Á., Shawkey, M. D., & Jónsson, J. E. (2017). 

Contributions of feather microstructure to eider down insulation properties. Journal of 

Avian Biology, 48(8), 1150-1157.  

Dawson, W. R., & O’Connor, T. P. (1996). Energetic features of avian thermoregulatory 

responses. Avian energetics and nutritional ecology, 85-124.  

Debnath, C. (2024). Assessing the thermal limits and metabolic profiles of small indigenous fish 

species: Informing conservation and aquaculture in a changing climate. Aquaculture 

Reports, 39, 102396. https://doi.org/https://doi.org/10.1016/j.aqrep.2024.102396  

Fast, P. L., Gilchrist, H. G., & Clark, R. G. (2010). Nest-site materials affect nest-bowl use by 

Common Eiders (Somateria mollissima). Canadian Journal of Zoology, 88(2), 214-218.  

Fortin, D., Larochelle, J., & Gauthier, G. (2000). The effect of wind, radiation and body 

orientation on the thermal environment of Greater Snow goose goslings. Journal of 

Thermal Biology, 25(3), 227-238. https://doi.org/https://doi.org/10.1016/S0306-

4565(99)00028-5  

Gabrielsen, G. W., Mehlum, F., Karlsen, H. E., Andresen, Ø., & Parker, H. (1991). Energy cost 

during incubation and thermoregulation in the female common eider Somateria 

mollissima. Norsk Polarinstitutt Skrifter, 195, 51-62.  

https://doi.org/10.1093/beheco/11.2.178
https://doi.org/https:/doi.org/10.1111/ele.14416
https://doi.org/10.1038/s43247-021-00183-x
https://doi.org/https:/doi.org/10.1016/j.aqrep.2024.102396
https://doi.org/https:/doi.org/10.1016/S0306-4565(99)00028-5
https://doi.org/https:/doi.org/10.1016/S0306-4565(99)00028-5


 

150 
 

Gerson, A. R., McKechnie, A. E., Smit, B., Whitfield, M. C., Smith, E. K., Talbot, W. A., 

McWhorter, T. J., & Wolf, B. O. (2019). The functional significance of facultative 

hyperthermia varies with body size and phylogeny in birds. Functional Ecology, 33(4), 

597-607. https://doi.org/https://doi.org/10.1111/1365-2435.13274  

Gilliland, S. G., Grant Gilchrist, H., Rockwell, R. F., Robertson, G. J., Savard, J.-P. L., Merkel, 

F., & Mosbech, A. (2009). Evaluating the Sustainability of Harvest Among Northern 

Common Eiders Somateria Mollissima Borealis in Greenland and Canada. Wildlife 

Biology, 15(1), 24-36. https://doi.org/https://doi.org/10.2981/07-005  

Grant, G. S. (1982). Avian Incubation: Egg Temperature, Nest Humidity, and Behavioral 

Thermoregulation in a Hot Environment. Ornithological Monographs(30), iii-75. 

https://doi.org/10.2307/40166669  

Gudka, M., Santos, C. D., Dolman, P. M., Abad-Gómez, J. M., & Silva, J. P. (2019). Feeling the 

heat: Elevated temperature affects male display activity of a lekking grassland bird. PLoS 

One, 14(9), e0221999.  

Guillemette, M., & Pelletier, D. (2022). Egg-laying increases body temperature to an annual 

maximum in a wild bird. Sci Rep, 12(1), 1681. https://doi.org/10.1038/s41598-022-

05516-0  

Hansen, P. J. (2009). Effects of heat stress on mammalian reproduction. Philosophical 

Transactions of the Royal Society B: Biological Sciences, 364(1534), 3341-3350.  

Hanssen, S., Erikstad, K. E., Sandvik, H., Tveraa, T., & Bustnes, J. O. (2022). Eyes on the 

future: buffering increased costs of incubation by abandoning offspring. Behavioral 

Ecology, 34(2), 189-196. https://doi.org/10.1093/beheco/arac116  

Henri, D. A., Jean-Gagnon, F., & Gilchrist, H. G. (2018). Using Inuit traditional ecological 

knowledge for detecting and monitoring avian cholera among Common Eiders in the 

eastern Canadian Arctic. Ecology and Society, 23(1).  

Hoffmann, A. A., & Sgro, C. M. (2018). Comparative studies of critical physiological limits and 

vulnerability to environmental extremes in small ectotherms: How much environmental 

control is needed? Integrative Zoology, 13(4), 355-371. 

https://doi.org/https://doi.org/10.1111/1749-4877.12297  

Huey, R. B., Kearney, M. R., Krockenberger, A., Holtum, J. A. M., Jess, M., & Williams, S. E. 

(2012). Predicting organismal vulnerability to climate warming: roles of behaviour, 

https://doi.org/https:/doi.org/10.1111/1365-2435.13274
https://doi.org/https:/doi.org/10.2981/07-005
https://doi.org/10.2307/40166669
https://doi.org/10.1038/s41598-022-05516-0
https://doi.org/10.1038/s41598-022-05516-0
https://doi.org/10.1093/beheco/arac116
https://doi.org/https:/doi.org/10.1111/1749-4877.12297


 

151 
 

physiology and adaptation. Philosophical Transactions of the Royal Society B: Biological 

Sciences, 367(1596), 1665-1679. https://doi.org/doi:10.1098/rstb.2012.0005  

Ingram, D. J., Ferreira, G. B., Jones, K. E., & Mace, G. M. (2021). Targeting Conservation 

Actions at Species Threat Response Thresholds. Trends in ecology & evolution, 36(3), 

216-226. https://doi.org/https://doi.org/10.1016/j.tree.2020.11.004  

Jenssen, B. M., Ekker, M., & Bech, C. (1989). Thermoregulation in winter-acclimatized common 

eiders (Somateria mollissima) in air and water. Canadian Journal of Zoology, 67(3), 669-

673.  

Kauffman, K. L., Elmore, R. D., Davis, C. A., Fuhlendorf, S. D., Goodman, L. E., Hagen, C. A., 

& Tanner, E. P. (2021). Role of the thermal environment in scaled quail (Callipepla 

squamata) nest site selection and survival. Journal of Thermal Biology, 95, 102791. 

https://doi.org/https://doi.org/10.1016/j.jtherbio.2020.102791  

Kristjánsson, T. Ö., & Jónsson, J. E. (2011). Effects of down collection on incubation 

temperature, nesting behaviour and hatching success of common eiders (Somateria 

mollissima) in west Iceland. Polar Biology, 34(7), 985-994. 

https://doi.org/10.1007/s00300-010-0956-z  

Lalonde, S., Abashidze, A., & Solntsev, A. (2022). Marine Protected Areas and Other Effective 

Area-based Conservation Measures. Arctic Review on Law and Politics, 13, 312-337.  

Lecomte, N., Gauthier, G., & Giroux, J.-F. (2009). A link between water availability and nesting 

success mediated by predator–prey interactions in the Arctic. Ecology, 90(2), 465-475. 

https://doi.org/https://doi.org/10.1890/08-0215.1  

Lemelin, R. H., & Dawson, J. (2014). Great expectations: Examining the designation effect of 

marine protected areas in coastal Arctic and sub-Arctic communities in Canada. 

Canadian Geographies / Géographies canadiennes, 58(2), 217-232. 

https://doi.org/https://doi.org/10.1111/j.1541-0064.2013.12059.x  

Logan, M. L., van Berkel, J., & Clusella-Trullas, S. (2019). The Bogert Effect and environmental 

heterogeneity. Oecologia, 191(4), 817-827. https://doi.org/10.1007/s00442-019-04541-7  

Long, R. A., Bowyer, R. T., Porter, W. P., Mathewson, P., Monteith, K. L., & Kie, J. G. (2014). 

Behavior and nutritional condition buffer a large-bodied endotherm against direct and 

indirect effects of climate. Ecological Monographs, 84(3), 513-532. 

https://doi.org/https://doi.org/10.1890/13-1273.1  

https://doi.org/doi:10.1098/rstb.2012.0005
https://doi.org/https:/doi.org/10.1016/j.tree.2020.11.004
https://doi.org/https:/doi.org/10.1016/j.jtherbio.2020.102791
https://doi.org/10.1007/s00300-010-0956-z
https://doi.org/https:/doi.org/10.1890/08-0215.1
https://doi.org/https:/doi.org/10.1111/j.1541-0064.2013.12059.x
https://doi.org/10.1007/s00442-019-04541-7
https://doi.org/https:/doi.org/10.1890/13-1273.1


 

152 
 

Love, O. P., Gilchrist, H. G., Descamps, S., Semeniuk, C. A., & Bêty, J. (2010). Pre-laying 

climatic cues can time reproduction to optimally match offspring hatching and ice 

conditions in an Arctic marine bird. Oecologia, 164, 277-286.  

Mathot, K. J., Dingemanse, N. J., & Nakagawa, S. (2019). The covariance between metabolic 

rate and behaviour varies across behaviours and thermal types: meta‐analytic insights. 

Biological Reviews, 94(3), 1056-1074.  

McKechnie, A. E., Whitfield, M. C., Smit, B., Gerson, A. R., Smith, E. K., Talbot, W. A., 

McWhorter, T. J., & Wolf, B. O. (2016). Avian thermoregulation in the heat: efficient 

evaporative cooling allows for extreme heat tolerance in four southern hemisphere 

columbids. Journal of Experimental Biology, 219(14), 2145-2155.  

McKinnon, L., Gilchrist, H. G., & Scribner, K. T. (2006). Genetic evidence for kin-based female 

social structure in common eiders (Somateria mollissima). Behavioral Ecology, 17(4), 

614-621.  

McNab, B. K. (1992). Energy Expenditure: A Short History. In T. Tomasi & T. TH Horton 

(Eds.), Mammalian Energetics: Interdisciplinary Views of Metabolism and Reproduction 

(pp. 1–15). Cornell University Press.  

Mohammadzadeh Khani, H., Kinnard, C., & Lévesque, E. (2022). Historical Trends and 

Projections of Snow Cover over the High Arctic: A Review. Water (Basel), 14(4), 587. 

https://doi.org/10.3390/w14040587  

Mohring, B., Öst, M., Jaatinen, K., Parenteau, C., Pallud, M., & Angelier, F. (2024). Parenting in 

a changing environment: A long-term study of prolactin, parental effort and reproductive 

success in common eiders. General and Comparative Endocrinology, 357, 114574. 

https://doi.org/https://doi.org/10.1016/j.ygcen.2024.114574  

Monaco, C. J., McQuaid, C. D., & Marshall, D. J. (2017). Decoupling of behavioural and 

physiological thermal performance curves in ectothermic animals: a critical adaptive trait. 

Oecologia, 185(4), 583-593. https://doi.org/10.1007/s00442-017-3974-5  

Nord, A., & Williams, J. B. (2015). The energetic costs of incubation. In D. C. Deeming & S. J. 

Reynolds (Eds.), Nests, Eggs, and Incubation: New ideas about avian reproduction (pp. 

0). Oxford University Press. https://doi.org/10.1093/acprof:oso/9780198718666.003.0013  

Nunavut Wildlife Management Board. (2023a). Kivalliq Regional Wildlife Priorities (2023-

2025), ᑭᕙᓪᓕᖅᒥ ᐆᒪᔪᑦ ᓯᕗᓪᓕᐅᑎᖁᔭᑦ (2023-2025). 

https://doi.org/10.3390/w14040587
https://doi.org/https:/doi.org/10.1016/j.ygcen.2024.114574
https://doi.org/10.1007/s00442-017-3974-5
https://doi.org/10.1093/acprof:oso/9780198718666.003.0013


 

153 
 

https://www.nwmb.com/en/conservation-education/list-all-documents/funding-

guides/priorities/6784-kivalliq-regional-wildlife-priorities-list-bilingual/file 

Nunavut Wildlife Management Board. (2023b). Research Priorities. Retrieved December 27 

from https://www.nwmb.com/en/funding/priorities# 

O'Connor, R. S., Le Pogam, A., Young, K. G., Robitaille, F., Choy, E. S., Love, O. P., Elliott, K. 

H., Hargreaves, A. L., Berteaux, D., & Tam, A. (2021). Limited heat tolerance in an 

Arctic passerine: Thermoregulatory implications for cold‐specialized birds in a rapidly 

warming world. Ecology and evolution, 11(4), 1609-1619.  

Ørsted, M., Jørgensen, L. B., & Overgaard, J. (2022). Finding the right thermal limit: a 

framework to reconcile ecological, physiological and methodological aspects of CTmax 

in ectotherms. Journal of Experimental Biology, 225(19), jeb244514.  

Oswald, S. A., Bearhop, S., Furness, R. W., Huntley, B., & Hamer, K. C. (2008). Heat stress in a 

high‐latitude seabird: effects of temperature and food supply on bathing and nest 

attendance of great skuas Catharacta skua. Journal of Avian Biology, 39(2), 163-169.  

Peck, L. S., Clark, M. S., Morley, S. A., Massey, A., & Rossetti, H. (2009). Animal temperature 

limits and ecological relevance: effects of size, activity and rates of change. Functional 

Ecology, 23(2), 248-256. https://doi.org/https://doi.org/10.1111/j.1365-

2435.2008.01537.x  

Peck, L. S., Convey, P., & Barnes, D. K. A. (2006). Environmental constraints on life histories in 

Antarctic ecosystems: tempos, timings and predictability. Biological Reviews, 81(1), 75-

109. https://doi.org/10.1017/S1464793105006871  

Phoenix, G. K., & Lee, J. A. (2004). Predicting impacts of Arctic climate change: past lessons 

and future challenges. Ecological Research, 19, 65-74.  

Rantanen, M., Karpechko, A. Y., Lipponen, A., Nordling, K., Hyvärinen, O., Ruosteenoja, K., 

Vihma, T., & Laaksonen, A. (2022). The Arctic has warmed nearly four times faster than 

the globe since 1979. Communications Earth & Environment, 3(1), 168. 

https://doi.org/10.1038/s43247-022-00498-3  

Reed, J. A., Lacroix, D. L., & Flint, P. L. (2007). Depredation of common eider, Somateria 

mollissima, nests on a central Beaufort Sea barrier Island: A case where no one wins. The 

Canadian Field-Naturalist, 121(3), 308-312.  

https://www.nwmb.com/en/conservation-education/list-all-documents/funding-guides/priorities/6784-kivalliq-regional-wildlife-priorities-list-bilingual/file
https://www.nwmb.com/en/conservation-education/list-all-documents/funding-guides/priorities/6784-kivalliq-regional-wildlife-priorities-list-bilingual/file
https://www.nwmb.com/en/funding/priorities
https://doi.org/https:/doi.org/10.1111/j.1365-2435.2008.01537.x
https://doi.org/https:/doi.org/10.1111/j.1365-2435.2008.01537.x
https://doi.org/10.1017/S1464793105006871
https://doi.org/10.1038/s43247-022-00498-3


 

154 
 

Robertson, B. A. (2009). Nest-Site Selection in a Postfire Landscape: Do Parents Make 

Tradeoffs Between Microclimate and Predation Risk? The Auk, 126(3), 500-510. 

https://doi.org/10.1525/auk.2009.08148  

Sadeghi, M., de Dear, R., Morgan, G., Santamouris, M., & Jalaludin, B. (2021). Development of 

a heat stress exposure metric – Impact of intensity and duration of exposure to heat on 

physiological thermal regulation. Building and Environment, 200, 107947. 

https://doi.org/https://doi.org/10.1016/j.buildenv.2021.107947  

Scholander, P., Hock, R., Walters, V., Johnson, F., & Irving, L. (1950). Heat Regulation in Some 

Arctic and Tropical Mammals and Birds. Biological Bulletin, 99(2), 237-258. 

https://doi.org/10.2307/1538741  

Schou, M. F., Engelbrecht, A., Brand, Z., Svensson, E. I., Cloete, S., & Cornwallis, C. K. (2022). 

Evolutionary trade-offs between heat and cold tolerance limit responses to fluctuating 

climates. Science Advances, 8(21), eabn9580.  

Sénéchal, É., Bêty, J., Gilchrist, H. G., Hobson, K. A., & Jamieson, S. E. (2011). Do purely 

capital layers exist among flying birds? Evidence of exogenous contribution to arctic-

nesting common eider eggs. Oecologia, 165, 593-604.  

Snell, K. R., Aldará, J., Hammer, S., & Thorup, K. (2024). Thermal stress during incubation in 

an arctic breeding seabird. Journal of Thermal Biology, 103967.  

Sørensen, J. G., Noer, N. K., Kristensen, T. N., & Bahrndorff, S. (2024). Acclimation to 

moderate temperatures can have strong negative impacts on heat tolerance of arctic 

arthropods. Functional Ecology, 38(7), 1549-1561. 

https://doi.org/https://doi.org/10.1111/1365-2435.14573  

Speakman, J. R., & Król, E. (2010). Maximal heat dissipation capacity and hyperthermia risk: 

neglected key factors in the ecology of endotherms. Journal of Animal Ecology, 79(4), 

726-746.  

Steenweg, R. J., Hennin, H. L., Bêty, J., Gilchrist, H. G., Williams, T. D., Crossin, G. T., & 

Love, O. P. (2015). Sources of diel variation in energetic physiology in an Arctic-

breeding, diving seaduck. General and Comparative Endocrinology, 216, 39-45. 

https://doi.org/https://doi.org/10.1016/j.ygcen.2015.04.012  

Steyn, V. M., Mitchell, K. A., Nyamukondiwa, C., & Terblanche, J. S. (2022). Understanding 

costs and benefits of thermal plasticity for pest management: insights from the integration 

https://doi.org/10.1525/auk.2009.08148
https://doi.org/https:/doi.org/10.1016/j.buildenv.2021.107947
https://doi.org/10.2307/1538741
https://doi.org/https:/doi.org/10.1111/1365-2435.14573
https://doi.org/https:/doi.org/10.1016/j.ygcen.2015.04.012


 

155 
 

of laboratory, semi-field and field assessments of Ceratitis capitata (Diptera: Tephritidae). 

Bulletin of Entomological Research, 112(4), 458-468. 

https://doi.org/10.1017/S0007485321000389  

Swennen, C., Ursem, J., & Duiven, P. (1993). Determinate laying and egg attendance in common 

eiders. Ornis Scandinavica, 48-52.  

Tapper, S., Nocera, J. J., & Burness, G. (2020). Experimental evidence that hyperthermia limits 

offspring provisioning in a temperate-breeding bird. Royal Society Open Science, 7(10), 

201589. https://doi.org/doi:10.1098/rsos.201589  

Terblanche, J. S., Deere, J. A., Clusella-Trullas, S., Janion, C., & Chown, S. L. (2007). Critical 

thermal limits depend on methodological context. Proceedings of the Royal Society B: 

Biological Sciences, 274(1628), 2935-2943.  

Thonis, A., Ceballos, R. M., Tuen, A. A., Lovegrove, B. G., & Levesque, D. L. (2020). Small 

Tropical Mammals Can Take the Heat: High Upper Limits of Thermoneutrality in a 

Bornean Treeshrew. Physiological and Biochemical Zoology, 93(3), 199-209. 

https://doi.org/10.1086/708467  

Tiedemann, R., Paulus, K. B., Scheer, M., Von Kistowski, K. G., Skírnisson, K., Bloch, D., & 

Dam, M. (2004). Mitochondrial DNA and microsatellite variation in the eider duck 

(Somateria mollissima) indicate stepwise postglacial colonization of Europe and limited 

current long-distance dispersal. Molecular Ecology, 13(6), 1481-1494. 

https://doi.org/https://doi.org/10.1111/j.1365-294X.2004.02168.x  

Tullett, S., & Deeming, D. (1987). Failure to turn eggs during incubation: effects on embryo 

weight, development of the chorioallantois and absorption of albumen. British Poultry 

Science, 28(2), 239-243.  

Vasseur, D. A., DeLong, J. P., Gilbert, B., Greig, H. S., Harley, C. D. G., McCann, K. S., 

Savage, V., Tunney, T. D., & O'Connor, M. I. (2014). Increased temperature variation 

poses a greater risk to species than climate warming. Proceedings of the Royal Society B: 

Biological Sciences, 281(1779), 20132612. https://doi.org/doi:10.1098/rspb.2013.2612  

Verzuh, T. L., Rogers, S. A., Mathewson, P. D., May, A., Porter, W. P., Class, C., Knox, L., 

Cufaude, T., Hall, L. E., Long, R. A., & Monteith, K. L. (2023). Behavioural responses of 

a large, heat-sensitive mammal to climatic variation at multiple spatial scales. Journal of 

Animal Ecology, 92(3), 619-634. https://doi.org/https://doi.org/10.1111/1365-2656.13873  

https://doi.org/10.1017/S0007485321000389
https://doi.org/doi:10.1098/rsos.201589
https://doi.org/10.1086/708467
https://doi.org/https:/doi.org/10.1111/j.1365-294X.2004.02168.x
https://doi.org/doi:10.1098/rspb.2013.2612
https://doi.org/https:/doi.org/10.1111/1365-2656.13873


 

156 
 

Vestbo, S., Hindberg, C., Olesen, J. M., & Funch, P. (2019). Eiders as Long Distance Connectors 

in Arctic Networks. Cross-cultural research, 53(3), 252-271. 

https://doi.org/10.1177/1069397118806820  

Walsh, J. E., Ballinger, T. J., Euskirchen, E. S., Hanna, E., Mård, J., Overland, J. E., Tangen, H., 

& Vihma, T. (2020). Extreme weather and climate events in northern areas: A review. 

Earth-Science Reviews, 209, 103324. 

https://doi.org/https://doi.org/10.1016/j.earscirev.2020.103324  

Walsh, J. E., Thoman, R. L., Bhatt, U. S., Bieniek, P. A., Brettschneider, B., Brubaker, M., 

Danielson, S., Lader, R., Fetterer, F., & Holderied, K. (2018). The high latitude marine 

heat wave of 2016 and its impacts on Alaska. Bull. Am. Meteorol. Soc, 99(1), S39-S43.  

Wenzel, L., Gilbert, N., Goldsworthy, L., Tesar, C., Mcconnell, M., & Okter, M. (2016). Polar 

opposites? Marine conservation tools and experiences in the changing Arctic and 

Antarctic. Aquatic Conservation: Marine and Freshwater Ecosystems, 26(S2), 61-84. 

https://doi.org/https://doi.org/10.1002/aqc.2649  

Zhang, L., Zhang, Y.-Y., Ma, L.-X., & Dong, Y.-W. (2023). Evaluation of species thermal 

sensitivity with individual-based physiological performance. Marine Environmental 

Research, 192, 106212. https://doi.org/https://doi.org/10.1016/j.marenvres.2023.106212  

 

https://doi.org/10.1177/1069397118806820
https://doi.org/https:/doi.org/10.1016/j.earscirev.2020.103324
https://doi.org/https:/doi.org/10.1002/aqc.2649
https://doi.org/https:/doi.org/10.1016/j.marenvres.2023.106212


 

157 
 

APPENDICES  

Appendix A. Methodology for detecting heart beats in the raw audio files from microphone eggs 

deployed in incubating common eider (Somateria mollissima) nests at Qikiqtakuluk (East Bay 

Island), Nunavut. Avisoft audio filtering and heartbeat detection process.  

 

 

  



 

158 
 

Appendix B. Settings for programming Tinytag temperature recording loggers deployed in 

common eider (Somateria mollissima) nests at Qikiqtakuluk (East Bay Island), Nunavut. 

Categories Chosen settings for the given category 

Description: Tiny tag name (TT#) 

Logging interval: Taking a measurement every 1 minute 

Start options: Starting immediately 

Measurements: Measuring temperature 

Stop options: Stop when full 

Alarms: No alarms enabled 
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Appendix C. Eigenvalues of principal components and percent variance (%) associated to each 

component of the principal component analysis for environmental parameters used in the heart 

rate analysis of incubating common eiders (Somateria mollissima) at Qikiqtakuluk (East Bay 

Island), Nunavut. 

 Comp 1 Comp 2 Comp 3 Comp 4 Comp 5 Comp 6 

Eigenvalues 4.366 1.225 0.404 0.004 0.001 0.0002 

Cumulative 

Variance (%) 

72.76 93.18 99.91 99.98 99.99 100 
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Appendix D. Cumulative variance for our two retained and rotated components of our original 

principal component analysis of environmental parameters. The principal component analysis 

was performed for environmental parameters used in the heart rate component of our heat stress 

study on incubating common eiders (Somateria mollissima) at Qikiqtakuluk (East Bay Island), 

Nunavut. 

 Rotated component 1 Rotated component 2 

Sum of Squared 

Loadings 

3.59 2.00 

Cumulative Variance (%) 60.00 93.00 
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Appendix E. Variables’ loadings into each of our rotated components (rotated components 1 and 

2) that were retained from our original principal component analysis. The principal component 

analysis was performed for environmental parameters used in the heart rate component of our 

heat stress study on incubating common eiders (Somateria mollissima) at Qikiqtakuluk (East Bay 

Island), Nunavut. 

Variables Rotated component 1 Rotated component 2 

Wet Bulb Temperature 0.955 -0.267 

Relative Humidity  0.974 

Wind Speed -0.575 0.601 

Heat Index 0.860 -0.481 

Dew Point 0.987 0.155 

Wind Chill 0.798 -0.600 
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Appendix F. Eigenvalues of principal components and percent variance (%) associated to each 

component of the principal component analysis for environmental parameters used in the 

behavioural analysis of incubating common eiders (Somateria mollissima) at Qikiqtakuluk (East 

Bay Island), Nunavut. 

 Comp 1 Comp 2 Comp 3 Comp 4 Comp 5 Comp 6 

Eigenvalues 3.988 1.096 0.742 0.150 0.021 0.003 

Cumulative 

Variance (%) 

66.47 84.74 97.10 99.60 99.95 100 
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Appendix G. Cumulative variance for our two retained and rotated components of our original 

principal component analysis of environmental parameters. The principal component analysis 

was performed for environmental parameters used in the behavioural component of our heat 

stress study on incubating common eiders (Somateria mollissima) at Qikiqtakuluk (East Bay 

Island), Nunavut. 

 Rotated component 1 Rotated component 2 

Sum of Squared 

Loadings 

3.97 1.11 

Cumulative Variance (%) 66.00 85.00 
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Appendix H. Variables’ loadings into each of our rotated components (rotated components 1 and 

2) that were retained from our original principal component analysis. The principal component 

analysis was performed for environmental parameters used in the behavioural component of our 

heat stress study on incubating common eiders (Somateria mollissima) at Qikiqtakuluk (East Bay 

Island), Nunavut. 

Variables Rotated component 1 Rotated component 2 

Wet Bulb Temperature 0.978  

Relative Humidity 0.130 0.889 

Wind Speed -0.573 0.530 

Heat Index 0.982  

Dew Point 0.887 0.154 

Wind Chill 0.960  
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