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Abstract 

Understanding the causes behind population cycles is a fundamental issue in ecology, and 

has been the focus of research for decades. One of the most prominent examples of cyclical 

species is the snowshoe hare (Lepus americanus), a primary prey species in the North American 

boreal forest that exhibits fluctuations in abundance over 8-10 year periods. The potential for 

food limitation to cause changes in hare abundance has been examined, through manipulative 

experiments where individuals are provided supplemental food. However, in previous studies 

food addition was administered on a large scale, which can be problematic due to increased 

immigration to the area by other hares causing a predator-pantry effect. Individual-based food 

addition is therefore an optimal method for investigating the role of food in the snowshoe hare 

cycle. My primary objective was to evaluate the effect of food limitation on snowshoe hare 

demography, and determine the potential mechanisms of how food acts by examining behaviour, 

body condition, and physiology. To accomplish this, I radio-collared hares in the Kluane Lake 

area of the Yukon, Canada during the increase, peak, and decline phases of the cycle and fed a 

subset of individuals throughout the winter from selective feeders. These feeders allow 

controlled access to only the specific pit-tagged individuals. Over the study, I found that food 

supplementation significantly improved survival, with the largest effect size occurring during the 

population increase phase. Fed individuals also gave birth to larger offspring and produced larger 

litters. The demographic effects between treatments were likely driven by differences in 

behaviour or body condition. Fed individuals foraged less per day and spent a larger proportion 

of the foraging time vigilant, while maintaining a larger body mass. They further had reduced 

movement rates, and selected for conifer habitat relative to controls. Surprisingly, food 

supplementation increased hare stress responses to a hormone challenge, but simultaneously 



iii 
 

increased their ability to buffer against this heightened response, through increased corticosteroid 

binding capacity. Food supplemented individuals had improved body condition, in terms of 

blood indices and lower over-winter mass loss. I also found that changes in the indicators of 

stress in snowshoe hares during this study did not echo those observed in previous cycles. In 

combination, this thesis provides evidence that food limitation contributes to the demographic 

changes observed across the cycle, particularly in the increase phase, which may be caused by 

changes in behaviour and body condition.  
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INTRODUCTION 

Population cycles are among the most fundamental phenomena in ecology that have been 

the focus of research for nearly a century (Volterra 1926, Elton and Nicholson 1942, Krebs et al. 

1995). Research on cycles has provided substantial insight into our modern understanding of 

population limitation and regulation (Myers 2018). Although there is a large body of literature on 

these fluctuations, many have conflicting views on the mechanisms behind these population 

changes (Krebs et al. 1995). Hypotheses explaining the mechanisms of these cycles have 

consisted of a variety of extrinsic (e.g. food, predation, disease) and intrinsic factors (e.g. social 

behaviour, genetic changes; Krebs 1996, 2011). Assessing the importance of a single factor 

remains challenging, as it may interact with other factors or different factors may contribute to 

different phases of a cycle (Korpimäki et al. 2004). In the case of small mammals, there are three 

main models to explain their cyclicity: 1) top-down, 2) bottom-up, and 3) social interactions 

(Krebs 2011). In top-down models, predators control the system through both direct and 

potentially indirect predation effects (Hanski et al. 1993, Ylönen and Ronkainen 1994, Boonstra 

et al. 1998a, Sheriff et al. 2011). In bottom-up models, the key limiting factor is food, meaning 

as a species’ per capita food resources decline so do their densities (Keith 1983, Keith et al. 

1984). Finally, in models based on social interactions, it is the behaviour of the individuals in the 

population at peak densities such as territoriality and infanticide that cause these cycles (Chitty 

1967, Redpath et al. 2006, Krebs 2011).  

For many species, the relative importance of these factors, primarily food and predation, 

has continued to incite frequent debates, and has formed the core of the classical bottom-up vs. 

top-down controversy in ecology (Hairston et al. 1960, Menge and Sutherland 1976, White 

2013). Two approaches have been used to tease apart these alternatives. One approach is to 
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explore the density dependence of demographic variables, and determine which demographic 

variables change with the transition of cyclic phases (i.e. growth vs decline; Oli et al. 2020, Peers 

2020). A more powerful approach is an experimental one, where the external factor (i.e. 

predators, food, parasites and nutrients) is manipulated, and the animals’ demographic response 

is measured. Ideally, such experiments should use a factorial design (where both factors are 

simultaneously altered) across the entire cycle to determine the potential for phase-specific 

influence of food or predation, or their potential interactive effects (Krebs et al. 1995, Hodges et 

al. 2001). Regardless of the approach, continued research is required to further understand the 

drivers of population cycles in numerous species.  

 

SNOWSHOE HARE  

General biology 

 Snowshoe hares (Lepus americanus) are small mammalian herbivores (approximately 1.5 

kg) found throughout the boreal forest of North America. They live in seasonal climates that can 

range in temperature from -50C to 30C throughout the year. Despite the varying temperatures, 

hares remain active year round, and are considered crepuscular, spending most of their active 

hours during dusk and dawn (Studd et al. 2019). Hares eat grey willow (Salix glauca), dwarf 

birch (Betula glandulosa), white spruce (Picea glauca), and aspen (Populus tremuloides) in 

winter as well as grasses and forbs in the summer. They rely on hind-gut fermentation and 

coprophagy to digest their high-fibre diet (Langer 2002). They are synchronous breeders with a 

post-partum estrus, and reproduce only in the summer. They have up to 4 litters per summer, 

with litter size ranging from 1-9 leverets and all leverets born can reproduce the following 

summer (Stefan and Krebs 2001).  
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The snowshoe hare cycle 

One of the most prominent examples of population cycles occurs in the snowshoe hare, 

which along with its main predator, the Canada lynx (Lynx canadensis), constituted the first 

empirical demonstration of a predator-prey cycle (Elton and Nicholson 1942). Hares are often 

considered a keystone species in the boreal forest due to their impact across trophic levels and 

their important role in the structure and function of the ecosystem (Keith 1963, 1990, Krebs et al. 

2001, Boonstra et al. 2016, Humphries et al. 2018, Peers 2020). Throughout their range, hare 

abundance fluctuates regularly with 8-10 year periodicity where their densities can vary from 

0.03 hares/hectare to 2.8 hares/hectare in the southwest Yukon, where densities have been 

monitored for over four decades (Figure 1.1; Krebs et al. 2018).  

The hare cycle can be broken down into four main phases: the increase, peak, decline, 

and low, and each phase is characterized by major demographic changes. Most notably, survival 

and reproduction are high during the increase phase and low during the decline phase of the 

cycle (Keith and Winberg 1978, Cary and Keith 1979, Hodges 2000, Hodges et al. 2001, Oli et 

al. 2020). Hares experience relatively high mortality rates, primarily due to predation (Boutin et 

al. 1986, Hodges et al. 2001) and 30-day survival rates can range from 90% in the increase phase 

to 65% in the decline. The majority of the changes in reproduction during the late peak and 

decline occur through a cut-back of the third and fourth litters (Stefan and Krebs 2001). 

Specifically, only during the late low and early increase phase, female hares give birth to four 

litters. However, the 4th litter is absent prior to peak densities, while the 3rd litter is further 

curtailed during the decline (Stefan and Krebs 2001, Peers 2020). In contrast, first and second 

litters occur in each cycle phase, with the average litter size varying for the second litter, and the 
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first litter remaining relatively constant (i.e. 0.5 leveret variation, Hodges 2000). Explaining the 

drivers of the snowshoe hare cycle has focused on these changes in survival and reproduction. 

 

WHAT DRIVES THE HARE CYCLE? 

Current consensus  

Many studies have been conducted to explain the cause(s) of the demographic changes. 

The main factors hypothesized to drive these dynamics are direct predation affecting survival 

(Boutin et al. 1986, Trostel et al. 1987, Krebs et al. 1995, 2018), direct predation interacting with 

indirect predation effects causing predator-induced stress responses (Boonstra et al. 1998a, 

Sheriff et al. 2009, 2011), and food limitation during the winter (Keith and Winberg 1978, Cary 

and Keith 1979, Keith et al. 1984). Predators are the major proximate cause of mortality (Boutin 

et al. 1986, Hodges 2000), and therefore play an important role in their population dynamics. 

However, direct predation is unlikely to be the sole driver of the hare cycle because it does not 

account for the significant change in hare reproduction across cycle phases, nor the lag in 

recovery of the hare population following predator declines (Cary and Keith 1979, Boonstra et 

al. 1998a). According to the chronic stress hypothesis, the demographic changes are thought to 

be driven by both direct and indirect predation, with predator-induced stress being the major 

cause of decreased reproduction during the decline and low phase (Boonstra and Singleton 1993, 

Boonstra et al. 1998b, Sheriff et al. 2009).  

In response to stressors, the hypothalamic pituitary adrenal (HPA) axis releases 

glucocorticoids (GCs, Sapolsky et al. 2000), which causes a reduction in non-essential activities 

and prioritizes behavioural and physiological activities associated with coping, escaping, or 

surviving the stressful event (Boonstra and Singleton 1993). Short term HPA axis activation can 
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improve individual fitness, and is an evolved response associated with several behaviours 

including hunting and breeding (Wingfield et al. 1998). However, chronic activation in response 

to long term stressors (such as continuous high predation risk), and the resulting continuous 

suppression of basic functions, can greatly impact an individual’s health and condition (Boonstra 

2013). This can have cascading effects on population demography if these long-term stressors 

impact the survival or reproduction of individuals (Wingfield and Sapolsky 2003, Boonstra 2013, 

Dantzer et al. 2014, Zanette et al. 2014).  

Previous work by Boonstra et al. (1998a) showed that during the peak and decline phases 

of the cycle, hares show signs of chronic stress, expressed as high circulating free cortisol, 

heightened glucose mobilization, reduced binding capacity of corticosterone-binding globulin 

(CBG), and decreased body condition and immunity. Such changes coincide with the highest 

predator-prey ratios, and have occurred in response to experimental increases in predation risk 

(Boudreau et al. 2019). This chronic stress in response to predation risk may lower fecundity and 

offspring quality during the decline phase (Sheriff et al. 2009), which further limits recruitment 

over the summer (Krebs et al. 2018, Oli et al. 2020). Furthermore, these chronic stress effects 

can translate into cross-generational or maternal effects, with offspring born to mothers with 

higher stress levels having a heightened stress response (Sheriff et al. 2010, Sheriff 2015). These 

cross generational effects may contribute to the delay in recovery of reproduction during the low 

phase, when predator densities have declined (Boonstra et al. 1998b, Hodges et al. 2001, Sheriff 

2015, Oli et al. 2020).  
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The role of food 

Early in the research on snowshoe hare population cycles, researchers considered the 

potential effect of food limitation driving cyclic dynamics (Pease et al. 1979, Keith 1983). Food 

may be a limiting factor to hares in terms of quantity, quality, or accessibility, particularly during 

the winter as hares rely on the small terminal twigs of shrubs, which have lower digestibility and 

nutrient content relative to summer food (Keith et al. 1984, Sinclair et al. 1988, Smith et al. 

1988). Beyond the low quality of their browse, secondary compounds increase with plant 

regrowth, which may lead to relative food limitation through increased plant defenses after 

periods of heavy browsing (Bryant 1981, Fox and Bryant 1984). Although starvation is rare in 

this species (<10% of hares die of starvation; Boutin et al. 1986, Hodges 2000, Feierabend and 

Kielland 2015), per capita changes in food availability could have a strong influence on body 

condition (Hodges et al. 1999) resulting in changes in reproductive performance. Furthermore, a 

reduction in high quality food could alter hare behaviour, causing individuals to increase 

foraging rates, or forage in more risky habitat (Hik 1995). These changes in behaviour, in 

conjunction with changes in condition (Hodges et al. 2006), could increase their vulnerability to 

predation (Keith et al. 1984, Hik 1995, Murray 2002). Increased risky behaviour could also 

increase the number of encounters with predators, causing nutritionally poor individuals to have 

higher chronic stress (Creel et al. 2009). Increased chronic stress in hares during the peak and 

decline could therefore occur in part due to the potential shortage of high quality food resources 

(Herring et al. 2011), or impaired foraging from an interaction with predation risk (Lima 1998, 

Brown and Kotler 2004). This may be particularly important during the decline phase, where 

evidence suggests hares are further being limited by predation risk, and forced to forage in a 

predator sensitive manner (Hik 1995).   
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Because of the potential for a reduction in high quality food resources to influence 

survival and reproduction, food limitation as a main driver of the cycle (Keith 1974, 1990) has 

been tested in the past, through population level food supplementation experiments across two 

cycles (Boutin 1984, Krebs et al. 1986a, 1986b), and later in conjunction with predator exclusion 

and a predator exclusion + food supplementation treatments (Krebs et al. 1995, 2001). The 

results of the latter study showed food supplementation in isolation increased densities 3-fold, 

but did not reduce the rate or timing of decline. In the predator exclusion + food supplementation 

treatment, hare densities increased 11-fold, and survival and reproduction were also higher, 

suggesting a three-trophic-level interaction in the system, however the effect was not sustained 

and the population still crashed (Krebs et al. 1995, 2001). Furthermore, food supplementation in 

isolation had minimal influence on reproductive parameters, and survival in this treatment was 

lower than controls at certain stages of the cycle. Taken together, these results prompted 

researchers to dismiss food limitation as a necessary factor in hare cycle dynamics (Krebs et al. 

2018). Given the increasing evidence of the potential for indirect effects of predators to impact 

the chronic stress and reproductive output of hares, the current theory is that snowshoe hare 

cycles are regulated primarily through direct and indirect effects of predators (Boonstra et al. 

1998a, Sheriff et al. 2011, Krebs et al. 2018, Oli et al. 2020). However, population-level food 

manipulations create potential confounds that may limit the effect of food supplementation on 

survival and reproduction (detailed below). Indeed, evidence from the previous experiment 

suggests a potential confound, as the ecological mechanisms causing food supplemented 

individuals to have lower survival rates than controls during the late decline and low phase 

remain unclear (Hodges et al. 2001).  
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FOOD SUPPLEMENTATION EXPERIMENTS 

It has been suggested that one of the best methods to test the mechanistic effect of 

external factors on population demography is through experimental manipulations (Krebs 1988, 

2002, 2009, Turkington 2009). Using a mechanistic approach allows for the direct testing of 

causal mechanisms that might affect population size, while simultaneously controlling for other 

confounding factors. Controlling for such potential confounds is rarely possible with approaches 

based on observational data (Lambin et al. 2002, Benton et al. 2006, Krebs 2009). Although 

experiments can also have limitations (such as appropriate controls, limited replicates, need for 

factorial designs), they still provide the strongest test of causality (Hunter 2001, Korpimäki et al. 

2004).  

Quantifying food resources on the landscape can be challenging (specifically measuring 

quality, quantity, and access, Sherry 1984) particularly for snowshoe hares due to changing snow 

conditions (Pease et al. 1979, Smith et al. 1988, Sinclair et al. 1988). As a result, ecologists have 

regularly employed food supplementation experiments as a mechanism for understanding how 

food limitation impacts population demography (see the reviews and papers listed in Boutin 

1990, Prevedello et al. 2013), and such experiments have been conducted on snowshoe hares 

(Krebs et al. 1986a, 2001). The majority of food supplementation experiments in population 

ecology have utilized large-scale population manipulations, where food is added to an entire 

area, in an attempt to give access to the entire population (see papers in Boutin 1990, Prevedello 

et al. 2013). Two reviews of these studies showed that density changes occur primarily through 

an increase in immigration, and the predicted improvements in survival and reproduction with 

food supplementation are inconsistent (Boutin 1990, Prevedello et al. 2013). This increase in 

immigration-driven density, however, can cause a predator-pantry effect, where high densities on 
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the food addition area can attract predators, leading to increased predation pressure, eliminating 

any potential improvement in survival due to food supplementation (Cole and Batzli 1978, Ford 

and Pitelka 1984, Huitu et al. 2003). This increased predator density could also potentially 

impact reproduction through indirect effects of predators on foraging behaviour (Creel et al. 

2007), or chronic stress (Sheriff et al. 2009). Furthermore, food addition on a broad scale can 

create unequal access to and use of the supplemental food by individuals due to dominance 

behaviour (Wirsing and Murray 2007, Newey et al. 2010). Newey et al. (2010) demonstrated this 

effect in a study on mountain hares (Lepus timidus), where more than 50% of the hares did not 

access the food when it was administered using open access feeding stations. It is therefore 

difficult to fully interpret the results from large-scale food addition experiments, as the effects 

could be confounded by the factors mentioned above. Individual-based food addition is a 

possible alternative method that could overcome the potential confounds of previous experiments 

(Boutin 1990). By feeding hares individually, the potential for density increases through 

immigration and possible pantry effects are eliminated, and access to food by targeted 

individuals can be directly monitored.  

 

THESIS OBJECTIVES AND STUDY DESIGN 

I structured this thesis around one central question: what is the role of food limitation 

over the snowshoe hare cycle? I use an individual-based food addition experiment to reveal 

potential food limitation, and its influence on cycle dynamics. My study was conducted in the 

winters from 2015-2019, at which time the snowshoe hare population in the area transitioned 

from the increase phase (2015-2016) to the peak phase (2016-2017) and into the decline phase 

(2017-2018 and 2018-2019). All my population density estimates for hares and predators (lynx 
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and coyotes [Canis rufus]) were taken from the Community Ecological Monitoring Program 

(Krebs et al. 2019), which has been ongoing in the study area over the past 4 decades. Snowshoe 

hare densities were measured every spring (April/May) and fall (September) using mark-

recapture methods (see methods described in Krebs et al. 2001). Indices of lynx and coyote 

abundance were measured each winter using track transects, where track crossings were counted 

along a 25 km transect that crossed my study area, on days after fresh snowfalls (Boutin et al. 

1995, O’Donoghue et al. 2001).  

 In Chapter 2, I examine the effect of food supplementation on snowshoe hare 

demography, by comparing the survival and reproduction of control and supplemented 

individuals. I then examine the potential mechanisms through which food limitation may 

influence demography by comparing differences (between control and supplemented hares) in 

body mass, foraging rates, vigilance behaviour, movement characteristics such as home range 

size and distance travelled per day, and habitat selection. I continue this experiment over 4 

consecutive winters in order to examine the potential effect of food limitation across natural 

variation in predation risk (i.e. predator density and predator-prey ratios). Specifically, in this 

chapter I answer the following questions: 1) Are hares food limited during the winter? 2) Does 

the degree of limitation vary with cycle phase? 3) Does food limitation influence cycle dynamics 

through condition or behavioural mechanisms, and 4) How does food limitation interact with 

predation risk?  

In Chapter 3, I further investigate potential mechanisms of food limitation on hares by 

comparing late winter hypothalamic-pituitary-adrenal (HPA) axis function and condition 

between control and supplemented hares. Chronic stress is considered to play a role in driving 

the changes in population demography during the decline. In this chapter I investigate whether 
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these stress effects could be buffered if individuals were not food limited. Furthermore, I 

examine whether the patterns of physiological changes that occurred in previous cycles were 

consistent with what I observed over my 4 study years. More specifically, I examine: 1) if access 

to abundant high quality food may buffer the effects of chronic stress, and 2) if physiological 

measures of stress and condition in hares during the increase, peak, and decline phases change in 

accordance with predictions of the chronic stress hypothesis.  

In Chapter 4, I summarize the finding of my thesis and discuss how each of the results 

connect to broaden our understanding of the role of food limitation in snowshoe hare population 

dynamics. I also discuss important research directions that are essential to understand the factors 

driving cyclic dynamics, and offer insights and directions for future food supplementation 

experiments. 

Finally, an important component of this thesis was to develop a method for providing 

individual snowshoe hares with supplemental food, and ensuring the correct individuals were 

accessing the food provided. This took substantial effort testing multiple feeding methods, and 

developing a technique to identify individuals on motion-triggered cameras. In Appendix 1, I 

discuss the methods I attempted. In Appendix 2, I describe a method for identifying individuals 

in camera studies that proved invaluable for this research. 

 

STUDY AREA 

 This study was conducted in the Kluane Lake region, in the southwestern corner of 

Yukon, Canada (61N, 138W, Figure 1.4). This region is located in the northwestern part of 

Canada’s boreal forest, and differs from the surrounding region in its relatively high elevation 

(830-1170 m) and its location in the rain shadow of the St. Elias Mountains. The canopy is 



13 
 

comprised of white spruce (Picea glauca), aspen (Populus tremuloides), and balsam poplar 

(Populus balsamifera), with shrub dominated areas mostly consisting of grey willow (Salix 

glauca) and dwarf birch (Betula glandulosa). The higher elevation results in colder climates and 

lower productivity than is found farther north in central Alaska or further east in the Yukon. 

Climate is cold (average temperature dropping below -20C in mid-winter) and semi-arid, with 

persistent snow cover from October to mid-May (Krebs et al. 2001). My study area was located 

in the Shakwak Trench, which is bounded to the northeast by the Kluane Hills and to the 

southwest by the Kluane Mountain Ranges. My three main trapping grids are located within 8 

km of each other, along an area bisected by the Alaska Highway (Figure 1.6).  
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Figure 1.1. Spring densities of snowshoe hares on a control grid (Sulphur; blue trapping area in 

Figure 1.6) over the last 43 years in the Kluane Lake area of Yukon Territory. Data collected as 

part of the Community Ecological Monitoring Program (Krebs, 2019). 
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Figure 1.2. A female snowshoe hare eating at a selective feeder (SureFeed microchip pet feeder) 

as part of the over-winter food supplementation experiment. The unique barcode pattern on the 

individual’s collar antenna (see description in Appendix 2) allows for individual identification to 

ensure the supplemented individuals are accessing the feeders.  
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Figure 1.3. An overview of the hypothalamic-pituitary-adrenal (HPA) axis in vertebrates. When 

presented with a stressor, a signaling cascade begins from the paraventricular nucleus (PVN) 

with the release of corticosteroid releasing hormone (CRH) and arginine vasopressin (AVP). 

These stimulate the anterior pituitary to release adrenocorticotropic hormone (ACTH) to the 

bloodstream, which then triggers the release of glucocorticoids (GCs) from the adrenal cortex. 

Circulating GCs are mostly bound by corticosteroid binding globulin (CBG), which is produced 

by the liver. Bound hormone is biologically inactive as it cannot pass out of the circulatory 

system. Unbound (free) GCs are able to pass into tissue and exert biological effects. 

GCs act at multiple sites within the body in order to maintain homeostasis, but prolonged 

exposure to high levels of circulating GCs can have negative effects, therefore the HPA axis is 

controlled through negative feedback of glucocorticoids binding to glucocorticoid receptors (GR) 

and mineralocorticoid receptors (MR) to inhibit further activity (denoted with a minus sign). This 

feedback acts on the PVN to cease further release of CRH and stops the stress response. Under 

acute stress conditions, the feedback mechanisms operate efficiently and are able to quickly 

return to normal (right side). However, under chronic stress, feedback signals are weakened (left 

side), causing the system to remain active for longer. Chronic stress suppresses liver CGB 

production, which leads to augmented free GC levels (adapted from Boonstra et al. 2020).  
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Figure 1.4. Snowshoe hare distribution (green) in North America (adapted from: 

https://www.hww.ca/en/wildlife/mammals/snowshoe-hare.html). The blue star represents the 

Kluane Lake area where this study was conducted. 
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Figure 1.5. The Shakwak trench in the Kluane Lake area of southwestern Yukon, Canada.  
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Figure 1.6. Location of the three trapping areas in the Kluane Lake region where I monitored 

hare survival and behaviour and conducted the food supplementation experiment.  
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CHAPTER 2 

 

INDIVIDUAL-BASED FOOD SUPPLEMENTATION REVEALS BOTTOM-UP 

LIMITATION IN SNOWSHOE HARE CYCLES 
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INTRODUCTION 

A fundamental concept that remains at the center of ecology is understanding what 

determines the abundance and distribution of species. Addressing this question improves our 

ability to predict numerical changes into the future and is critical for conserving and protecting 

species. Population growth rate in many vertebrate populations is assumed to be limited by 

resources, with food limitation being a universal primary factor limiting species, and other 

factors such as predation, social interaction and disturbances acting as secondary influences that 

have the potential to interact or override the effect of food (Taitt and Krebs 1985, Sinclair and 

Krebs 2002, Bowyer et al. 2005, White 2013). Under resource limitation, per capita resources 

decrease leading to reduced population growth rate through changes in survival, reproduction, 

and recruitment (Sinclair and Krebs 2002). Evidence for resource limitation driving demography 

of vertebrate populations from observational studies is extensive, particularly in avian systems 

(Lack 1954, 1966, Hairston et al. 1960, Sinclair 1975, White 1978, Tinbergen et al. 1985, 

Fretwell 1987, Newton 1980). Although many studies demonstrate density dependent changes in 

demographic parameters, few studies have actually quantified available resources on the 

landscape and related it back to population demography (Sinclair et al. 1985, Skogland 1985, 

Fryxell 1987, Smith et al. 1988). Quantifying resources on the landscape has many challenges 

(specifically measuring quality, quantity, and access), therefore researchers have used 

manipulative experiments, where food is provided to a population, to determine its influence on 

demography (see the reviews and papers listed in Boutin 1990, Prevedello et al. 2013). This 

approach allows for direct testing of food limitation while simultaneously controlling for 

confounding factors, which is often not possible with other methods (Lambin et al. 2002, Benton 

et al. 2006, Krebs 2009). Both Boutin (1990) and Prevedello et al. (2013) arrived at the same 
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general conclusion: contrary to expectations, density changes primarily occurred through an 

increase in immigration to the study site, and in most cases the predicted increase in survival and 

reproduction did not occur. The contradiction between theoretical predictions on the role of food 

and experimental results of resource limitation on population dynamics have yet to be reconciled.  

Results from population level food supplementation experiments may be misleading for 

two reasons. First, broad scale addition can create unequal access to and use of the supplemented 

resources (Wirsing and Murray 2007), as demonstrated with mountain hares (Lepus timidus), 

where more than 50% of individuals did not access the food provided (Newey et al. 2010). 

Secondly, the addition of food ad libitum over a large spatial area, or to open access feeding 

stations, results in high immigration rates and increased densities, which reduces per capita food 

availability (Krebs et al. 1995). High immigration and density could also cause a “predator-

pantry effect” whereby predators are attracted to the food supplemented areas, which artificially 

increases the amount of predation occurring in those areas (Cole and Batzli 1978, Ford and 

Pitelka 1984, Krebs et al. 1995, Huitu et al. 2003, Prevedello et al. 2013). This could result in the 

creation of an ecological trap, where the food addition site is perceived as high quality habitat, 

but survival and reproduction are reduced due to intense predator presence coupled with 

increased competition (Gates and Gysel 1978, Gilroy and Sutherland 2007, Prevedello et al. 

2013).  

Population cycles are one of the most broadly recognized demographic processes in 

population dynamics and occur in numerous species across the globe (Myers 2018). One 

prominent example occurs in snowshoe hares (Lepus americanus), a keystone species in the 

boreal forest that, along with the Canada lynx (Lynx canadensis), constituted the first empirical 

demonstration of a predator-prey cycle (Elton and Nicholson 1942). Throughout their range, hare 
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abundance fluctuates regularly with 10 year periodicity (Krebs et al. 2001a, 2018), and marked 

changes in demographic parameters. In particular, survival and reproduction are high during the 

increase phase and low during the decline phase of the cycle (Cary and Keith 1979, Hodges 

2000, Hodges et al. 2001, Stefan and Krebs 2001, Oli et al. 2020). The main factors hypothesized 

to drive these dynamics, based on previous research are: direct predation affecting survival 

(Boutin et al. 1986, Trostel et al. 1987, Krebs et al. 1995, 2018), indirect predation effects 

causing predator-induced stress responses (Boonstra et al. 1998a, Sheriff et al. 2009, 2011), and 

food limitation during the winter (Keith and Winberg 1978, Cary and Keith 1979, Keith et al. 

1984, Smith et al. 1988). Although predators are the major proximate cause of mortality (Boutin 

et al. 1986, Hodges 2000), direct predation is unlikely to be the sole driver of the hare cycle 

because it does not account for the significant change in hare reproduction, nor the lag in 

recovery of the hare population following predator declines (Cary and Keith 1979, Boonstra et 

al. 1998b, Sheriff et al. 2015). Food limitation as a main driver of the cycle (Keith 1974, 1990) 

has been tested through population level food supplementation experiments across two cycles 

(Boutin 1984, Krebs et al. 1986a, 1986b), and later in conjunction with predator exclusion and a 

predator exclusion + food supplementation treatments (Krebs et al. 1995, 2001b). Food 

supplementation in isolation increased densities 3-fold, but was unable to reduce the rate of 

decline. Hare densities increased 11-fold in the predator exclusion + food supplementation 

treatment, and survival and reproduction were also higher, suggesting a three-trophic-level 

interaction in the system, but the effect was not sustained and populations still crashed (Krebs et 

al. 1995, 2001b). These results prompted researchers to dismiss food limitation as a necessary 

factor in hare cycle dynamics, with current consensus having since moved to direct and indirect 

effects of predators mediated through predator-induced stress (Boonstra et al. 1998a, Sheriff et 
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al. 2009). However, evidence from the experiment suggests a potential predator-pantry effect 

during the late decline and low phase, as hares on purely food supplemented grids had lower 

survival rates than controls during this time (Hodges et al. 2001). Further manipulations that may 

reduce this potential confound are therefore required to understand the role of food limitation on 

hare population cycles. 

Food may be limiting in terms of quantity, quality, or accessibility, particularly during the 

winter as hares rely on the small terminal twigs of shrubs, which have lower digestibility and 

nutrient content (Keith et al. 1984, Sinclair et al. 1988, Smith et al. 1988, DeAngelis et al. 2015). 

Additionally, secondary compounds increase with plant regrowth, which may lead to relative 

food limitation through increased plant defenses after periods of heavy browsing (Bryant 1981, 

Fox and Bryant 1984). Although starvation is rare in this species (<10% of hares die of 

starvation; Boutin et al. 1986, Feierabend and Kielland 2015), per capita changes in food 

availability at the peak of the cycle could have a strong influence on body condition resulting in 

changes in reproductive performance (Stefan and Krebs 2001), as well as changes in behaviour 

that may lead to decreased survival, contributing to a population decline (Pease et al. 1979, Keith 

1983).  

Lower food availability or quality could affect foraging behaviour, space use, and 

movement, as individuals may be required to spend more time foraging, and travel greater 

distances to satisfy their daily energetic requirements. These changes in behaviour caused by 

food shortages could lead to increased predation risk by increasing their vulnerability or the 

frequency of encounters with predators (Keith et al. 1984, Hik 1995, Murray 2002). In this 

situation, higher predation risk combined with lower food availability may force hares to trade-

off finding food with avoiding predators (McNamara and Houston 1987, Sinclair and Arcese 
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1995). Predator sensitive foraging (PSF) may be especially relevant for hares, as areas with high 

quality food resources (i.e. shrub habitat) are considered the most risky (Hik 1995). When trying 

to balance food and safety, individuals can choose to change their foraging strategies (i.e. how 

long, when, and where to forage) or their apprehension levels (i.e. time devoted to scanning, 

known as vigilance; Brown 1999). However, these decisions carry physiological costs that can 

reduce survival and reproduction, causing such antipredator responses to be condition dependent 

(McNamara and Houston 1987, Kotler et al. 2004, Matassa et al. 2016, Oates et al. 2019). 

Individuals in better condition, or with more abundant resources, can reduce risky behaviour 

when predation risk increases, improving their chances of survival (McNamara and Houston 

1987, Sinclair and Arcese 1995).  

Food availability may also disproportionately impact hares in different age classes, since 

sub-adult hares enter the winter smaller in body size, which affects their foraging requirements, 

predator avoidance strategies, and mortality risk (Hodges et al. 2006, Peers 2020). Finally, these 

effects of food limitation may depend on cycle phase, with decreased survival and reproduction 

from food limitation halting population increase at the peak, and predation causing the decline 

(Keith et al. 1984). A disproportionate effect on sub-adult hares may also cause a stronger effect 

of food limitation during the increase, when population growth is more strongly dependent on 

juvenile survival and recruitment. Disentangling the impact of food limitation on hare behaviour 

and demography across age classes and cycle phases requires experimental approaches that are 

not hindered by the negative effects of broad scale feeding mentioned above.  

Here, I use an individual-based food supplementation experiment on snowshoe hares to 

determine: 1) if hares are food limited, 2) if the degree of limitation varies with cycle phase, and 

3) whether food limitation influences cycle dynamics through condition or behavioural 
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mechanisms. Individual hares were fed supplemental food throughout four winters during the 

late increase, peak and decline phases of the cycle using selective feeders that allowed access to 

specified microchipped hares eliminating the potential for immigration and density increase 

arising from population-wide food supplementation. I monitored survival and reproductive 

output of supplemented vs. control individuals to determine the effect of food on demographic 

parameters. To determine the condition and behavioural mechanisms through which food may be 

affecting hare demography, I monitored body mass, foraging, and vigilance behaviour using 

accelerometers, and movement and habitat selection using GPS data. If hares are food limited, I 

predict supplemented hares will have increased survival rates and reproductive output, 

potentially through decreased foraging activity, movement, and selection of safer habitats, as 

well as decreased overwinter mass loss. If food and predation interact to limit hares, then I 

predict supplemented hares will have improved survival and reproduction, but with the effect 

diminishing as predation increases over the study. If food limitation has phase specific effects, I 

predict the influence of food to occur primarily in the peak, with no effect during the decline. 

Overall, this work will provide important information on the role of food in the snowshoe hare 

cycle and help determine the degree that population-level manipulations may have missed the 

demographic impacts of food limitation.  

 

METHODS 

Study area 

I conducted this study in the Kluane Lake area in the southwest Yukon, Canada (61N, 

138W), where studies of snowshoe hares have been ongoing for the last four decades (Krebs et 

al. 2018, Oli et al. 2020). Vegetation cover is northern boreal forest with a tree canopy consisting 



37 
 

primarily of white spruce (Picea glauca) with smaller patches of trembling aspen (Populas 

tremuloides) and balsam poplar (Populus balsamifera). The shrub layer is dominated by grey 

willow (Salix glauca) and dwarf birch (Betula glandulosa). Climate is cold (average low -14C 

in mid-winter) and semi-arid, with persistent snow cover from October to mid-May. The main 

predators of snowshoe hares in the region are Canada lynx (Lynx canadensis) and coyote (Canis 

latrans), as well as avian predators such as goshawk (Accipiter gentilis) and great-horned owl 

(Bubo virginianus).  

My study occurred throughout the four winters from 2015 to 2019, during which 

snowshoe hares were in the late increase (2015-16), peak (2016-17) and decline (2017-18, 2018-

19) phases of their population cycle (Krebs, CJ, unpublished data). All population density 

estimates for hares, and predators (lynx and coyotes) were taken from the long term Community 

Ecological Monitoring Project (Krebs, CEMP). Snowshoe hare densities are monitored each 

autumn and spring using mark-recapture (see methods described in Krebs et al. 2001b). Indices 

of lynx and coyote abundance were determined each winter using track transects, where track 

crossings were counted along a 25-km transect that traversed my study area, on days after fresh 

snowfalls when tracks were distinguishable (Boutin et al. 1995, O’Donoghue et al. 2001).   

 

Monitoring snowshoe hare demography and behaviour 

Between September 2015 and May 2019, snowshoe hares were captured approximately 

every 3 weeks using Tomahawk live-traps (Tomahawk Live Trap Co. Tomahawk, WI, USA) 

baited with rabbit pellets (Hi-Pro Feeds, Sherwood Park, Alberta, Canada), alfalfa cubes (Alfa 

Tec, Legal, Alberta, CA), and apple slices. Traps were set 30 minutes before sunset and checked 
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4 hours after sunset. Trapping occurred on three separate trapping areas within 8 km of each 

other (see Figure 1.6 in General Introduction).  

All newly captured hares received an eartag (Monel #3 National Band and Tag Co., 

Newport Kentucky) and at each capture, tag number, sex, right hind foot length (RHF), mass, 

and reproductive condition were recorded (Krebs et al. 2001b). To observe the effects of my 

treatment on different age classes, at the beginning of each winter season I scored hares I trapped 

as sub-adults and adults. Adults consisted of previously tagged individuals known to be >1 year 

old, while sub-adults were individuals who were caught for the first time. Therefore my 

classification of sub-adults assumes that newly-caught hares represent juveniles and not 

dispersing adults to my study site given that instances of dispersing adults are relatively rare 

(Boutin 1984, Boutin et al. 1985). Hares caught during the winter in areas trapped for the first 

time were excluded from the age analysis as it was not possible to assign an age class.  

Female hares caught and weighing over 1100g were fitted with VHF collars (Model 

SOM2380, Wildlife Materials Inc., USA), containing a GPS unit (Gypsy 5, Technosmart, 

Guidonia, Rome, Italy) and an accelerometer (model Axy3, 4 g, Technosmart, Rome, Italy) as 

equipment was available. I monitored hare survival daily between November and May from 

2015 to 2018 and January to May in 2019. All transmitters emitting a mortality signal were 

located and cause of mortality was determined when possible through the presence of tracks in 

snow, scats, feathers, pellets and proportion of carcass remaining (Hodges et al. 2001). GPS units 

were set to record a location at either 5 minute, 15 minute or 30 minute intervals. For each 

location, the unit recorded 10 fixes and I averaged the last four fixes for my location data to 

improve precision (Technosmart pers. comm). Accelerometers, used to measure hare behaviour, 



39 
 

rested on the dorsal side of the neck and recorded acceleration on 3 dimensional axes at 1 Hz 

with a resolution of +/- 8 g-forces (Studd et al. 2019).  

Hares can give birth to up to 4 litters in one summer, but I focused on the first litter, 

which is born mid to late-May, as I assumed that this litter was most likely to be affected by 

winter food availability (Hik 1994). Beginning in late April, I monitored pregnancy progression 

through palpation and when females were estimated to be within 24-48 hours of giving birth, I 

placed individuals in 0.6m x 1.2m maternity pens and provided ad libitum food (fresh browse 

and rabbit pellets) and water daily (O’Donoghue and Krebs 1992). I aimed to monitor a 

minimum of 10 individuals from each treatment group in each study year. Females were placed 

in maternity pens close to where they were trapped. Once the females had given birth, I 

determined the sex, mass, and length of the RHF of each leveret. After handling, the juveniles 

and mother were released. All handling and collaring procedures were approved by the 

University of Alberta Animal Care and Use Committee (Protocol: AUP00001973). 

 

Food supplementation  

During the four study years, I conducted a supplementary feeding experiment throughout 

the winter months (November to May in all years except 2018-2019, when supplementation 

began in January). Food supplementation was stopped when females gave birth to their first litter 

in May. Females captured in October were assigned to either the food supplemented or control 

treatment until I reached a sample size of at least 20 food supplemented females. Individuals 

were placed in either treatment based on proximity to other hares, in order to maximize my food 

supplementation treatment and limit the number of feeders required. Once assigned to a 

treatment group, hares remained in that treatment and were monitored for the entirety of the 
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study or until they dispersed or died. However, control animals in a small number of 

circumstances (n=3) were added to the food treatment in later years to maintain sample size in 

the food supplementation group despite a shrinking population. Each autumn, newly trapped 

individuals were added to existing treatment groups based on the criteria above. Supplemented 

females had microchip pit tags attached to their telemetry collars which allowed them to access 

commercial rabbit pellets ad libitum (Table 2.S1), from selective feeders (SureFeed Microchip 

Pet Feeder, Sure Petcare, Cambridge, UK), while control females could not access the feeders 

(Figure 1.2). The feeders could hold approximately 200g of rabbit pellets and the food was 

replenished or replaced every second or third day. Each supplemented female had access to 

every feeder (14), but females used between one and three different feeders. In all years, the 

home ranges of control and supplemented hares overlapped, which allowed us to compare 

supplemented and control hares living in the same area. At each feeder, I placed a motion 

triggered camera (no-glow, infrared PC900 HyperfireTM RECONYX, Inc., Holmen, Wisconsin, 

USA) to determine if hares in the food supplement treatment were utilizing the food. I identified 

individual hares captured on camera using unique barcode patterns made of heat shrink that were 

attached to their collar antenna and were reflective under infrared light of a camera flash (see 

antenna pattern note in appendix for details). Most hares spent only a small portion of their 

active time at feeders (<1 hour/day), and thus the majority of their time was spent participating in 

other activities and behaviours outside of feeder use. I scored if food supplemented hares visited 

a feeder each day and calculated the proportion of nights they visited a feeder throughout their 

time in the study for each year. I also used the cameras to confirm that no control hares gained 

access to the supplemental food. 
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Statistical analyses 

Effect of food supplementation on survival 

Across the four years, I monitored the survival of 224 female hares (161 control and 63 

food supplemented) daily throughout the winter for a total of 275 individual hare years. I 

assessed the influence of food supplementation on over-winter survival using a semiparametric 

Cox proportional hazards model. I used a right-censored design with time-at-risk (days) based on 

time since the start of the food supplementation (November 1st in all years except January 1st for 

2018-2019). Only individuals captured in the 30 days after the start date of the experiment each 

winter were included as the addition of new individuals throughout the season can bias survival 

estimates (Murray and Bastille-Rousseau 2020). I grouped all causes of death (i.e. lynx, coyote, 

birds of prey, and unknown predator) in my models, and censored individuals because of the 

removal of their collar prior to the completion of the study (n=2). I suspected collared hares that 

went missing and were never subsequently re-trapped (n=23) to represent collar failure caused 

by extreme cold temperatures (-30 ºC) at the time of mortality, as opposed to dispersers because 

1) I went searching for these hares and listened for VHF collar signals well beyond the common 

dispersal distances of this species (Windberg and Keith 1976, Boutin et al. 1985), 2) food 

supplemented individuals that went missing stopped being detected on camera at the feeder at the 

same time as their VHF signal went missing, and 3) a Cox-proportional hazards model detected a 

significant effect of temperature on censoring (Peers 2020). I therefore examined treatment 

effects on survival using models that classified collar failures as mortality events. However, 

models that censored missing individuals revealed qualitatively similar results (Table 2.S5). 

I used a model selection approach and built Cox proportional hazards (CPH) models that 

included all combinations of treatment, year, and their interaction. Each of these models satisfied 
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the proportionality assumption of CPH models (Murray and Bastille-Rousseau 2020). I then 

plotted the survival differences between treatment groups using Kaplan-Meier curves for each 

year using the survfit function in the survival package in R (Therneau and Lumley 2020). To 

assess if the effect of food differed between age classes, I ran a separate model selection and 

built CPH models on the subset of animals where age was known, that included treatment, age 

and their interaction while including year as a random effect.  

 

Effect of food supplementation on reproductive output 

I examined the effect of food supplementation on total litter mass, number of offspring 

(litter size), individual leveret mass, and length of right hind foot (RHF). I tested for normality in 

each response variable using the Shapiro-Wilk test (Shapiro and Wilk 1965). For analyses where 

normality was not satisfied, I used generalized linear models with a gamma distribution and log 

link, or a Poisson distribution for my analysis of number of offspring. I used a model selection 

approach and built candidate mixed models for each response variable that included all 

combinations of treatment, year, and their interaction as predictors, and individual ID as a 

random variable. I selected the best model using ∆AICc, corrected for small sample size 

(Burnham and Anderson 2002). To determine if the effect of food on reproduction differed 

between age classes, I ran a separate model selection analysis for each response variable and 

built candidate models on a subset of animals where age was known. Candidate models included 

all combinations of treatment, age, and their interaction as predictors, and individual ID and year 

as random variables. All models were built in the R package glmmTMB (Magnusson et al. 

2017).  
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Effect of food supplementation on body mass  

I monitored the body mass of 319 females (254 control and 71 supplemented) to look at 

monthly mass differences between supplemented and control hares across the four study years. 

As above, I used a model selection approach and built linear mixed models that included all 

combinations of treatment, year, and their interaction as predictors, and month as a random 

variable. To graph the changes in body mass I focused on late winter (February, March, April), 

which is when the majority of winter mass loss occurs (Figure 2.S2) and when food may be most 

limiting (Hik 1995). To examine how food supplementation impacted mass for individuals in 

each age class, I used the same model approach as above on a subset of individuals where age 

was known (n=212 total all years) and created linear mixed models with treatment, age, and their 

interaction as predictors, and month and year as random variables.  

 

Effect of food on behaviour 

Foraging and vigilance 

During my study, I monitored the winter foraging behaviour of 92 female hares equipped 

with AXY-3 accelerometers (Technosmart Europe Srl., Rome, Italy) for a total of 10,496 hare-

days. I calculated the daily time spent foraging for each individual according to the behaviour 

classifications developed by Studd et al. (2019). The foraging behaviour represented feeding 

mixed with single hop movements, and was classified over 4s intervals with an accuracy of 

93.1% (Studd et al. 2019). Overall, I was able to distinguish resting, foraging, and travel 

behaviour at 88% accuracy based on the classification (Studd et al. 2019). I calculated the daily 

time spent foraging for each individual in late winter from February to April, and only included 

individuals that were monitored for greater than 6 days. To examine the effect of food 
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supplementation on daily time spent foraging, as well as the potential variation across age 

classes, I used the same model selection framework as my analysis of body mass. I further 

extended the behaviour classifications validated by Studd et al. (2019) to include short bouts of 

not moving while animals were active as an index of vigilance, with long bouts of not moving 

indicating rest (see Studd et al. unpublished). I defined short bouts as a consecutive not moving 

period with a duration < 5 minutes in between bouts of foraging. Therefore, in my study I 

assumed animals with more frequent short bouts of not moving while foraging were more 

vigilant. I calculated the proportion of foraging time spent vigilant using the following formula: 

𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑓𝑜𝑟𝑎𝑔𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑠𝑝𝑒𝑛𝑡 𝑣𝑖𝑔𝑖𝑙𝑎𝑛𝑡 =
𝑣𝑖𝑔𝑖𝑙𝑎𝑛𝑐𝑒 𝑡𝑖𝑚𝑒

(𝑣𝑖𝑔𝑖𝑙𝑎𝑛𝑐𝑒 𝑡𝑖𝑚𝑒 + 𝑓𝑜𝑟𝑎𝑔𝑖𝑛𝑔 𝑡𝑖𝑚𝑒)
 

I examined the effect of treatment and year on proportion of foraging time vigilant using the 

same model selection framework as above, for individuals that had > 6 days of accelerometer 

data for the corresponding season. 

 

Home range 

GPS location data was subsampled to obtain a location per 30 minutes for all analyses. For 

each analysis, I focused on the late winter/early spring (February to April), as I expect the effect 

of food limitation to be most pronounced during this time (Hik 1995). I estimated snowshoe hare 

home range size using kernel density estimation, with the total home range boundaries defined as 

the 95% isopleth (Feierabend and Kielland 2014). I used all locations sub-sampled to 30 minutes, 

and only included hares with a minimum of 50 locations in that season (mean number of 

locations 798 ± 104, range: 54-2282). I also verified that the number of locations was not 

correlated with home range size (see Figure S4). To examine the effect of food supplementation 

and year on home range size, I used a model selection approach and built candidate linear 
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models that included all combinations of treatment, year and their interactions as predictors. I 

selected the best model using the Akaike information criterion (∆AICc), corrected for small 

sample size (Burnham and Anderson 2002). All linear models were built in the R package 

glmmTMB (Magnusson et al. 2017). 

 

Distance travelled 

To examine the effects of food supplementation on movement, I measured distance (m) 

travelled per day, and only included days for each individual that had a minimum of 20 locations. 

Distances were estimated by summing the distance between GPS fix locations for a 24 hour 

period. I examined the mean daily distance travelled for each individual that had a minimum of 7 

days of monitoring. As above, I used a model selection approach to examine the effects of food 

supplementation and year on mean daily distances travelled, and built candidate linear models 

that included year, treatment and their interaction as predictors. I selected the best model using 

∆AICc, corrected for small sample size (Burnham and Anderson 2002).  

 

Habitat selection 

I compared third order selection (Johnson 1980) by supplemented and control snowshoe 

hares for each year using a land cover map developed by Boudreau et al. (2019), which classifies 

habitat into six different classes (roads, cliff faces, barren ground, aspen, shrubs, and conifers). 

This map was made using high (0.5m) resolution three-band satellite imagery data (taken by 

Worldview 2, Sept 2010), which allowed for a wide spectral response from the vegetation due to 

fall foliage (Boudreau 2019). Land cover map accuracy of the two dominant classes (conifer, 

shrub) was verified using ground-truthing to specific locations, and was deemed to be 75.6% 
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accurate (Boudreau 2019). I used a selection ratio approach to examine habitat selection in 

snowshoe hares because all covariates used were categorical. I compared land cover type at hare 

locations to random locations (5 random to 1 hare location) within their yearly 95% UD (i.e. 

Feb-Apr), and calculated selection of conifer and shrub for each individual that had a minimum 

of 50 locations that year. Individual selection ratios were summarized across each treatment and 

year, and bootstrapped (500 times) to acquire 95% confidence intervals. Each bootstrapped 

dataset included resampled individual selection ratios, with replacement, until the number of 

selection ratios in the resample (i.e. for each treatment and year) equaled the original dataset. 

 

RESULTS 

Hare and predator densities 

The hare population showed a 5.7-fold change in spring density over the study which 

covered the late increase, peak, and decline phases of the cycle (Figure 2.1). Maximum densities 

occurred in spring of 2017 (1.25 hares/ha) and minimum densities occurred in spring of 2019 

(0.22 hares/ha). Given the year to year changes I observed (Figure 2.1), I considered 2015-16 to 

be the increase, 2016-17 the peak, and 2017-18 and 2018-19 to be the decline. The predator 

population (lynx and coyotes) across the study was highest in the winters of 2016-2017 (33.6 

predators/100 km2) and 2017-2018 (33.2 predators/100 km2). Densities were roughly 2/3 

maximum densities in 2015-2016 (22 predators/100km2) and dropped to their lowest in 2019 

(18.2 predators/100km2). Predator-prey ratio calculated as the number of predators (lynx and 

coyote) per hare in 100 km2 (hare numbers calculated as mean between fall and spring densities) 

was lowest in 2015-2016 (0.0025 predators/hare) and increased each year to its highest in 2018-

2019 (0.0043 predators/hare, Figure 2.2).  



47 
 

Effect of food supplementation on survival 

The proximate cause of mortality in both treatment groups was predation (99.4% of 

known mortalities). Overall, six-month winter survival for food supplemented hares (0.61 ± 0.12 

95% confidence interval) was double that of control hares (0.33 ± 0.08 CI) across the four study 

years (Figure 2.3). Food supplemented hares had 6-month survival rates between 0.45 and 0.71 

whereas control hares ranged from 0.19 to 0.38 with the lowest values in 2015-16 and the highest 

values in 2016-17. The top model explaining risk included a treatment and year interaction (w = 

0.62, Table 2.S3), and the only other model within 2 ∆AICs included treatment and year (w = 

0.36). Food supplementation significantly reduced the risk of mortality across my study (Hazard 

Ratio = 0.18, 95% Confidence Interval (CI): 0.08-0.43, p = 0.0001) and the effect of food varied 

across years (Table 2.S4). Food supplementation had the strongest effect in the increase phase 

(2015-2016) when food supplemented hares had survival rates 3 times higher than controls (0.71, 

CI: 0.55-0.94 vs. 0.19, CI: 0.12-0.32, p < 0.0001). This was also the year when survival of 

control hares was lowest. Food supplemented individuals also survived significantly better in the 

first year of decline (2017-2018; control = 0.27, CI: 0.15-0.49, supplemented = 0.59, CI: 0.43-

0.80, p = 0.01). However, the difference in survival between supplemented and control hares was 

not significant in the peak (2016-2017; control = 0.38, CI: 0.27-0.54, treatment = 0.58, CI: 0.42-

0.82, p = 0.1) or in the second year of the decline (2018-2019; control = 0.30, CI: 0.18-0.50, 

supplemented = 0.45, CI: 0.28-0.73, p = 0.4), although in both years survival of supplemented 

individuals was higher than controls, and much of the food effect was dampened by improved 

control survival. Food supplementation had a similar effect on both sub-adult and adult mortality 

risk across all years (Figure 2.4), as the top model included age and treatment with no interaction 

effect (w = 0.55), and the only other model within 2 ∆AICs included a treatment and year 
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interaction (w = 0.28). Age had a significant effect on mortality risk, with adults having lower 

risk than sub-adults (HR = 0.67, CI: 0.46-0.97, p = 0.03, Table 2.S7).   

 

Effect of food supplementation on reproduction 

Food supplementation improved each measure of reproductive output except for the 

number of offspring produced (Figure 2.5). Overall, females receiving supplemental food 

produced larger leverets (mass and RHF) than control females, which led to a 23% greater total 

litter mass. The top model explaining total litter mass included treatment and year (w = 0.68), 

and the only other model within 2 ∆AICs included treatment only (w = 0.25). Food 

supplementation significantly increased total litter mass across all four study years (36.52g ± 

11.23 standard error (SE), p = 0.001). Total litter mass also varied across study years in both 

treatment groups with the highest average total mass produced in the peak phase (2017; control = 

192.55g ± 25.61 95% Confidence Interval (CI), supplemented = 259.22g ± 49.36 CI) and the 

lowest average total mass occurring in the second year of decline (2019; control = 158.55g ± 

28.73 CI, supplemented = 196.00g ± 57.06 CI, Figure 2.5a). Food supplementation had similar 

effects on total litter mass for mothers in both age classes as treatment and age were in the top 

model (w = 0.43, Table 2.S10) and both supplementation (23.67g ± 11.73 SE, p = 0.04) and age 

(39.28g ± 10.57 SE, p = 0.0002) had significant effects (Table 2.S11). The only other model 

within 2 ∆AICs included a treatment and age interaction (w = 0.29). Number of offspring did not 

vary across my study, and food supplementation did not have an effect on number of offspring 

produced as the null was the top model (w = 0.70; Table 2.S12, and Figure 2.5b), however the 

next model within 2 ∆AICs included treatment (w = 0.26). 
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Food supplemented hares gave birth to individuals that were 14.4% larger, with leverets 

from fed hares having an average mass of 62.78g ± 1.60 CI, vs 53.74g ± 1.80 CI for controls 

(Figure 2.5c). The top model explaining individual mass included a treatment and year 

interaction (w = 0.97). Food supplementation had a significant effect on leveret mass in the peak 

(2017; 0.20g ± 0.07 SE, p = 0.002) and both years of decline (2018; 0.24g ± 0.07 SE, p < 0.001 

and 2019; 0.26g ± 0.08 SE, p = 0.002) relative to the increase phase (2016). However, individual 

leveret mass also decreased significantly in both treatment groups in the first (2018; -0.18g ± 

0.06 SE, p = 0.003) and second year of decline (2019; -0.28g ± 0.07 SE, p = 0.0001). Food 

supplementation effects on individual leveret mass varied between age classes, as the top age-

specific model explaining individual leveret mass included a treatment and age interaction (w = 

0.55, Table 2.S16), and the only other model within 2 ∆AICs included treatment and year (w = 

1.34). Food supplementation had a smaller effect on adults compared to sub-adults (-0.11g ± 

0.06 SE, p = 0.06), and both supplementation (0.16g ± 0.05 SE, p = 0.002) and age (0.11g ± 0.04 

SE, p = 0.009) had a significant effect on individual leveret mass (Table 2.S17). 

RHF was significantly larger for leverets born to food supplemented mothers by 4.9% 

(supplemented = 36.89mm ± 0.91 CI vs. control = 35.10mm ± 1.1 CI; Figure 2.5d) and the effect 

size of supplementation varied among years as the top model explaining RHF included a 

treatment and year interaction (w = 0.95). Leverets from food supplemented mothers had larger 

RHF lengths in the peak (2017; 0.09mm ± 0.03 SE, p < 0.001) and both decline years (2018; 

0.08mm ± 0.03 SE, p = 0.008 and 2019; 0.09mm ± 0.03 SE, p = 0.007) relative to the increase 

phase. However, similar to individual mass, RHF in both groups decreased significantly in the 

first (2018; -0.07mm ± 0.02 SE, p < 0.01) and second (2019; -0.18mm ± 0.03 SE, p < 0.0001) 

years of decline. Food supplementation had similar effects on RHF in both age classes of adults 
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as the top model included treatment and age (w = 0.67, Table 2.S20), and age had a significant 

effect (0.02mm ± 0.01 SE, p = 0.02, Table 2.S21).  

 

Effect of food supplementation on body mass  

On average, snowshoe hares from both the control and supplementation groups lost mass 

over winter beginning in January in each year (Figure S2). Food supplementation reduced mass 

loss and supplemented individuals were on average 8% heavier in late winter than controls 

across my study (137.24g ± 32.63 SE, p < 0.0001). The effect of food on late winter body mass 

varied between years as the top model explaining body mass included a treatment and year 

interaction (w = 1.00, Table 2.S22). In reference to the increase (2016), the effect of food was 

significantly reduced in the first year of decline (2018; -84.41g ± 40.98 SE, p = 0.03; Figure 

2.6a). Late winter body mass also varied across years for both groups as late winter body mass 

was significantly heavier in the peak (2017; 62.56g ± 22.59 SE, p= 0.005), and first year of 

decline (2018; 95.58g ± 27.95 SE, p = 0.0006), relative to the increase phase (2016). Individual 

body mass in the second year of decline (2019) compared to the increase (2016), did not differ 

significantly (-11.34g ± 28.63 SE, p < 0.69). Food supplementation had similar significant 

effects on late winter mass in both age classes as the top model included treatment and age (w = 

0.72), with adults being larger than sub-adults (113.59g ± 18.20 SE, p = 0.0001, Figure 2.6b). 

The only other model within 2 ∆AICs included a treatment and age interaction (w = 0.28; see 

Table 2.S24).   
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Effect of food supplementation on foraging and vigilance behaviour 

Feeder use varied among individuals throughout the winter, but remained consistent 

across the increase, peak and early decline with hares using feeders an average of 82.5% ± 3% 

CI of nights per winter (Figure 2.S1). However in the second year of decline, feeder use dropped 

substantially, with hares only using the feeder 49% ± 9% CI of nights per winter.  

Across years, hares reduced their daily time spent foraging as winter progressed, with 

daily averages being lowest in late winter (Figure 2.S3). Food supplemented individuals foraged 

1 hour less per day in late winter than controls (-1.05h ± 0.23 SE, p < 0.0001), with average daily 

foraging rate being 9.85h ± 0.36 CI per day for controls, and 8.89h ± 0.37 CI per day for food 

supplemented individuals (Figure 2.7a). The top model explaining daily foraging rate in late 

winter included both treatment and year (w = 0.82). Daily foraging rate varied across years for 

both control and supplemented individuals with a decrease of 2.5 hours per day from the increase 

(2016; daily foraging time for control = 11.73h ± 0.40 CI, supplemented = 9.98h ± 1.16 CI) to 

the second year of decline (2019; control = 8.76h ± 0.43 CI, supplemented = 7.64h ± 0.53 CI). 

Relative to the increase phase (2016), daily foraging rate was significantly lower in the peak 

(2016-2017; -1.64h ± 0.28 SE, p < 0.0001), in the first year of decline (2017-2018; -1.33h ± 0.29 

SE, p < 0.0001) and in the second year of decline (2019; -2.78h ± 0.30 SE, p < 0.0001). Food 

supplementation had a similar effect on both age classes, with the top model including treatment 

and age (w = 0.67), although the next model within 2 ∆AICs included a treatment and age 

interaction (w = 0.33). In both groups sub-adults foraged more per day than adult hares (-1.01h ± 

0.20 SE, p < 0.0001). 

In late winter food supplemented hares foraged less per day than controls, but spent a 

higher proportion of that time vigilant, with control hares spending 28.2% ± 0.02% CI of their 
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foraging time vigilant, and food supplemented hare spending 32.0% ± 0.01% CI of their foraging 

time vigilant (Figure 2.7b). The top model explaining vigilance behaviour in late winter included 

both treatment and year (w = 0.87). Food supplemented individuals significantly increased the 

proportion of foraging time spent vigilant (0.03 ± 0.01 SE, p = 0.003). Relative to the increase 

phase (2016), the proportion of foraging time spent vigilant increased significantly in the peak 

(2017; 0.08 ± 0.01 SE, p < 0.0001), in the first year of decline (2018; 0.08 ± 0.01 SE, p < 0.0001) 

and in the second year of decline (2019; 0.07 ± 0.02 SE, p < 0.0001). Food supplementation had 

a similar effect on both age classes, as the top model included both treatment and age (w = 0.60), 

however similar to the foraging models, the next model within 2 ∆AICs included a treatment and 

age interaction (w = 0.40), suggesting a potentially small interaction effect. In both the control 

and treatment group, adults spent a greater proportion of their foraging time vigilant than sub-

adults (0.05 ± 0.01 SE, p < 0.0001).  

 

Home range size 

Snowshoe hares in late winter had an average home range size of 7.74ha ± 1.66 CI for 

controls, and 5.82ha ± 1.41 CI for supplemented individuals pooled across years. The top model 

explaining home range size included year (w = 0.70), however the next top model within 2 

∆AICs included both year and treatment (w = 0.29). In the candidate model that included year 

and treatment, the effect of food supplementation was non-significant (-0.10ha ± 0.13 SE, p = 

0.44). Year had a significant effect on home range size, with a 334% increase in home range size 

occurring between the lowest and highest years (Figure 2.8a). In both the control and 

supplemented hares, the smallest home ranges occurred in the peak (2017: control = 3.11ha ± 

0.74 CI, supplemented = 3.28ha ± 1.41 CI), and the largest home ranges occurred in the second 
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year of decline (2019: control = 11.18ha ± 2.93 CI, supplemented = 9.30ha ± 4.62 CI). Relative 

to the increase phase, home range size significantly decreased in the peak (2017; -0.648ha ± 0.18 

SE, p = 0.0003), did not differ in the first year of decline (2018; -0.246ha ± 0.17 SE, p = 0.15) 

and significantly increased in the second year of decline (2019; 0.481ha ± 0.17 SE, p = 0.004).  

 

Distance travelled 

Across the four years in late winter, control hares travelled 971.24 m/day ± 89.98 (95% 

CI), and supplemented hares 848.29 m/day ± 57.85 CI (Figure 2.8b). The top model explaining 

distance travelled included treatment and year (w = 0.70). Food supplementation significantly 

reduced daily distance travelled by 100 m/day (-104.28m ± 48.87 SE, p = 0.03). Daily distance 

travelled varied significantly among years, with the shortest travel distances occurring in the 

peak (2016; control = 742.38m ± 150.58 CI, supplemented = 715.97m ± 146.58 CI), and the 

longest occurring in the second year of decline (2019; control = 1087.29m ± 181.79 CI, 

supplemented = 942.33m ± 126.82 CI), representing a 142% change in distance travelled per day 

(Figure 2.8b). Relative to the increase phase (2016), distance travelled per day was similar in the 

peak (2017; -137.04m ± 78.53 SE, p = 0.08) and first year of decline (2018; 68.62m ± 71.91 SE, 

p = 0.34), but was significantly greater in the second year of decline (2019; 153.87m ± 70.80 SE, 

p=0.03). 

 

Habitat selection 

 The proportion of conifer habitat available in individual hare home ranges in late winter 

(based on 500 randomly generated points) ranged from 0.22 to 0.98. Food supplemented 

individuals had qualitatively higher conifer and fewer shrub habitat available relative to controls 
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(Figure S5), although this effect was not significant (p = 0.16). Relative to the increase (2016), 

hares in both groups established their home ranges in areas with a higher proportion of conifer in 

the peak (2017; 0.10 ± 0.04 95% CI, p = 0.01), first year of decline (2018; 0.11 ± 0.04 CI, p = 

0.004), and second year of decline (2019; 0.07 ± 0.04 CI, p = 0.06, Figure S5a). This pattern was 

reflected in the proportion of shrub habitat available in individual hare home ranges for control 

and supplemented hares, which ranged from 0.01 to 0.33. Individuals had decreased availability 

of shrub in their home range during the peak (2017; -0.04 ± 0.02 CI, p = 0.04) and first year of 

decline (2018; -0.04 ± 0.02 CI, p = 0.03), with a smaller effect in the second year of decline 

(2019; -0.03 ±0.02 CI, p = 0.07, Figure S5b) relative to the increase phase (2016).   

Food supplemented individuals selected for conifer habitat in late winter in the increase 

(2016; selection ratio = 1.04, 95% CI: 0.99-1.09), peak (2017; 1.04, CI: 1.01-1.07) and second 

year of decline (2019; 1.03, CI: 1.01-1.06), and showed no selection in the first year of decline 

(2018; 0.98, CI: 0.93-1.02; Figure 2.9a). In contrast, control individuals showed selection against 

conifer in the increase phase (2016; 0.93, CI: 0.88-0.98), no selection in the peak (2017; 1.01, 

CI: 0.98-1.04) and first year of decline (2018; 1.03, CI: 1.00-1.06), and selection towards conifer 

in the second year of decline (2019; 1.08, CI: 1.03-1.14; Figure 2.9a, Table 2.S40). Food 

supplemented individuals did not use shrub habitat different from what was available in any year 

(Figure 2.9b). Control individuals selected for shrubs in the increase phase (2016; 1.16, CI: 1.02-

1.29), but showed no significant patterns of selection in the peak (2017; 1.09, CI: 0.93-1.25), or 

decline phases (2018; 1.01, CI: 0.92-1.13 and 2019; 1.02, CI: 0.91-1.14).  
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DISCUSSION 

My goal was to re-examine the role of food limitation on snowshoe hare demography, 

and determine its contribution to cyclic dynamics. To avoid potential density dependent effects 

associated with area-wide food additions, I conducted an individual-based food supplementation 

experiment on female snowshoe hares and measured their demographic and behavioural 

responses across the increase, peak, and decline phases of the cycle. Consistent with the 

prediction that hares are food limited, supplemented individuals had higher over-winter survival 

than controls (Figure 2.4), with rates higher than those observed during the early increase phase 

of previous cycles (Hodges et al. 2001). Supplemented hares also increased first litter 

reproductive output (biomass), but not number of offspring (litter size, Figure 2.5), with their 

offspring mass and RHF length resembling measurements found in the early increase phases 

(Stefan and Krebs 2001). The effect of food supplementation on demography may have been 

driven by multiple factors, as supplemented individuals had larger body mass, lower foraging 

rates, and more time spent vigilant than control individuals throughout the winter (Figures 2.6, 

2.7). As well, food supplemented hares travelled less distance per day and displayed higher 

selection for conifer habitat, potentially limiting interactions with predators in the increase and 

peak phases (Figure 2.8, 2.9). Overall, my results suggest hares are food limited during the 

winter, which results in decreased survival and reproduction potentially through changes in body 

mass and behaviour. However, I found that the effects of food on survival were diminished in the 

second year of decline, suggesting predation risk is more important in driving population 

declines.  

Contrary to previous large scale food manipulations, my results showed that food 

supplementation can improve both survival and reproduction, suggesting seasonal food 
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limitation may contribute to the demographic changes occurring throughout the cycle (Hodges et 

al. 2001). Several different mechanisms may have led to this improvement in the supplemented 

individuals. Snowshoe hares typically lose mass throughout winter, particularly in the later 

months (Figure S2), but with supplementation hares maintained a late winter body mass 6-8% 

higher than control animals. Maternal body mass has been linked to reproductive output and 

quality as heavier females are able to allocate more resources to their offspring during pre- and 

post- natal stages, which leads to increased offspring mass and survival in several species (Keith 

and Winberg 1978, Cary and Keith 1979, Clutton-Brock et al. 1996, Ronget et al. 2018). Food 

limitation may also affect offspring survival, as offspring mass is a reliable predictor of survival 

in birds and mammals (Garnett 1981, Monteith et al. 2014, Ronget et al. 2018), and has been 

linked to higher over-winter survival in juvenile snowshoe hares (Peers 2020).  

Higher body condition in supplemented hares may have also decreased their vulnerability 

to predators, as previous work has shown that hares killed by predators had lower marrow fat 

percentages than random individuals (Hodges et al. 2006). Indeed, hares must forage often in 

order to maintain body mass since their resting metabolic reserves only last 2-4 days in winter 

(Whittaker and Thomas 1983), which leaves them vulnerable to changes in food availability and 

predation risk. Separate from condition, food supplementation may have impacted demography 

through behavioural changes, in particular foraging, vigilance, and movement behaviour. Food 

supplemented individuals foraged and travelled less distance per day than controls, which may 

have reduced encounters with predators (Verdolin 2006), as well as reduced their energetic 

demands. Under increasing predation risk, both control and supplemented hares showed a greater 

level of vigilance, but supplemented individuals maintained higher vigilance levels across my 

study. These results demonstrate that given enough food resources hares can modify their anti-
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predator behaviours to improve their chances of survival. However, there seems to be a 

maximum level of vigilance that can be sustained as both groups maintain a consistent level of 

vigilance across the peak and decline, despite an increasing predator prey ratio. 

The effect of food on demography varied with cycle phase, suggesting phase specific 

effects of food limitation on the hare cycle as suggested by Keith et al. (1984). Food 

supplementation had the largest effect on survival during the increase phase, suggesting food 

limitation may play an important role in setting peak densities (Keith 1983, Smith et al. 1988). 

The effect of food on survival during the increase phase is likely caused by several factors, 

however, habitat selection may be particularly important at this time. Food supplemented 

individuals selected for conifer forest in the increase phase, while controls selected for shrub 

dominated areas consisting primarily of grey willow and dwarf birch. Shrub habitat is considered 

riskier than conifer, with the majority of hare mortalities occurring in open habitat (Hik 1995). I 

suspected food limitation may have a disproportionate effect on age classes during the increase 

phase, as population growth is more strongly dependent on recruitment at this time (Hodges et al. 

2001), and juveniles may be particularly vulnerable to food limitation as they enter the winter 

smaller in body size and have higher foraging requirements (Hodges et al. 2006, Peers 2020). 

However, my results show that food supplementation had a similar effect on both age groups for 

most response variables measured (see Supplementary Tables), suggesting age-specific effects of 

food limitation are unlikely to play an important role during the increase phase. 

Similar to the large-scale Kluane experiments, improved survival of supplemented 

individuals was not sustained into the second year of decline (Hodges et al. 2001), and 

reproductive output for both treatments was lowest at this time (Stefan and Krebs 2001). Overall, 

this indicates that other mechanisms may have a larger effect than food limitation on changes in 
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demography observed during a population decline (Keith et al. 1984). In particular, my results 

may indicate that behaviourally mediated effects of predation may be particularly important 

during the decline phase (Hik 1995). The predator-sensitive foraging hypothesis predicts that 

animals will prioritize survival and minimize exposure by decreasing foraging time and choosing 

safer habitat at the cost of their condition (McNamara and Houston 1987, Sinclair and Arcese 

1995). During the second year of decline, which coincided with the highest predator-prey ratio 

during my study (Figure 2.2), both control and supplemented individuals spent the least amount 

of time foraging and had the smallest body mass. Furthermore, during the second year of decline, 

supplemented hares used the feeders at nearly half the rate of previous years (Figure S1). This 

suggests that even if food is unlimited, increased predation risk may prevent hares from 

accessing high quality resources (Zanette et al. 2013). Based on my results, a potential 

mechanism driving the demographic changes observed during the decline phase is that hares are 

limited through an interaction with food limitation and high predation risk, forcing hares to 

balance low quality forage and anti-predator behaviours (Keith et al. 1984, Hik 1995).  

Although reproduction was lowest during the decline phase, which may be related to 

lower late-winter body mass (Cary and Keith 1979), I still observed significant effects of food 

supplementation on reproductive output in terms of leveret body mass and skeletal size (Figure 

2.5c,d). Therefore, although survival appears unaffected by food availability during this phase, 

reproduction may be improved if hares had access to higher quality resources. The snowshoe 

hare cycle is characterized by a reduction in reproductive output during the decline phase (Krebs 

et al. 2001a, Stefan and Krebs 2001), and my results indicate that any bottom-up influence on 

cycle dynamics during the decline likely occurs through reproduction. However, reproductive 

changes observed across the cycle primarily occur through the loss of litters born later in the 
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summer (Stefan and Krebs 2001). Winter food limitation may influence late-litter reproduction, 

as previous studies have shown that changes in body mass of female hares over-winter are 

positively correlated with total number of offspring produced over a summer, as well as 

pregnancy rates (Keith and Winberg 1978, Cary and Keith 1979, Royama 1992). However, 

future research should examine the effect of winter food supplementation on late litter 

reproductive output including the potential compensatory effects of summer forage.   

Home range size and distance travelled likely had little influence on the patterns of 

survival observed between treatment groups during my study. Based on previous research 

(Boutin 1984, Kauhala et al. 2005), I predicted that food supplementation would decrease home 

range size and distance travelled per day, but food supplementation had no effect on home range 

size, and the effect on distance travelled was small relative to yearly differences (Figure 2.8). 

Yearly changes in movement behaviour did not follow patterns in predator-prey ratios observed, 

suggesting home range behaviour is not driven by predation risk. Instead, movement rates in 

snowshoe hares may have been influenced by yearly changes in climate variables, as patterns in 

home range size and distance travelled closely matched yearly changes in snow depth (see 

supplement Table 2.S2), and snow conditions can influence home range size and animal 

movement rates (Drolet 1976, Massé and Côté 2013, Droghini and Boutin 2018).  

Individual-based food manipulation showed a significant improvement in demographic 

parameters that were contrary to past studies of hares at Kluane (Hodges et al. 2001) and the 

majority of large-scale supplementation experiments (Boutin 1990, Prevedello et al. 2013). My 

results indicate that in snowshoe hares, food limitation may be a mechanism causing the 

transition from population growth to decline, setting peak abundance. Yearly differences in the 

effect of my food supplementation, and the diminished survival effect during the decline phase 
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support the potential for phase-specific effects of food limitation on this species (Keith et al. 

1984), and the interaction effect of food and predation as the mechanism for the demographic 

changes seen in the decline. More broadly, my research provides further evidence that results 

from past population-level food manipulation experiments may be misleading due to the 

potential biases mentioned earlier, and should not be the primary source for inferring resource 

limitation affecting population demography. Future studies should move beyond large-scale 

manipulations, and utilize individual-based experimental methods that mitigate confounds 

hindering these previous experiments. Food supplementation experiments have provided 

enormous advances to our understanding of resource limitation and regulation, however, 

revisiting some of the classic studies with individual approaches may provide new insight and 

reconcile the disparity between observational and experimental research. This will further our 

understanding of the factors that set population abundance, which is critical to improve our 

ability to forecast species demography into the future.  
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Figure 2.1. Changes in spring snowshoe hare density (hares/hectare) in my study areas from 

2010-2019, shown as mean density ± 95% confidence intervals (Sulphur grid CEMP data; Krebs, 

2019). The shaded portion represents the years over which my study was conducted (2015-

2019).  
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Figure 2.2. Changes in mid-winter lynx and coyote densities presented as predator density per 

100 km2 (dashed/blue) and the ratio of lynx and coyote to snowshoe hares presented as the 

predator-prey ratio (solid/red) over the increase (2015-2016), peak (2016-2017) and decline 

(2018 and 2019) phases of the cycle (CEMP data; Krebs, 2019). 
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Figure 2.3. Kaplan-Meier curves showing overwinter 6-month survival probability of food 

supplemented (blue) and control (red) snowshoe hares with 95% confidence intervals for each 

winter during the (a) increase (2015-16; control n=64, supplemented n=21), (b) peak (2016-17; 

control n=52, supplemented n=24), (c) decline 1 (2017-18; control n=30, supplemented n=29) 

and (d) decline 2 (2018-19; control n=35, supplemented n=20). Curves begin on November 1st in 

(a), (b), and (c), and January 1st in (d).  
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Figure 2.4. Average age-specific winter mortality risk ± 95% confidence intervals for food 

supplemented (blue) and control (red) snowshoe hares across the four winters of my study based 

on a Cox-proportional hazards model with year as a random variable.  
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Figure 2.5. The effect of food supplementation on (a) total litter mass, (b) litter size (number of 

offspring), (c) individual leveret mass and (d) right hind foot size, between the control (red) and 

food supplemented (blue) individuals across the increase (2015-2016), peak (2016-2017) and 

decline (2017-2018, 2018-2019) phases of the cycle. Values represent means ± 95% confidence 

intervals. The following are sample sizes for the mothers in the increase (control n=8, 

supplemented n=12), the peak (control n=11, supplemented n=9), decline 1 (control n=13, 

supplemented n=16) and decline 2 (control n=11, supplemented n=6), and sample sizes for the 

offspring of control and supplemented mothers in panel (c) and (d) in the increase (control n=25, 

supplemented n=43), peak (control n=36, supplemented n=34), decline 1 (control n=52, 

supplemented n=57) and decline 2 (control n=38, supplemented n=20). 
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Figure 2.6. Average individual body mass during late winter (Feb-Apr) for control (red) and 

food-supplemented (blue) snowshoe hares for (a) all individuals, or (b) separated by age class 

during the increase (2015-2016; control n=40, supplemented n=20), peak (2016-2017; control 

n=40, supplemented n=17), decline 1 (2017-2018; control n=30, supplemented n=22) and 

decline 2 (2018-2019; control n=37, supplemented n=13) phases of the cycle. Values represent 

mean ± 95% confidence intervals. 
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Figure 2.7. Daily time spent foraging (a) and the proportion of foraging time spent vigilant (b) 

during the late winter (Feb-Apr) for control (red) and food-supplemented (blue) snowshoe hares 

during the increase (2016; control n=10, supplemented n=8), peak (2017; control=18, 

supplemented=12), and decline (2018; control=18, supplemented=16, and 2019; control=22, 

supplemented=10) phases of the cycle. Values represent mean ± 95% confidence intervals.  
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Figure 2.8. Average (a) home range size ± 95% confidence intervals in hectares and (b) the 

average distance travelled per day ± 95% confidence intervals between control (red) and food 

supplemented (blue) snowshoe hares in late winter (Feb-Apr) during the increase (2016; control 

n=9, supplemented n=8), peak (2017; control n=11, supplemented n=8) and decline (2018; 

control n=11, supplemented n=16 and 2019; control n=26, supplemented n=10) phases of the 

cycle.  
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Figure 2.9. Habitat selection ratios for (a) conifer and (b) shrub between control (red) and 

supplemented (blue) snowshoe hares in late winter (Feb-Apr) during the increase (2016; control 

n=9, supplemented n=8), peak (2017; control n=11, supplemented n=8), and decline (2018; 

control n=11, supplemented n=14, and 2019; control n=25, supplemented n=10) phases of the 

cycle. Selection ratios are shown as means with bootstrapped 95% confidence intervals. 

Estimates above 1 indicate selection and estimates below 1 indicate avoidance. If the confidence 

interval does not overlap zero the relationship is significant.  
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SUPPLEMENTARY MATERIAL CHAPTER 2 

 
 

Figure 2.S1. Proportion of days in the study that food supplemented hares visited a feeder during 

the increase (2015-2016), peak (2016-2017), decline 1 (2017-2018) and decline 2 (2018-2019) 

phases of the cycle shown as mean percentage of days ± 95% confidence intervals. 

 

 

 

 
 
 
 
 
 
 
 
 
 



82 
 

 
 

Figure 2.S2. Average monthly body mass of food supplemented (blue) and control (red) 

snowshoe hares from November to April during the (a) increase (2015-2106), (b) peak (2016-

2017), (c) first year of decline (2017-2018) and (d) second year of decline (2018-2019) phases of 

the cycle. Box plots represent the mean mass comparing the two treatments groups, with 5% and 

95% quantiles and 95% confidence intervals. The dotted line represents 1500 grams.  
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Figure 2.S3. The average daily foraging activity of food supplemented (blue) and control (red) 

female snowshoe hares during the (a) increase (2015-2016), (b) peak (2016-2017), (c) first year 

of decline (2017-2018) and (d) second year of decline (2018-2019). Box plots represent the 

mean daily foraging per hour averaged for the whole month comparing the two treatments 

groups, with 5% and 95% quantiles and 95% confidence intervals. The dotted horizontal line 

represents 12 hours.  
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Figure 2.S4. The relationship between home range size (ha) in late winter for each snowshoe 

hare and the number of GPS locations used to estimate the corresponding home range size for 

that individual. 
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Figure 2.S5. Proportion of (a) conifer and (b) shrub available in individual snowshoe hare home 

ranges shown as mean ± confidence intervals between control (red) and food supplemented 

(blue) snowshoe hares during the increase (2015-2016), peak (2016-2017) and decline (2017-

2018 and 2018-2019) phases of the cycle. 
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Table 2.S1. Nutritional information of the Hi-Pro Feeds rabbit pellets used in the food 
supplementation experiment on snowshoe hares. 
 

  
Nutrients Content 

Calories (kcal/kg) 2320 

Carbohydrates 59% 

Crude protein (min) 17% 

Crude Fat (min) 2% 

Crude Fiber (min) 16% 

Crude Fiber (max) 18% 

Calcium (min) 0.6% 

Calcium (max) 1.0% 

Phosphorous 0.5% 

Salt (min) 0.2% 

Salt (max) 0.6% 

Potassium (min) 1.4% 

Vitamin A (min) 5000IU/lb 
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Table 2.S2. Mean temperature (C), snow depth (cm) and maximum snow depth (cm) on my 
study grids in late winter (February, March, and April) as well as the approximate snow off date, 
during the increase (2015), peak (2016), and decline (2018-2019) phases of the cycle. 
 

Cycle phase 
Mean 

temperature  
(C) 

Mean snow 
depth  
(cm) 

Max. snow  
depth  
(cm) 

Approximate 
snow  

off date 

Increase (2015-
2016) 

-3.9 25.9 46.0 April 19 

Peak (2016-
2017) 

-9.8 55.6 76.7 May 11 

Decline 1 
(2017-2018) 

-9.0 46.3 65.2 May 3 

Decline 2 
(2018-2019) 

-7.1 22.2 37.1 April 10 

 
 
Table 2.S3. Model selection of Cox proportional hazards models on hare mortality risk showing 
the number of parameters (k), change in AICc from the best ranked model (∆AICc), and Akaike 
model weights (w). 
 
Model k ∆AICc w 

Treatment * Year  7 0.00 0.62 
Treatment + Year 4 1.06 0.36 
Treatment  1 6.62 0.02 
Year  3 23.35 0.00 
Null 0 29.27 0.00 

 
 
Table 2.S4. Hazard ratio (± std. error), z values and p values from the top supported model from 
the model selection of CPH models on hare mortality risk. Bolded values represent parameter 
estimates with p<0.05. 
 

Fixed effects HR SE z p 
Treatment 0.186 0.433 -3.889 <0.0001 
Year (2016-2017) 0.495 0.226 -3.111 0.002 
Year (2017-2018) 0.654 0.255 -1.660 0.097 
Year (2018-2019) 0.951 0.250 -0.201 0.84 
Treatment : Year (2016-2017) 3.124 0.564 2.020 0.04 
Treatment : Year (2017-2018) 2.291 0.561 1.477 0.14 
Treatment : Year (2018-2019) 3.956 0.565 2.433 0.02 
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Table 2.S5. Hazard ratio (± std. error), z values and p values from the CPH that treated 23 
missing hares as censored instead of mortality events. Bolded values represent parameter 
estimates with p<0.05. 
 

Fixed effects HR SE z p 
Treatment 0.190 0.474 -3.500 0.0005 
Year (2016-2017) 0.495 0.250 -2.811 0.005 
Year (2017-2018) 0.656 0.282 -1.493 0.14 
Year (2018-2019) 1.155 0.259 0.555 0.58 
Treatment : Year (2016-2017) 3.390 0.611 1.997 0.05 
Treatment : Year (2017-2018) 2.525 0.609 1.522 0.13 
Treatment : Year (2018-2019) 3.916 0.598 2.284 0.02 

 
 
Table 2.S6. Model selection of Cox proportional hazards models on age specific hare mortality 
risk with year as a random variable showing the number of parameters (k), change in AICc from 
the best ranked model (∆AICc), and Akaike model weights (w). 
 
Model k ∆AICc w 

Treatment + Age  6 0.00 0.55 
Treatment* Age  7 1.32 0.28 
Treatment  5 2.35 0.17 
Age  5 11.78 0.00 
Null 4 13.13 0.00 

 
 
Table 2.S7. Hazard ratio (± std. error), chi-squared values, and p values from the top supported 
model from the model selection of CPH models on age specific hare mortality risk with year as a 
random variable. Bolded values represent parameter estimates with p<0.05. 
 

Fixed effects HR SE X2 p 

Treatment  0.485 0.196 -3.685 0.0003 

Age 0.669 0.191 -2.101 0.03 
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Table 2.S8. Model selection of generalized linear mixed models on total litter mass with 
individual as a random variable showing the number of parameters (k), change in AICc from the 
best ranked model (∆AICc), and Akaike model weights (w). 
 
Model k ∆AICc w 

Treatment + Year  7 0.00 0.68 
Treatment  4 1.99 0.25 
Treatment* Year  10 5.46 0.04 
Year  6 7.65 0.01 
Null 3 9.67 0.01 

 
 
Table 2.S9. Coefficients (± std. error), z values, and p values from the top supported model from 
the model selection of GLMMs on total litter mass with individual as a random variable. Bolded 
values represent parameter estimates with p < 0.05.  
 

Fixed effects β SE z p 
Intercept 172.475 12.821 13.453 <0.0001 
Treatment 36.516 11.228 3.252 0.001 
Year (2016-2017) 29.131 14.468 2.014 0.04 
Year (2017-2018) 22.429 13.950 1.608 0.11 
Year (2018-2019) -8.956 16.848 -0.532 0.60 

 
 
Table 2.S10. Model selection of generalized linear mixed models on total litter mass between 
age classes with individual and year as random variables showing the number of parameters (k), 
change in AICc from the best ranked model (∆AICc), and Akaike model weights (w).  
 
Model k ∆AICc w 

Treatment + Age  6 00.00 0.53 
Treatment* Age  7 0.29 0.46 
Treatment  5 10.26 0.00 
Null 4 16.65 0.00 
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Table 2.S11. Coefficients (± std. error), z values, and p values from the top supported model 
from the model selection of GLMMs on total litter mass between age classes with individual and 
year as random variables. Bolded values represent parameter estimates with p < 0.05. 
 

Fixed effects β SE z p 
Intercept 168.55 10.78 15.630 <0.0001 
Treatment 23.67 11.73 2.018 0.04 
Age 39.28 10.57 3.717 0.0002 

 
 
Table 2.S12. Model selection of generalized linear mixed models on number of offspring with 
individual as a random variable showing the number of parameters (k), change in AICc from the 
best ranked model (∆AICc), and Akaike model weights (w). 
 
Model k ∆AICc w 

Null 2 0.00 0.70 
Treatment  3 1.99 0.26 
Year  5 6.39 0.03 
Treatment + Year  6 8.55 0.01 
Treatment* Year  9 15.30 0.00 

 
 
Table 2.S13. Model selection of generalized linear mixed models on number of offspring 
between age classes with individual and year as random variables showing the number of 
parameters (k), change in AICc from the best ranked model (∆AICc), and Akaike model weights 
(w). 
 
Model k ∆AICc w 

Null 2 0.00 0.98 
Treatment +  6 8.70 0.01 
Treatment + Age  7 10.57 0.00 
Treatment* Age  8 12.36 0.00 
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Table 2.S14. Model selection of generalized linear mixed models on individual leveret mass 
with mother ID as a random variable showing the number of parameters (k), change in AICc 
from the best ranked model (∆AICc), and Akaike model weights (w). 
 
Model k ∆AICc w 

Treatment* Year  10 0.00 0.97 
Treatment + Year  7 6.66 0.03 
Year  6 15.78 0.00 
Treatment  4 27.55 0.00 
Null 3 30.92 0.00 

 
 
Table 2.S15. Coefficients (± std. error), z values, and p values from the top supported model 
from the model selection of GLMMs on individual leveret mass with mother ID as a random 
variable. Bolded values represent parameter estimates with p < 0.05.  
 

Fixed effects β SE z p 
Intercept 4.134 0.050 82.46 <0.0001 
Treatment -0.060 0.061 -0.97 0.33 
Year (2016-2017) -0.067 0.055 -1.23 0.22 
Year (2017-2018) -0.182 0.061 -3.01 0.003 
Year (2018-2019) -0.282 0.067 -4.22 <0.0001 
Treatment : Year (2016-2017) 0.200 0.066 3.01 0.003 
Treatment : Year (2017-2018) 0.240 0.072 3.32 0.0009 
Treatment : Year (2018-2019) 0.257 0.083 3.10 0.002 

 
 
Table 2.S16. Model selection of generalized linear mixed models on individual leveret mass 
between age classes with mother ID and year as random variables showing the number of 
parameters (k), change in AICc from the best ranked model (∆AICc), and Akaike model weights 
(w). 
 
Model k ∆AICc w 

Treatment* Age  7 0.00 0.55 
Treatment + Age  6 1.34 0.28 
Treatment  5 2.50 0.16 
Null 4 9.75 0.00 
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Table 2.S17. Coefficients (± std. error), z values, and p values from the top supported model 
from the model selection of GLMMs on individual leveret mass between age classes with mother 
ID and year as random variables. Bolded values represent parameter estimates with p < 0.05. 
 

Fixed effects β SE z p 
Intercept 3.937 0.043 91.97 <0.0001 
Treatment 0.156 0.050 3.17 0.002 
Age 0.112 0.043 2.61 0.009 
Treatment* Age -0.107 0.058 -1.85 0.064 

 
 
Table 2.S18. Model selection of generalized linear mixed models on right hind foot length with 
mother ID as a random variable showing the number of parameters (k), change in AICc from the 
best ranked model (∆AICc), and Akaike model weights (w). 
 
Model k ∆AICc w 

Treatment* Year  10 0.00 0.95 
Treatment + Year  7 6.33 0.04 
Year  6 9.01 0.04 
Null 3 89.14 0.00 
Treatment  4 90.67 0.00 

 
 
Table 2.S19. Coefficients (± std. error), z values, and p values from the top supported model 
from the model selection of GLMMs on right hind foot length with mother ID as a random 
variable. Bolded values represent parameter estimates with p < 0.05. 
 

Fixed effects β SE z p 
Intercept 3.624 0.021 173.44 <0.0001 
Treatment -0.038 0.026 -1.46 0.14 
Year (2016-2017) -0.039 0.022 -1.77 0.08 
Year (2017-2018) -0.069 0.025 -2.77 0.006 
Year (2018-2019) -0.178 0.028 -6.38 <0.0001 
Treatment : Year (2016-2017) 0.094 0.027 3.47 0.0005 
Treatment : Year (2017-2018) 0.078 0.030 2.61 0.009 
Treatment : Year (2018-2019) 0.092 0.034 2.66 0.008 
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Table 2.S20. Model selection of generalized linear mixed models on right hind foot length 
between age classes with mother ID and year as random variables showing the number of 
parameters (k), change in AICc from the best ranked model (∆AICc), and Akaike model weights 
(w).  
 
Model k ∆AICc w 

Treatment + Age  6 0.00 0.67 
Treatment* Age  7 2.10 0.23 
Treatment  5 3.80 0.10 
Null 3 5.69 0.04 

 
 
Table 2.S21. Coefficients (± std. error), z values, and p values from the top supported model 
from the model selection of GLMMs on right hind foot length between age classes with mother 
ID and year as random variables. Bolded values represent parameter estimates with p < 0.05. 
 

Fixed effects β SE z p 
Intercept 3.535 0.031 114.26 <0.0001 
Treatment 0.018 0.017 1.06 0.288 
Age 0.029 0.012 2.43 0.015 

 
 
Table 2.S22. Model selection of generalized linear mixed models on mass with individuals as a 
random variable showing the number of parameters (k), change in AICc from the best ranked 
model (∆AICc), and Akaike model weights (w).  
 
Model k ∆AICc w 

Treatment * Year  10 0.00 1.00 
Treatment  4 14.39 0.00 
Year  6 17.54 0.00 
Treatment + Year 7 25.66 0.00 
Null 3 36.28 0.00 
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Table 2.S23. Coefficients (± std. error), z values, and p values from the top supported model 
from the model selection of GLMMs on mass with individual as a random variable. Bolded 
values represent parameter estimates with p < 0.05. 
 

Fixed effects β SE z p 
Intercept 1441.55 19.55 73.73 <0.0001 
Treatment 137.24 32.63 4.21 <0.0001 
Year (2016-2017) 62.56 22.59 2.77 0.005 
Year (2017-2018) 95.58 27.95 3.42 <0.001 
Year (2018-2019) -11.34 28.63 -0.40 0.69 
Treatment :Year (2016-2017) -12.07 36.81 -0.33 0.74 
Treatment :Year (2017-2018) -84.41 40.98 -2.06 0.04 
Treatment :Year (2018-2019) -49.49 44.95 -1.10 0.27 

 
 
Table 2.S24. Model selection of generalized linear mixed models explaining mass between age 
classes with month and year as random variables showing the number of parameters (k), change 
in AICc from the best ranked model (∆AICc), and Akaike model weights (w). 
 
Model k ∆AICc w 

Treatment + Age  5 0.00 0.72 
Treatment* Age  6 1.90 0.28 
Treatment  4 33.26 0.00 
Null 3 64.79 0.00 

 
 
Table 2.S25. Coefficients (± std. error), z values, and p values from the top supported model 
from the model selection of GLMMs on mass between age classes with month and year as 
random variables. Bolded values represent parameter estimates with p < 0.05. 
 

Fixed effects β SE z p 
Intercept 1411.60 21.18 66.65 <0.0001 
Treatment 114.35 18.42 6.21 <0.0001 
Age 113.59 18.20 6.24 <0.0001 
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Table 2.S26. Model selection of generalized linear mixed models on daily foraging in late winter 
with individual as a random effect, showing the number of parameters (k), change in AICc from 
the best ranked model (∆AICc), and Akaike model weights (w).  
 
Model k ∆AICc w 

Treatment + Year 7 0.00 0.82 
Treatment * Year 10 2.99 0.18 
Year 6 16.71 0.00 
Treatment 4 58.80 0.00 
Null 3 65.81 0.00 

 
 
Table 2.S27. Coefficients (± std. error), z values, and p values from the top supported model 
from the model selection of GLMMs on daily foraging in late winter. Bolded values represent 
parameter estimates with p < 0.05. 
 

Fixed effects β SE z p 
Intercept 11.531 0.256 45.13 <0.0001 
Treatment -1.052 0.227 -4.64 <0.0001 
Year 3 -1.635 0.276 -5.94 <0.0001 
Year 4 -1.331 0.289 -4.61 <0.0001 
Year 5 -2.779 0.297 -9.36 <0.0001 

 
 
Table 2.S28. Model selection of generalized linear mixed models on daily time spent foraging in 
late winter between age classes with individual and year as random variables showing the 
number of parameters (k), change in AICc from the best ranked model (∆AICc), and Akaike 
model weights (w).  
 
Model k ∆AICc w 

Treatment + Age  6 0.00 0.67 
Treatment * Age  7 1.46 0.33 
Treatment  5 20.96 0.00 
Null 4 33.73 0.00 
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Table 2.S29. Coefficients (± std. error), z values, and p values from the top supported model 
from the model selection of GLMMs on time spent foraging in late winter between age classes 
with individual and year as random variables. Bolded values represent parameter estimates with  
p < 0.05. 
 

Fixed effects β SE z p 
Intercept 10.544 0.474 22.232 <0.0001 
Treatment -0.854 0.227 -3.776 <0.001 
Age -1.011 0.196 -5.155 <0.0001 

 
 
Table 2.S30. Model selection of generalized linear mixed models on daily proportion of time 
spent vigilant while foraging in late winter with individual as a random variable, showing the 
number of parameters (k), change in AICc from the best ranked model (∆AICc), and Akaike 
model weights (w).  
 
Model k ∆AICc w 

Treatment + Year 7 0.00 0.87 
Treatment * Year 10 4.56 0.09 
Year 6 6.07 0.04 
Treatment 4 25.45 0.00 
Null 3 31.07 0.00 

 
 
Table 2.S31. Coefficients (± std. error), z values, and p values from the top supported model 
from the model selection of GLMMs on daily proportion of time spent vigilant while foraging in 
late winter with individual as a random variable. Bolded values represent parameter estimates 
with p < 0.05. 
 

Fixed effects β SE z p 
Intercept 0.219 0.012 17.633 <0.0001 
Treatment 0.032 0.011 3.004 0.003 
Year 3 0.082 0.014 5.881 <0.0001 
Year 4 0.080 0.014 5.544 <0.0001 
Year 5 0.065 0.015 4.411 <0.0001 
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Table 2.S32. Model selection of generalized linear mixed models on daily proportion of time 
spent vigilant while foraging in late winter between age classes with individual as a random 
variable, showing the number of parameters (k), change in AICc from the best ranked model 
(∆AICc), and Akaike model weights (w).  
 
Model k ∆AICc w 

Treatment + Age 6 0.00 0.60 
Treatment * Age 7 0.82 0.40 
Treatment 5 22.92 0.00 
Null 4 27.39 0.00 

 
 
Table 2.S33. Coefficients (± std. error), z values, and p values from the top supported model 
from the model selection of GLMMs on daily proportion of time spent vigilant while foraging in 
late winter between age classes with individual as a random variable. Bolded values represent 
parameter estimates with p < 0.05. 
 

Fixed effects β SE z p 
Intercept 0.250 0.016 16.113 <0.0001 
Treatment 0.022 0.011 2.035 0.04 
Age 0.053 0.010 5.410 <0.0001 

 
 
Table 2.S34. Model selection of generalized linear mixed models on home range size, with 
individual as a random effect,  showing the number of parameters (k), change in AICc from the 
best ranked model (∆AICc), and Akaike model weights (w).  
 
Model k ∆AICc w 

Year  6 0.00 0.70 
Treatment + Year  7 1.71 0.29 
Treatment * Year 10 8.51 0.01 
Treatment 4 38.84 0.00 
Null 3 39.02 0.00 
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Table 2.S35. Coefficients (± std. error), z values, and p values from the top supported model 
from the model selection of GLMMs on home range size. Bolded values represent parameter 
estimates with p < 0.05. 
 

Fixed effects β SE z p 
Intercept 1.842 0.150 12.242 <0.0001 
Treatment -0.101 0.130 -0.778 0.44 
Year 3 -0.648 0.178 -3.639 0.0003 
Year 4 -0.246 0.170 -1.443 0.15 
Year 5 0.481 0.168 2.881 0.004 

 
 
Table 2.S36. Model selection of generalized linear mixed models on home range size between 
age classes, with individual as a random effect, showing the number of parameters (k), change in 
AICc from the best ranked model (∆AICc), and Akaike model weights (w).  
 
Model k ∆AICc w 

Null 4 0.00 0.61 
Treatment 5 1.80 0.25 
Treatment + Age 6 3.48 0.11 
Treatment * Age 7 5.82 0.03 

 
 
Table 2.S37. Model selection of generalized linear mixed models on distance travelled per day, 
with individual as a random effect,  showing the number of parameters (k), change in AICc from 
the best ranked model (∆AICc), and Akaike model weights (w).  
 
Model k ∆AICc w 

Treatment + Year 7 0.00 0.70 
Year 6 2.04 0.26 
Treatment * Year 10 5.91 0.03 
Treatment 4 9.75 0.01 
Null 3 12.66 0.00 
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Table 2.S38. Coefficients (± std. error), z values, and p values from the top supported model 
from the model selection of GLMMs on distance travelled per day. Bolded values represent 
parameter estimates with p < 0.05. 
 

Fixed effects β SE z p 
Intercept 918.36 62.14 14.779 <0.0001 
Treatment -104.28 48.87 -2.134 0.03 
Year 3 -137.04 78.53 -1.745 0.08 
Year 4 68.62 71.91 0.954 0.34 
Year 5 153.87 70.80 2.173 0.03 

 
 
Table 2.S39. Model selection of generalized linear mixed models on distance travelled per day 
between age classes, with individual and year as a random variables, showing the number of 
parameters (k), change in AICc from the best ranked model (∆AICc), and Akaike model weights 
(w).  
 
Model k ∆AICc w 

Treatment 4 0.00 0.60 
Treatment + Age 5 1.97 0.22 
Null 3 3.45 0.11 
Treatment * Age 6 4.12 0.08 

 
 
Table 2.S40. Selection ratios (with 95% bootstrapped confidence intervals) of conifer and shrub 
for control (n=9, 11, 11, 25) and supplemented (n=8, 8, 14, 10) snowshoe hares during the 
increase (2017), peak (2018), and decline (2018 and 2019) phases of the cycle.  
 

 CONTROL TREATMENT 
YEAR Conifer Shrub Conifer Shrub 

Increase (2016) 0.93 
(0.88-0.98) 

1.16 
(1.02-1.29) 

1.04 
(0.99-1.09) 

1.02 
(0.92-1.10) 

Peak (2017) 1.01 
(0.98-1.04) 

1.09 
(0.93-1.25) 

1.04 
(1.01-1.07) 

0.91 
(0.80-1.03) 

Decline 1 (2018) 1.03 
(1.00-1.06) 

1.01 
(0.92-1.13) 

0.98 
(0.93-1.02) 

1.00 
(0.84-1.20) 

Decline 2 (2019) 1.08 
(1.03-1.14) 

1.02 
(0.91-1.14) 

1.03 
(1.01-1.06) 

0.95 
(0.86-1.06) 
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Table 2.S41. Coefficients (± std. error), z values, and p values from the generalized linear mixed 
model on the availability of conifer habitat in individual home ranges. Bolded values represent 
parameter estimates with p < 0.05. 
 

Fixed effects β SE z p 
Intercept 0.653 0.031 21.259 <0.0001 
Treatment 0.035 0.025 1.419 0.156 
Year 3 0.098 0.040 2.511 0.012 
Year 4 0.105 0.037 2.850 0.004 
Year 5 0.066 0.035 1.893 0.058 

 
 
Table 2.S42. Coefficients (± std. error), z values, and p values from the generalized linear mixed 
model on the availability of shrub habitat in individual home ranges. Bolded values represent 
parameter estimates with p < 0.05. 
 

Fixed effects β SE z p 
Intercept 0.165 0.015 11.391 <0.0001 
Treatment -0.018 0.012 -1.523 0.128 
Year 3 -0.039 0.018 -2.098 0.04 
Year 4 -0.038 0.017 -2.161 0.03 
Year 5 -0.029 0.017 -1.763 0.08 
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CHAPTER 3 

 

 

IMPACT OF SUPPLEMENTAL FOOD AND CYCLE PHASE ON THE STRESS 

PHYSIOLOGY OF SNOWSHOE HARES 
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INTRODUCTION 

Of major importance to ecologists is understanding how environmental variation impacts 

population demography. One mechanism through which environmental factors influence 

demography is by affecting the physiological state of individuals (Christian 1950). These factors, 

termed environmental stressors, can be any abiotic or biotic factors that challenge individuals, 

requiring them to adjust their physiology or behaviour (Killen et al. 2013, Boonstra 2013) and 

often invoke the hypothalamic-pituitary-adrenal axis (HPA axis). Activation of the HPA axis 

results in increased release of glucocorticoids (GCs; Sapolsky et al. 2000), which causes a 

reduction in non-essential activities and prioritizes behavioural and physiological activities 

associated with coping, escaping, or surviving the stressful event (Wingfield and Kitaysky 2002, 

McEwen and Wingfield 2003). Short-term HPA axis activation by an acute stressor can improve 

individual fitness, and is an evolved response associated with several behaviours including 

hunting and breeding (Wingfield et al. 1998). However, chronic activation in response to long 

term stressors (i.e. limited food, high predation risk, severe weather), and the resulting 

continuous suppression of basic functions, can affect an individual’s health and condition, 

decreasing survival and reproduction (Boonstra 2013). If many individuals are similarly affected 

by these long term stressors, this can have cascading effects on population demography 

(Boonstra 2013, Dantzer et al. 2014, Zanette et al. 2014).  

Predation and food availability are considered two of the most important factors limiting 

populations (Hairston et al. 1960, Fretwell 1987, Hunter and Price 1992, Krebs et al. 2001b). 

Both factors can influence population demography directly through changes in survival due to 

predator consumption or through starvation. However changes in food quantity or quality and 

predation pressure can also impact the physiological state of individuals, which could lead to 
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poor condition and chronic stress, further impacting demography beyond those attributed to their 

direct effects (studies reviewed in Peckarsky et al. 2008). For example, low food availability can 

impact body condition resulting in changes in reproduction, and plant secondary compounds can 

impose metabolic costs and compromise health due to toxicity effects (Rowell-Rahier and 

Pasteels 1986, Smilanich et al. 2009). Predation risk can cause individuals to display anti-

predator defences (i.e. predator-sensitive foraging) that reduce the immediate risk of mortality 

(Lima and Dill 1990, Lima 1998, 2009), but come at a physiological cost to the individual and 

may lead to decreased fecundity or survival (Zanette et al. 2014). Although food and predation 

can affect population demography in isolation, they can also interact due to the need to balance 

predation risk and energy intake (McNamara and Houston 1987, Lima and Dill 1990), and 

separating the impact of these two factors is difficult. Specifically, identifying whether the 

demographic changes in a population are due to predator induced reductions in access to food 

(predator sensitive foraging), or a result of bottom up food limitation (limited food supply) 

remains a challenge as the measured outcome would likely be the same. One potential solution to 

disentangle these effects is through manipulative experiments involving food supplementation 

over varying predation risk (Boonstra et al. 1998, Zanette et al. 2014).  

The snowshoe hare (Lepus americanus) is a keystone species in the boreal forest as it 

impacts the population dynamics of many other species in the ecosystem (Boutin et al. 1995, 

Boonstra et al. 2018, Peers et al. 2020). Throughout their range, hare abundance fluctuates 

regularly with an 8-10 year periodicity (Krebs et al. 2001a). Demographically, the snowshoe hare 

cycle is marked by reduced adult and juvenile survival during the peak and decline (Hodges 

2000, Krebs et al. 2018, Oli et al. 2020), along with a reduction in reproductive output in the 

decline, which persists into the low phase (Cary and Keith 1979, Stefan and Krebs 2001). 
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According to the chronic stress hypothesis, the demographic changes are thought to be driven by 

direct and indirect predation, with predator induced stress being the major cause of decreased 

reproduction during the decline and low phase (Boonstra and Singleton 1993, Boonstra et al. 

1998, Sheriff et al. 2009). Indeed, Boonstra et al (1998) showed that during the decline phase of 

the cycle, when the predator-prey ratio is highest, hares showed signs of chronic stress expressed 

as high circulating free cortisol, heightened glucose mobilization, reduced binding capacity of 

corticosterone-binding globulin (CBG), and decreased body condition and immunity. Such 

chronic stress due to high predation risk lowers fecundity and offspring quality during the 

decline phase, limiting recruitment over the summer (Krebs et al. 2018, Oli et al. 2020). This 

chronic stress can further translate into cross-generational or maternal effects, with offspring 

born to mothers with higher stress levels having a heightened stress response (Sheriff et al. 2009, 

Sheriff 2015). These cross generational effects may be the mechanism for the delay in recovery 

of reproduction during the low phase when predator densities have declined (Boonstra and 

Singleton 1993, Hodges et al. 2001, Sheriff 2015). Despite these elevated GC levels, there is no 

evidence of pathological dysfunction of the HPA axis, as their adrenal capacity and negative 

feedback sensitivity are maintained throughout the cycle (Boonstra and Singleton 1993, Boonstra 

et al. 1998).  

Food may be limiting for hares in terms of quantity, quality or accessibility, particularly 

during winter, when hares rely on the low quality small terminal twigs of shrubs (Keith et al. 

1984, Sinclair et al. 1988, Smith et al. 1988), and may contribute to changes in hare demography 

(Cary and Keith 1979, Boutin 1984, Keith et al. 1984, Hik 1995). I conducted an individual-

based food addition experiment that demonstrated hares are limited by food in winter, as food 

supplementation significantly improved survival and reproduction, as well as altered their 
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behaviour (Chapter 2). The effects of food were strongest during the increase and peak phases of 

the cycle, and had a potential interaction effect with predation risk during the decline phase 

(Chapter 2; Hik 1995). Increased chronic stress in hares during the peak and decline could 

therefore occur in part due to the shortage of high quality food resources; a known stressor that 

can cause chronically elevated GC production in other systems (e.g. Clinchy et al. 2004, 

Kitaysky et al. 2010, Herring et al. 2011). Furthermore, access to high quality food could 

increase anti-predator behaviours, such as vigilance, which may lead to reduced interactions with 

predators and further alter the degree of chronic stress. This may be particularly important during 

the decline phase, where evidence suggests hares are further being limited by predation risk, and 

forced to forage in a predator-sensitive manner (Hik 1995). However, the influence of food 

limitation on snowshoe hare stress physiology has received less attention (but see Boonstra and 

Singleton 1993, Boonstra et al. 1998). Indeed, earlier work by Boonstra et al. (1993, 1998), 

which occurred during the decline and low phase of the cycle, showed that hares provided 

supplemental food had lower GC production and higher corticosteroid binding capacity 

(Boonstra et al. 1998), with the effect being strongest in the low. This provides evidence that 

food may be an important contributor to changes in hare stress physiology, but further work is 

required to examine how the potential effects may vary across multiple cycles or phases.   

In this study, I use an individual-based food supplementation experiment, interacted with 

natural predation over three key phases of the snowshoe hare population cycle, to determine the 

effect of food on the stress physiology of hares. In contrast to previous research, I use an 

individual-based approach, as evidence has shown population-level experiments can be 

problematic due to unequal access to the supplemental food, and high immigration and density in 

the feeding area resulting in increased predator presence (Boutin 1990, Prevedello et al. 2013). 
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Individual hares were fed from selective feeders that allowed access to specific pit-tagged 

individuals, during the late increase, peak, and decline phases of the cycle. I assessed HPA axis 

function and condition in late winter in control and supplemented hares using hormone 

challenges and measured hematological indices of body condition. Hormone challenges allow 

researchers to measure an individual’s physiological capacity to mount and terminate a response 

to a stressor without interference from the immediate stress they may be experiencing due to 

capture or handling. They also provide a large amount of data on physiological and condition 

metrics that change predictably with chronic stress (Table 3.1), which allows for comparisons 

across time and populations. My aim was to: 1) determine if access to abundant high quality food 

may buffer against the effects of chronic stress, and 2) evaluate the physiological measures of 

stress and condition in hares during the increase, peak and decline phases of the cycle, when 

predation risk varies. Based on our current knowledge of hare physiology and their apparent 

sensitivity to predation risk, I predict chronic stress to increase from the increase to the peak, and 

be most prevalent during the decline phase (Boonstra et al. 1998, Sheriff et al. 2011). More 

specifically, as the cycle progresses from increase to decline, I predict to see increased cortisol in 

response to hormone challenge, increased glucose mobilization, decreased corticosteroid binding 

capacity, and decreased body condition consistent with the characteristic signature of chronic 

stress. However, if access to high quality food buffers their stress response, I should see a 

significant effect of food resources on stress state across all years, particularly in the decline 

phase. Specifically, I predict that food supplementation will lower circulating free cortisol, 

decrease response to hormone challenge, lower glucose mobilization, increase corticosteroid 

binding capacity, and improve overall body condition of supplemented hares. Finally, if food 
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resources do not influence the stress response in hares, I expect no difference in stress state 

between the control and fed hares at any point in the cycle. 

 

METHODS 

Study area 

I conducted this study in the Kluane Lake area in the southwest of Yukon, Canada (61N, 

138W). Studies on snowshoe hares have been ongoing in this area for the last four decades 

(Krebs et al. 2018, Oli et al. 2020). This northern boreal forest consists of a tree canopy 

comprised primarily of white spruce (Picea glauca) with smaller patches of trembling aspen 

(Populas tremuloides) and balsam poplar (Populus balsamifera). The tall shrub layer is 

dominated by grey willow (Salix glauca) and dwarf birch (Betula glandulosa). The climate is 

cold, with mid-winter February temperatures averaging -14C during my four study years, and 

persistent snow cover from October to mid-May. In this system, the snowshoe hare has both 

mammalian and avian predators, with the main ones being Canada lynx (Lynx canadensis) and 

coyote (Canis latrans), and secondary ones being goshawk (Accipiter gentilis) and great-horned 

owl (Bubo virginianus).  

This study occurred throughout the winters from 2015 to 2019, during three cycle phases: 

late increase (2015-2016), peak (2016-2017) and decline (2017-2018 and 2018-2019) (Krebs et 

al. 2020; Figure 3.1). All population density estimates for hares and predators (lynx and coyotes) 

were taken from the long term Community Ecological Monitoring Project (Krebs et al. 2019). 

Snowshoe hare densities were monitored each autumn and spring (Sulphur grid, blue area in 

Figure 1.6) using mark-recapture (see methods described in Krebs et al. 2001b). Indices of lynx 

and coyote abundance in the Kluane Lake region were determined each year through track 
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transects, where tracks were counted along a 25-km transect that traversed my study area, on 

days after fresh snowfalls when tracks were distinguishable (Boutin et al. 1995).   

 

Trapping and monitoring snowshoe hares 

Throughout the winter months (September to May) snowshoe hares were captured 

approximately every 3 weeks from September 2015 to May 2019 using Tomahawk live-traps 

(Tomahawk Live Trap Co. Tomahawk, WI, USA) baited with rabbit pellets (Hi-Pro Feeds, 

Sherwood Park, Alberta, Canada), alfalfa cubes (Alfa Tec, Legal, Alberta, CA), and apple slices. 

Traps were set at dusk and checked 4 hours after sunset. Traps were located on three different 

study areas along an 8 km stretch of forest (Chapter 1 Figure 1.6; Krebs et al. 2001b). All newly 

captured individuals received a numbered eartag in their right ear (Monel #3 National Band and 

Tag Co., Newport, Kentucky) and during each capture, tag number, sex, reproductive condition, 

mass and right hind foot length were recorded (Krebs et al. 2001b). I focused my study on 

female hares as my goal was to link potential food effects on physiology with reproduction (see 

Chapter 2), and my capacity to feed individual hares was limited. Females weighing >1100g 

were fitted with VHF collars (Model SOM2380, Wildlife Materials Inc., Murphysboro, USA, or 

Model MI-2M, Holohil, Carp, Canada) as equipment was available and these collars were used 

to secure identification patterns and pit tags for the feeding experiment (see below). Collars 

weighed ~ 40 g and were <5% of individual body mass. All handling and collaring procedures 

were approved by the University of Alberta Animal Care and Use Committee (Protocol: 

AUP00001973). 
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Food supplementation 

In each year of the study, I conducted a supplementary feeding experiment during the 

winter (November through May in all winters except 2018-2019 when supplementation began in 

January). Food supplementation was halted when females gave birth to their first litter in May. 

Females captured in October were assigned to either the control or supplemented group until I 

reached a sampled size of at least 20 food supplemented individuals. Hares were placed in either 

treatment group based on their proximity to other hares, in order to maximize my food 

supplementation treatment and limit the number of feeders required for the experiment. Once 

hares were assigned to a treatment group, they remained in that treatment for the entirety of the 

study or until they dispersed or died. In a small number of circumstances (n=3), control animals 

were added to the food treatment in later years to maintain sample size in the supplemented 

group, despite a shrinking population in my study area. Each autumn, newly trapped individuals 

were added to the existing treatment groups based on the criteria above. I attached microchip pit-

tags to the radio-collars of females that were to receive supplemental food using heat shrink 

tubing. The pit-tags gave individual’s access to specialized feeders (SureFeed Microchip Pet 

Feeder, Sure Petcare, Cambridge, UK), that I filled with rabbit pellets (Hi-Pro Feeds, Sherwood 

Park, Alberta, Canada ) ad libitum, and replenished or replaced every second day. All 

supplemented hares had access to every feeder (14 total) but no hare used more than 3 feeders. In 

each study year, the home range of control and supplemented hares overlapped, which allowed 

me to compare control and supplemented individuals living in the same area. Feeder use was 

monitored using motion triggered cameras (no-glow, infrared PC900 HyperfireTM RECONYX, 

Inc., Holmen, Wisconsin, USA) to ensure the intended individuals were accessing the food (see 

Chapter 2).  
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Hormone challenges 

I trapped annually in late winter (between January 25 and March 17) from 2016-2019 to 

conduct hormone challenges. Due to logistical difficulties, hormone challenges were carried out 

at different times within the late winter each year (2016: Feb 18-Mar 17; 2017: Jan 25-Feb 1; 

2018: Feb 7-Feb 14; 2019: Feb 20-Feb 25). I set traps between 02:00 and 04:00 and checked 

traps between 07:00 and 09:00. Sample sizes in each study year were: increase (control = 10, 

supplemented = 12), peak (control = 10, supplemented = 9), decline year 1 (control = 12, 

supplemented = 13) and decline year 2 (control = 9, supplemented = 9). Upon capture, target 

hares were transferred into burlap bags, and taken to the Kluane Lake Research Station (~25 

Km), put in a quiet room, and kept at 5C to acclimate for two hours before beginning the 

challenges. Hares were kept in breathable burlap bags for the duration of the experiment to 

reduce stress and prevent injury. Upon completion of the challenges, hares were given a slice of 

apple and each hare was released at their site of capture.  

Hormone challenges were used to get an integrated picture of the status of the stress axis 

over the previous winter months. The rationale was to separate that hare from what they were 

immediately experiencing (an acute stress response) and assess the ability of their HPA axis to 

respond to a standardized challenge. Hormone challenges involve a complementary two-step 

process: a dexamethasone suppression test (Kalin et al. 1981) and an adrenocorticotropic 

hormone (ACTH) stimulation test. I followed the general methods outlined in the hormone 

challenge protocol in Boonstra et al. (1998). The protocol included five sequential bleeds from 

an ear artery using a 29-gauge needle into 0.5-1ml heparinized syringes (Becton Dickinson and 

Company). I collected the first blood sample after the two-hour acclimation period (called the 

“initial” bleed, 0.5ml), and immediately after, delivered an injection of dexamethasone sodium 
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phosphate (0.4mg/kg; Vétoquinol, Quebec, Canada) into an ear vein. Dexamethasone is a 

synthetic glucocorticoid that tests the sensitivity of the negative feedback mechanism of the HPA 

axis to circulating cortisol (the main glucocorticoids in hares, Fevold and Drummond 1976) 

concentrations. I collected the second blood sample (Dex response, 0.3 ml) two hours after the 

dexamethasone injection, and immediately gave the hare an intramuscular injection of synthetic 

ACTH to the thigh (4IU; Cortrosyn, Amphastar Pharmaceuticals Inc. USA). ACTH directly tests 

the capacity of the adrenals to mount a glucocorticoid response. Three serial blood collections 

were taken: at 30, 60, and 120 minutes post injection (P30, P60, and P120 bleeds, 0.3 ml each). 

These samples were used to quantify the amplitude of GC response (area under the curve, from 

the levels at the DEX bleed to the P120 samples) or to quantify the individual’s adrenal capacity 

to respond (Lavergne 2018). At the initial bleed, I filled two 75µl microhematocrit tubes. These 

tubes were centrifuged for 10 minutes (13,460g) on an IEC MicroHematocrit Centrifuge (Model 

MB) to measure packed red blood cell volume (% PCV), which is an index of condition 

associated with oxygen carrying capacity and ability to meet metabolic demands. At each of the 

5 bleeds I measured glucose levels with a FreeStyle glucometer (Abbot Laboratories, Chicago, 

Illinois, USA). The remaining whole blood from each bleed was centrifuged for 10 minutes 

(5500g) in an Eppendorf Micro Centrifuge (Model 5413) to separate plasma for hormone assays. 

Plasma samples were stored at -80C in the Yukon and transported to University of Toronto 

Scarborough on dry ice for analysis.  

 

Hormone assays 

Total plasma cortisol concentrations were quantified using a commercially available 

Cortisol 125I radioimmunoassay (RIA) kit (MP Biomedicals, NY, USA). This assay has a 
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minimum detection limit of 0.17 µg/dL and low cross-reactivity. Preliminary testing of the assay 

was done by Lavergne et al. (2018), which confirmed parallelism of the assay at different hare 

cortisol concentrations. Plasma samples were run in duplicate with an eight-point standard curve 

(0-100ng/ml) following the manufacturer’s protocol, with the additional step of adding 20 µl of 

ammonium hydroxide (NH4OH) and 40 µl distilled H20) to each reaction prior to incubation. The 

added NH4OH saponifies triglycerides in the plasma and minimizes any potential cortisol 

binding interference (Barkley and Goldman 1977). Quality controls consisting of a high and low 

concentration of cortisol were also included in every run to ensure intra- and inter-assay 

coefficients of variation were <15%.  

The majority of circulating cortisol in mammals is bound by its specific binding protein, 

corticosteroid-binding globulin (CBG). Evidence indicates that the only biologically active 

proportion of circulating cortisol is the unbound free cortisol, as it is the only portion available 

for uptake by tissues (Perogamvros et al. 2012, Breuner et al. 2013). Therefore, a saturation-

binding assay was used to estimate the maximum corticosteroid-binding capacity of CBG in 

plasma samples, and to calculate the proportion of free cortisol. This was done for all hormone 

challenge plasma samples following the protocol outlined in Delehanty et al. (2015). The CBG 

equilibrium disassociation constant specific to snowshoe hares is Kd 19.8 nM (Boudreau et al. 

2019). This assay uses radioactively-labeled and unlabeled exogenous cortisol to measure the 

non-specific binding, and total binding (by CBG and non-specific binding proteins). Once the 

percentage of specific binding by CBG was measured, this value was used to calculate the 

maximum corticosteroid binding capacity (MCBC) and the concentration of free cortisol in the 

plasma samples (Boonstra et al. 1998, Lavergne 2018).  
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Statistical analysis 

I used the initial bleed for free and MCBC to evaluate the stress state of each individual 

following a consistent stressor (capture, handling, and transportation to the research station). To 

examine the effects of food supplementation and cycle phase on the adrenal response to ACTH 

across the four years, I calculated the area under the curve (AUC [Dex to P120 samples]) with a 

Dex bleed correction using the following formula: 

𝐴𝑈𝐶 =
(30 ∗ (𝐷𝑒𝑥 + 𝑃30))

2
+

(30 ∗ (𝑃30 + 𝑃60))

2
+

(60 ∗ (𝑃60 + 𝑃120))

2
− (𝐷𝑒𝑥 ∗ 120) 

This assesses an individual’s adrenal capacity to respond to a standardized stressor. I calculated 

the AUC of the response for free cortisol as well as MCBC (Boudreau et al. 2019). I tested for 

normality in each response variable (i.e. AUC and initial bleed for free and MCBC) using the 

Shapiro-Wilk test (Shapiro and Wilk 1965). For analyses where normality was not satisfied, I 

used generalized linear models with a gamma distribution and log link. Due to logistical 

difficulties, the dates for hormone challenges varied across years causing potential within season 

variation in select physiological variables (Sheriff et al. 2011). Therefore, day of year, defined as 

the day of the year that an individual’s hormone challenge was completed, was included as a 

potential variable. I used a model selection approach for each response variable that included 

models containing all combinations of treatment, year, day of year (day the sample was taken), 

and a treatment year interaction, and selected the best model using ∆AICc, corrected for small 

sample size (Burnham and Anderson 2002).  

To determine the effects of treatment and year on hematocrit and glucose, I used a model 

selection approach as above that included the same combinations of variables. However, for 

glucose, I developed linear mixed-effect models that included sample ID as a random effect. To 

determine the effect of treatment and year on over-winter mass loss, I used mass data from all 
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individuals beyond those used for the hormone challenges that were collared during the four 

study years that had two mass measurements > 60 days apart between December and April (total 

n = control: 33, supplemented: 57). I converted mass loss into a daily measure to account for 

variation among individuals in duration between capture events. I then used a model selection 

approach as above (excluding day of year). All linear and generalized linear models were 

conducted using the R package glmmTMB (Magnusson et al. 2017).  

 

RESULTS 

Hare and predator density changes 

During my study, the hare population showed a 7.4-fold change in density with 

maximum densities in the fall of 2016 (1.63 hare/ha) and minimum densities in the spring of 

2019 (0.22 hares/hectare). Given the annual changes observed (Figure 3.1), I considered my 

winter season of 2015-2016 (fall = 1.13 hares/ha, spring = 0.84 hares/ha) to be in the increase 

phase, 2016-2017 (fall = 1.63 hares/ha, spring = 1.25 hares/ha) to be the peak phase, and 2017-

2018 (fall = 1.03 hares/ha, spring = 0.73 hares/ha) and 2018-2019 (fall = 0.81 hares/ha, spring = 

0.22 hares/ha) to be the decline phase. This increase phase (2015-2016) was the fifth year of 

consecutive increase from the previous low population observed in 2012 (Figure 3.1; based on 

data from Krebs et al. 2019). During my study, density estimates for lynx and coyotes combined 

(i.e. predator density) showed a 1.8-fold change with maximum predator densities in the winters 

of 2016-2017 (33.6 predators/100 km2) and 2017-2018 (33.2 predators/100 km2). Predator 

densities were roughly 2/3 maximum densities in 2015-2016 (22 predators/100 km2) and dropped 

to their lowest level in 2018-2019 (18.2 predators/100 km2; Figure 3.2). The predator-prey ratio 

calculated as the number of predators (lynx and coyotes) per hare in 100 km2 (hare numbers 
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calculated as mid-winter mean between fall and spring density estimates), showed a steady 

increase from 2015-2016 (0.0025 predators/hare) to 2018-2019 (0.0043 predators/hare) with a 

1.7-fold change.   

 
Plasma cortisol and binding capacity  
  

Free cortisol values at the initial bleed on average did not differ between control and food 

supplemented individuals in any year. There was also no significant difference across cycle 

years, although the general pattern showed a decreasing trend in both groups (Figure 3.3a). The 

top model explaining free cortisol at the initial bleed included day of year (w = 0.61), with the 

next model within 2 ∆AICs including both day of year and treatment (w = 0.31, Table 3.S2), 

although the treatment effect was not significant (p = 0.32, Table 3.S3).  

 Following the injection of dexamethasone, plasma free cortisol concentrations were 

significantly reduced in both treatment groups and in all years, with average percentages of free 

cortisol remaining after the initial bleed being 7.85% ± 2.64 95% Confidence Interval (CI) in 

controls and 6.53% ± 0.95 CI in supplemented. The top model explaining free cortisol response 

to dexamethasone injection included treatment and day of year (w = 0.44, Table 3.S4). Food 

supplemented hares had a greater decrease in free cortisol than controls (-0.48 ng/ml ± 0.18 

Standard Error (SE), p < 0.01) and there was no effect of day of year (p > 0.1, Table 3.S5).  

Free cortisol response to hormone challenge measured as the area under the curve, was 

on average higher in supplemented (AUC = 21052 ± 2785 CI) than control (AUC = 17745 ± 

2046 CI) animals with varying magnitude across years (Figure 3.3b). The top model explaining 

free cortisol response to hormone challenge consisted of treatment, year, and day of year (w = 

0.89, Table 3.S6). Food supplementation significantly increased free cortisol response to 

hormone challenge (0.20 ± 0.08 SE, p = 0.008). However, there was no significant effect of year 
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(p > 0.1) and day of year (p = 0.23), meaning free cortisol did not significantly differ across 

cycle phases (Table 3.S7).  

On average across my study, MCBC levels at the initial bleed were higher in 

supplemented (80.35 ng/ml ± 9.60 CI), than control (67.74 ng/ml ± 8.85 CI) individuals (Figure 

3.3c). The top model explaining MCBC at the initial bleed included treatment, year, and day of 

year (w = 0.97, Table 3.S8), although treatment did not have a significant effect (0.07 ng/ml ± 

0.06 SE, p = 0.3). Relative to the increase year (2016), MCBC at the initial bleed was lower in 

the peak (2017; -1.29 ng/ml ± 0.19 SE, p < 0.0001), first year of decline (2018; -0.77 ng/ml ± 

0.13 SE, p < 0.001) and second year of decline (2019; -0.52 ng/ml ± 0.09 SE, p<0.001). Day of 

year had a significant effect (-0.03 ng/ml ± 0.01 SE, p < 0.001), with hares sampled later in the 

winter having lower MCBC values at the initial bleed (Table 3.S9).  

In response to a hormone challenge, food supplemented individuals on average had 22% 

higher MCBC levels, measured as area under the curve (AUC = 7910.51 ± 715 CI) than controls 

(AUC = 6342.15 ± 821 CI, Figure 3.3d), but the strength of the effect was dependent on cycle 

year as the top model consisted of day of year, and a treatment/year interaction (w= 0.89, Table 

3.S10). Supplemental food had a significant effect on MCBC levels only in the first year of 

decline (2018; 4016.94 ± 1227 SE, p = 0.001). Relative to the increase (2016), in both control 

and supplemented hares, MCBC was significantly lower in the peak year (2017; -8938.48 ± 1779 

SE, p < 0.001), the first decline year (2018; -5717.11 ± 1334 SE, p < 0.001), and second year of 

decline (2019; -2117.60 ± 1024 SE, p = 0.04). Day of year influenced MCBC levels significantly 

with hares bled later in the winter having lower levels of MCBC (-233.10 ± 46 SE, p < 0.001) in 

response to a hormone challenge (Table 3.S11). 
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Glucose 

Glucose mobilization increased from the initial to the final bleed over the hormone 

challenge (see Figure 3.4). The top model explaining glucose mobilization included a treatment 

and year interaction, and day of year (w = 0.83; Table 3.S12). Food supplementation had a 

significant effect on glucose mobilization (-0.11 mg/dl ± 0.05 SE, p = 0.04), with supplemented 

individuals having lower glucose levels, except in the 1st year of decline where supplemented 

hares had significantly higher glucose levels relative to the effect in the increase (0.22 mg/dl ± 

0.07 SE, p = 0.001). Year on its own did not have a significant effect, but day of year had a 

significant effect on glucose mobilization, with hares bled later in the winter having a lower 

glucose response (-0.006 mg/dl ± 0.003 SE, p = 0.02). 

 

Body condition 

Packed red blood cell volume (% PCV) varied between control and supplemented hares, 

as well as across cycle phases, with the highest % PCV occurring for both groups in the second 

year of decline (control = 49.3% ± 4.1 CI, supplemented = 51.1% ± 2.6 CI, Figure 3.5). The top 

model explaining variation in % PCV included a treatment and year interaction (w = 0.49, Table 

3.S14). Food supplementation significantly increased % PCV by approximately 8% (8.1% ± 1.4 

SE, p < 0.0001), however the effect was weakened in the second year of decline (-6.3% ± 2.1 SE, 

p = 0.003). Relative to the increase phase (2016), hares had significantly higher % PCV in the 

peak (2017; 4.1% ± 1.5 SE, p = 0.006) and in the second year of decline (2019; 9.4% ± 1.5 SE, p 

< 0.001) and did not differ in the first year of decline (2018; 2.3% ± 1.4 SE, p = 0.1).  

Hares primarily lost mass over winter, however some individuals gained mass, with 

changes in mass ranging from -3.5 grams/day to +2.0 grams/day (Figure 3.6). The top model 
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explaining daily mass loss included treatment and year (w = 0.65, Table 3.S16). Food 

supplemented individuals experienced significantly less mass loss than controls (1.13g ± 0.20 

SE, p < 0.001), and even gained mass during the peak (2017-2018). Across cycle phases, relative 

to the increase (2015-2016), body mass loss did not differ in the peak (2016-2017; 0.39g ± 0.32 

SE, p = 0.2), and was significantly greater in the first year of decline (2017-2018; -0.66g ± 0.25 

SE, p < 0.01), and second year of decline (2018-2019; -0.64g ± 0.27 SE, p = 0.02). Qualitatively, 

daily mass loss appeared less variable across phases in controls, with year effects being more 

apparent in the supplemented individuals (Figure 3.6).  

 

DISCUSSION 

My goal was to examine how changes in food availability and predation risk contribute to 

the demographic changes observed across the snowshoe hare cycle through their impact on both 

stress physiology and indices of condition. I conducted an individual-based food addition 

experiment in females, and compared several physiological indicators of stress in both control 

and food supplemented individuals during the late increase, peak, and decline phases of the 

cycle. I found that food supplementation increased hare stress responses to a hormone challenge 

(Figure 3.3b), but simultaneously increased their ability to buffer against this heightened 

response, through increased corticosteroid binding capacity (Figure 3.3d). I also found that food 

supplementation improved the overall body condition of hares as treatment individuals had 

higher % PCV and lower body mass loss over winter. Most notably, I found that indicators of 

stress in snowshoe hares did not track the yearly changes in predator density nor predator-prey 

ratio, as predicted by the chronic stress hypothesis. Overall, the indicators of chronic stress were 

more prominent during the increase phase of the cycle. This suggests that multiple factors 



119 
 

beyond predation risk may influence the stress physiology of snowshoe hares at this time, and 

that phase-dependent changes in stress may not be necessary for cyclic dynamics to occur. Thus, 

I found little evidence for chronic stress, either from predation or food, at any phase and 

especially in the decline phase where it was predicted to occur.  

Supplemented hares had an increased GC mediated stress response to hormone challenge 

in regards to free cortisol, which was opposite to my prediction. Although higher response to 

ACTH stimulation is one of several indicators of chronic stress in hare (Boonstra et al. 1998), 

this is unlikely indicative of higher chronic stress in supplemented individuals (MacDougall-

Shackleton et al. 2019), given the improvements in other metrics I examined (i.e. response to 

dexamethasone injection, condition, and MCBC; see below). In contrast, higher free cortisol 

response could suggest food supplementation enabled increased preparedness to respond to a 

stressor (Cote et al. 2006, Cabezas et al. 2007, Dhabhar 2018), as increased GC response to a 

long term stressor has been linked to improved measures of fitness in some species (Cote et al. 

2006, Escribano-Avila et al. 2013), including lagomorphs (Cabezas et al. 2007) or the ability to 

compensate to prevent negative consequences in others (Thaler et al. 2012, Van Dievel et al. 

2016). Furthermore, chronic stress predicts a decreased capacity to curtail stress-induced GC 

release, which was not seen in either treatment group. Both groups decreased circulating free 

cortisol in response to the dexamethasone injection, with food supplemented individuals showing 

a greater response indicating a stronger feedback mechanism than controls and a functioning 

HPA axis (DEX bleed; Figure 3.S1). Nonetheless, the difference between treatment groups in 

their response to ACTH, particularly in free cortisol, was marginal (Figure 3.3), suggesting 

changes in HPA axis activity between treatments was minimal. Indeed, cortisol concentrations at 

the initial bleed did not differ between treatment groups, which has been shown to correlate with 
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fitness (Breuner et al. 2013) suggesting a similar adrenal response to an acute stressor (capture 

and transport), and functioning negative feedback mechanisms in both groups (Sapolsky 1983). 

This is further reflected in the plasma glucose levels, which did not differ consistently as a result 

of food supplementation. Chronic stress typically causes an increase in production and storage of 

glycogen (gluconeogenesis) in the liver due to persistent glucocorticoid exposure enhancing 

glucose mobilization (Fujiwara et al. 1996) and was clearly seen in previous cycles (Boonstra et 

al. 1998, Sheriff et al. 2011). My results differ markedly from earlier cycles, where food 

supplemented hares in a population-level manipulation had decreased cortisol response to 

hormone challenge (Boonstra et al. 1998). However, this work was conducted during the decline 

and low phases, with the strongest effect occurring during the low phase, which was not 

examined in my study. In combination, these results suggest the potential for phase specific 

differences in the effect of food availability on snowshoe hare stress levels.  

Although supplementation had only minor effects on initial cortisol and their response to 

ACTH stimulation, food supplemented individuals had increased binding capacity of CBG 

(which typically decreases under chronic stress) in comparison to controls, with these effects 

being more prominent in the decline phase. Therefore, although food supplemented individuals 

mounted a greater response when challenged, they were better able to buffer the potential 

negative effects of increased cortisol (Boonstra et al. 1998). Supplemented hares were also in 

better condition based on % PCV (Figure 3.5) and body mass loss, as seen in previous studies 

(Boonstra et al. 1998). Adult snowshoe hares typically lose mass overwinter (Hodges et al. 

2006), but food supplementation resulted in significantly less mass loss (Figure 3.6). This 

suggests there is a mismatch between GC mediated response to hormone challenge and indices 

of condition (% PCV and body mass loss), and that food supplementation during my study 
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influenced condition, but had minimal influence on the HPA axis. Therefore, based on my 

results, if food availability or quality contributed to the changes in demography I observed in this 

snowshoe hare cycle, it likely occurred through changes in body condition and behaviour (see 

Chapter 2), as opposed to changes in HPA activity. Furthermore, my results suggest that GC 

concentrations are not a good indicator of nutritional stress in hares contrary to results in other 

species (du Dot et al. 2009, Kitaysky et al. 2010), since initial free cortisol values in response to 

a short term stressor did not differ in individuals fed a higher quality diet.  

A fundamental component considered necessary to drive snowshoe hare cycles is the 

increased chronic stress during the peak and decline, caused by higher predation risk, which 

leads to decreased reproductive output (Boonstra et al. 1998, Sheriff et al. 2009, 2010, 2011). 

However, my study failed to find this same pattern; there was no relationship between either 

predator-prey ratio or predator density and yearly changes in stress physiology. The highest 

initial free cortisol values, highest free cortisol in response to ACTH challenge, and lowest % 

PCV occurred during the late increase phase of the cycle (2016), which coincided with the 

lowest predator density and predator-prey ratio, common measures of predation risk in our 

system (Boonstra et al. 1998, Sheriff et al. 2011, Lavergne 2018). Furthermore, recruitment rate 

the following summer was high (Oli et al. 2020), and there was no indication of decreased 

reproductive output (Chapter 2), even though free cortisol values were comparable or even 

higher than documented during the decline phase in previous cycles (Boonstra et al. 1998, 

Sheriff et al. 2011). In combination, this indicates the direct link between the stress response in 

snowshoe hares and demographic effects through reproduction did not occur over the late 

increase, peak and decline of this cycle. One potential explanation is the existence of variation 

among cycles in the primary drivers of reproductive changes (King and Schaffer 2001). 
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However, there is also the potential that changes in our system over the last decades have 

disrupted the potential link between HPA axis activity and demography (Boonstra et al. 2018). 

Although predator and hare densities were comparable to densities previously observed (Krebs et 

al. 2019), shrub biomass has significantly increased over the last 4 decades (Grabowski 2015, 

Boonstra et al. 2018), and winter snow conditions have changed, with the current cycle occurring 

in shallower snow depths and earlier snow off dates (Brown et al. 2010, Peers 2020).  

Overall condition based on % PCV was highest in the second year of decline (2019), 

similar to what has been previously documented (Boonstra et al. 1998, Sheriff et al. 2011). These 

higher values in the second year of decline could indicate a potential increase in per capita 

natural food, since the population density had been halved and was significantly lower at this 

time. However, body mass loss was highest during this same year, and this year coincided with 

the lowest reproductive output in terms of first litter mass (Chapter 2), indicating the potential 

that condition was lowest during the decline phase, and % PCV is influenced by other factors 

(Castellini et al. 1996, Dawson and Bortolott 1997, Fair et al. 2007, Amat et al. 2009). Based on 

my results, control hare mass loss was greater across all phases than supplemented hares, except 

during the second year of decline when food supplemented individuals had similar mass loss. 

This is further evidence that high predation risk during the decline may limit foraging in hares 

and reduce body condition, even if individuals are provided high quality resources (Chapter 2; 

Hik 1995, Zanette et al. 2013). Indeed, I also observed a decrease in feeder use by supplemented 

hares during the second year of decline (Chapter 2). In combination, my data suggest predator-

sensitive foraging (Hik 1995, Sinclair and Arcese 1995) likely reduced snowshoe hare body 

condition and lowered reproduction rates (Creel et al. 2007), without necessarily invoking 

changes in the HPA axis.  
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A potential confound in my study was the difference in sampling dates across study 

years. Although temporal patterns of physiological measures in hares have been observed 

(Sheriff et al. 2011), these results examined broad-scale seasonal differences (i.e. October vs. 

May). My observations occurred in late winter (i.e. January 25 to March 17), and it has been 

demonstrated that physiological measures are comparable over this temporal scale (Boonstra et 

al. 1998). However, day of year significantly influenced MCBC binding capacity and glucose 

mobilization, suggesting animals sampled later in the year may be in lower body condition. 

However, this was not seen in earlier research where individuals sampled in late March vs. late 

February had higher MCBC and lower glucose (Boonstra et al. 1998), which indicates my 

patterns likely represent yearly differences. That being said, yearly patterns in these 

measurements should be taken with caution due to these differences in sampling date. My effect 

of treatment, however, is robust to yearly variation in sampling date, as individuals from both 

groups were sampled throughout the sampling period each study year. There was substantial 

variation in temperature, and mean and maximum snow depth across the years during the late 

winter period when hormone challenges occurred, which could have further influenced stress 

physiology of hares beyond that from food limitation or predation risk (Table 3.S1). However, 

changes in physiological metrics did not match patterns in snow conditions or temperature, 

suggesting weather conditions are an unlikely explanation for the yearly variation I observed.  

I come to three conclusions from my data: 1) Food supplementation improves overall 

body condition, but can also increase HPA axis reactivity to stressors, 2) predation risk was not 

the main factor driving stress physiology during my study, as the patterns observed did not match 

the changes in predator densities nor predator-prey ratios, and 3) changes in physiological 

metrics indicative of chronic stress are not a required component to cyclic dynamics, as the hare 
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population still exhibited cyclic demographic patterns during my study (Krebs et al. 2019) in the 

absence of changes in stress physiology parameters. In combination, this suggests either that the 

primary factors driving stress physiology in this species vary across cycles, or that changes in 

food abundance or environmental conditions associated with climate change have altered a clear 

risk-stress relationship in this species (Boonstra et al. 2018). Regardless, my data did not show a 

clear pattern between population level stress physiology and demography, and instead provided 

evidence that increased stress, in regards to the parameters measured here, is not required to 

cause population declines.  
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Figure 3.1. Changes in fall (red) and spring (blue) snowshoe hare density (hares/hectare) from 

2009-2019, presented as mean ± 95% confidence intervals. The highlighted portion represents 

the years in which my study was conducted over the increase (2015-2016), peak (2016-2017) 

and decline (2017-2018 and 2018-2019) phases of the cycle. Data gathered from the Community 

Ecological Monitoring Program (Krebs et al. 2019).  
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Figure 3.2. Changes in mid-winter lynx and coyote densities presented as predator density per 

100 km2 (triangles/dashed line) and the ratio of lynx and coyote density to mid-winter snowshoe 

hare density presented as predator-prey ratio (circles/solid line) over the increase (2015-2016), 

peak (2016-2017) and decline (2017-2018 and 2018-2019) phases of the hare cycle. Figure 

adapted from Chapter 2, Figure 2.2.  
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Figure 3.3. Responses in plasma concentrations of control (red, circle) and food supplemented 

(blue, triangle) female snowshoe hares in late winter at the initial bleed (a, c) and after the 

ACTH injection (b, d) during the hormonal challenge obtained from the increase (2016), peak 

(2017), decline 1 (2018) and decline 2 (2019) shown as mean ± 95% confidence intervals. The 

area under the curve (AUC) is the response to the ACTH injection from the time of the injection 

through the next 3 subsequent bleeds (at 30, 60 and 120 minutes post injection). Each individual 

panel represents a) free cortisol at the initial bleed ng/ml, b) free cortisol AUC, c) maximum 

corticosteroid-binding capacity at the initial bleed ng/ml, d) maximum corticosteroid-binding 

capacity AUC. For sample sizes in each treatment and among years, see Methods.  
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Figure 3.4. Changes in plasma glucose concentrations (mean ± 95% CI) in control (a) and food 

supplemented (b) female snowshoe hares in late winter in response to the hormonal challenge 

protocol in winter of the increase (2016), the peak (2017), decline 1 (2018) and decline 2 (2019). 

Base levels indicate initial values, DEX indicates values 2 h after the dexamethasone injection, 

and P30, P60, P120 and P240 indicate values 30, 60, and 120 min after the adrenocorticotropic 

hormone (ACTH) injection. For samples sizes, see Methods. 
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Figure 3.5. Mean packed cell volume (± 95% CI) of red blood cells in control (red, circles) and 

food supplemented (blue, triangles) female snowshoe hares in late winter during the increase 

(2016), peak (2017), decline 1 (2018) and decline 2 (2019). For sample sizes, see Methods.  
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Figure 3.6. Mean daily mass change (g) (± 95% CI) of control (red, circles) and food 

supplemented (blue, triangles) female snowshoe hares over winter in the increase (2015-2016; 

control = 10, supplemented = 18), peak (2016-2017; control = 8, supplemented = 4), decline 1 

(2017-2018; control = 7, supplemented = 18) and decline 2 (2018-2019; control = 8, 

supplemented = 10). Values were calculated using all hares radio-collared during my study that 

had a minimum of two mass measurements 60 days apart between December and April of each 

year. 
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Table 3.1. The predicted impact of chronic stress on physiological, energetic and condition 

metrics based on previous research that allows for systematic comparison over time and between 

populations. Adapted from Lavergne 2019. 

Impact of chronic stress References 

Stress physiology metrics 
 

 

               Free cortisol at initial bleed 

               Dexamethasone resistance 

               Response to ACTH stimulation 

               CBG 

Blanchard et al. 1988 
 
Kalin et al. 1981, APA Task Force 1987, Boonstra et 
al. 1998 
Boonstra et al. 1998, Sheriff et al. 2011 
 
Dallman et al. 1987, Armario et al. 1994, Fleshner 
et al. 1995, Boonstra et al. 1998 

Energy mobilization owing to gluconeogenesis  

               Glucose Miller and Tyrell 1995, Fujiwara et al. 1996 

Body condition  

               PCV % Leung & Gidari 1981, Northrop-Clewes ,2008 

Body Mass Changes  

               Mass loss 

 

 

Scheuerlein et al. 2001, Perez-Tris et al. 2004, 
Hodges et al. 2006  
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SUPPLEMENTARY MATERIAL CHAPTER 3 
 

 

Figure 3.S1. Response over time in plasma concentrations of free cortisol in ng/ml of control 

(red, circle) and food supplemented (blue, triangle) snowshoe hares during the late winter in the 

(a) increase (2016), (b) peak (2017), (c) decline 1 (2018) and (d) decline 2 (2019) phases of the 

cycle. Values represent mean ± 95% confidence intervals. Base levels indicate initial values, Dex 

indicates values 2 h post dexamethasone injection, and P30, P60, and P120 indicate values 30, 

60, and 120 mins after the adrenocorticotropic hormone (ACTH) injection.  
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Figure 3.S2. Response over time in plasma concentrations of maximum corticosteroid-binding 

capacity (MCBC) in ng/ml of control (red, circle) and food supplemented (blue, triangle) 

snowshoe hares during the late winter in the (a) increase (2016), (b) peak (2017), (c) decline 1 

(2018) and (d) decline 2 (2019) phases of the cycle. Values represent mean ± 95% confidence 

intervals. Base levels indicate initial values, Dex indicates values 2 h post dexamethasone 

injection, and P30, P60 and P120 indicate values 30, 60, and 120 mins after the 

adrenocorticotropic hormone (ACTH) injection. 
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Figure 3.S3. Response over time in plasma concentrations of total cortisol in ng/ml of control 

(red, circle) and food supplemented (blue, triangle) snowshoe hares during the late winter in the 

(a) increase (2016), (b) peak (2017), (c) decline 1 (2018) and (d) decline 2 (2019) phases of the 

cycle. Values represent mean ± 95% confidence intervals. Base levels indicate initial values, Dex 

indicates values 2 h post dexamethasone injection, and P30, P60, and P120 indicate values 30, 60 

and 120 mins after the adrenocorticotropic hormone (ACTH) injection. 
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Table 3.S1. Mean temperature (C), snow depth (cm) and maximum snow depth (cm) on my 
study grids in winter during the time of hormone challenges (January, February, March) as well 
as the approximate snow off date, during the increase (2015), peak (2016), and decline (2018-
2019) phases of the cycle. 

Cycle phase 
Mean 

temperature 
(C) 

Mean snow 
depth  
(cm) 

Max snow  
depth  
(cm) 

Approximate 
snow 

off date 

Increase (2015-
2016) 

-8.1 36.7 46.0 April 19 

Peak (2016-
2017) 

-15.5 53.0 76.7 May 11 

Decline 1 
(2017-2018) 

-13.7 47.9 65.2 May 3 

Decline 2 
(2018-2019) 

-12.8 22.1 37.1 April 10 

 

Table 3.S2. Model selection of generalized linear mixed models on free cortisol concentration at 
the initial bleed showing the number of parameters (k), change in AICc from the best ranked 
model (∆AICc), and Akaike model weights (w). 

Model k ∆AICc w 
Day of year 3 0.00 0.61 
Treatment + Day of year 4 1.42 0.31 
Treatment + Day of year + Year 7 4.25 0.07 
Null 2 10.02 0.01 
Year 5 11.00 0.00 
Treatment * Year + Day of year 10 11.11 0.00 
Treatment 3 11.78 0.00 
Treatment + Year 6 13.09 0.00 
Treatment * Year 9 28.29 0.00 

 

Table 3.S3. Coefficients (± std. error), z values, and p values from the second ranked model 
from the model selection of GLMMs on free cortisol at initial bleed that included day of year and 
treatment. Bolded values represent parameter estimates with p < 0.05. 

Fixed effects β SE z p 
Intercept 4.362 0.218 19.984 <0.0001 
Day of year 0.004 0.004 0.995 0.32 
Treatment 0.098 0.111 0.889 0.37 



146 
 

Table 3.S4. Model selection of generalized linear mixed models on free cortisol concentrations 
in response to the dexamethasone injection showing the number of parameters (k), change in 
AICc from the best ranked model (∆AICc), and Akaike model weights (w). 

Model k ∆AICc w 
Treatment + Day of year 4 0.00 0.44 
Treatment * Year + Day of year 10 1.36 0.22 
Treatment 3 1.72 0.19 
Treatment + Year + Day of year 7 3.76 0.07 
Day of year 3 4.89 0.04 
Treatment + Year 6 5.81 0.02 
Null 2 6.73 0.02 
Year 5 9.21 0.00 
Treatment * Year 9 154.05 0.00 

 

Table 3.S5. Coefficients (± std. error), z values, and p values from the top supported model from 
the model selection of GLMMs on free cortisol concentrations in response to the dexamethasone 
injection. Bolded values represent parameter estimates with p < 0.05. 

Fixed effects β SE z p 
Intercept 1.151 0.368 3.125 0.002 
Treatment -0.482 0.178 -2.710 0.007 
Day of year 0.004 0.007 0.581 0.561 

 

Table 3.S6. Model selection of generalized linear mixed models on free cortisol response to 
hormone challenge (AUC) showing the number of parameters (k), change in AICc from the best 
ranked model (∆AICc), and Akaike model weights (w). 

Model k ∆AICc w 
Treatment + Day of year + Year 7 0.00 0.89 
Treatment + Day of year 4 5.26 0.07 
Treatment * Year + Day of year 10 6.41 0.04 
Day of year 3 10.49 0.00 
Treatment + Day of year 6 23.86 0.00 
Year 5 25.77 0.00 
Treatment 3 41.30 0.00 
Null 2 42.88 0.00 
Treatment * Year 9 44.51 0.00 

 

 



147 
 

Table 3.S7. Coefficients (± std. error), z values, and p values from the top supported model from 
the model selection of GLMMs on free cortisol response to hormone challenge (AUC). Bolded 
values represent parameter estimates with p < 0.05. 

Fixed effects β SE z p 
Intercept 9.441 0.453 20.847 <0.0001 
Treatment 0.204 0.077 2.642 0.008 
Year 2016-2017 -0.304 0.242 -1.255 0.21 
Year 2017-2018 0.064 0.164 0.386 0.70 
Year 2018-2019 0.181 0.113 -1.596 0.11 
Day of year 0.009 0.007 1.196 0.23 

 

Table 3.S8. Model selection of generalized linear mixed models on maximum corticosteroid 
binding capacity at the initial bleed showing the number of parameters (k), change in AICc from 
the best ranked model (∆AICc), and Akaike model weights (w). 

Model k ∆AICc w 
Treatment + Year + Day of year 7 0.00 0.97 
Treatment * Year + Day of year 10 6.88 0.03 
Treatment + Year 6 25.36 0.00 
Year 5 27.06 0.00 
Treatment * Year 9 31.45 0.00 
Treatment * Day of year 4 36.78 0.00 
Day of year 3 39.50 0.00 
Treatment 3 46.87 0.00 
Null 2 49.29 0.00 

 

Table 3.S9. Coefficients (± std. error), z values, and p values from the top supported model from 
the model selection of GLMMs on maximum corticosteroid binding capacity at the initial bleed. 
Bolded values represent parameter estimates with p < 0.05. 

Fixed effects β SE z p 
Intercept 6.147 0.356 17.263 <0.0001 
Treatment 0.066 0.063 1.047 0.30 
Year 2016-2017 -1.292 0.190 -6.810 <0.0001 
Year 2017-2018 -0.773 0.129 -6.002 <0.0001 
Year 2018-2019 -0.520 0.093 -5.572 <0.0001 
Day of year -0.028 0.006 -4.789 <0.0001 
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Table 3.S10. Model selection of generalized linear mixed models on maximum corticosteroid 
binding capacity in response to a hormone challenge (AUC), showing the number of parameters 
(k), change in AICc from the best ranked model (∆AICc), and Akaike model weights (w). 

Model k ∆AICc w 
Treatment * Year + Day of year 10 0.00 0.89 
Treatment + Year + Day of year 7 4.13 0.11 
Treatment + Day of year 4 21.46 0.00 
Day of year 3 27.57 0.00 
Treatment + Year 6 36.91 0.00 
Treatment 3 37.14 0.00 
Treatment * Year 9 39.00 0.00 
Year 5 42.95 0.00 
Null 2 43.29 0.00 

 

Table 3.S11. Coefficients (± std. error), z values, and p values from the top supported model 
from the model selection of GLMMs on maximum corticosteroid binding capacity in response to 
a hormone challenge (AUC). Bolded values represent parameter estimates with p < 0.05. 

Fixed effects β SE z p 
Intercept 21655.09 3015.30 7.182 <0.0001 
Treatment -767.17 943.30 -0.813 0.42 
Year 2016-2017 -8938.43 1778.62 -5.025 <0.0001 
Year 2017-2018 -5716.82 1333.59 -4.287 <0.0001 
Year 2018-2019 -2117.57 1023.79 -2.068 0.04 
Day of year -233.10 45.89 -5.080 <0.0001 
Treatment : Year 2016-2017 1099.23 1285.00 0.855 0.39 
Treatment : Year 2017-2018 4016.68 1226.78 3.274 0.001 
Treatment : Year 2018-2019 1030.43 1325.37 0.777 0.44 
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Table 3.S12. Model selection of generalized linear mixed models on glucose mobilization in 
response to a hormone challenge with bleed sample ID as a random variable showing the number 
of parameters (k), change in AICc from the best ranked model (∆AICc), and Akaike model 
weights (w). 

Model k ∆AICc w 
Treatment * Year + Day of year 11 0.00 0.83 
Treatment * Year 10 3.12 0.17 
Treatment + Year + Day of year 8 15.51 0.00 
Year 6 15.84 0.00 
Treatment + Year 7 16.57 0.00 
Treatment + Day of year 5 20.21 0.00 
Day of year 4 21.99 0.00 
Treatment 4 76.90 0.00 
Null 2 250.91 0.00 

 

Table 3.S13. Coefficients (± std. error), z values, and p values from the top supported model 
from the model selection of GLMMs on glucose mobilization in response to a hormone 
challenge with bleed sample ID as a random variable. Bolded values represent parameter 
estimates with p < 0.05. 

Fixed effects β SE z p 
Intercept 5.270 0.198 26.635 <0.0001 
Treatment -0.111 0.054 -2.069 0.04 
Year 2016-2017 0.072 0.103 0.697 0.49 
Year 2017-2018 -0.042 0.077 -0.543 0.59 
Year 2018-2019 -0.088 0.058 -1.499 0.13 
Day of year -0.006 0.003 -2.284 0.02 
Treatment : Year 2016-2017 -0.078 0.072 -1.073 0.28 
Treatment : Year 2017-2018 0.222 0.068 3.241 0.001 
Treatment : Year 2018-2019 0.075 0.075 1.001 0.32 
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Table 3.S14. Model selection of generalized linear mixed models on packed red blood cell 
volume showing the number of parameters (k), change in AICc from the best ranked model 
(∆AICc), and Akaike model weights (w). 

Model k ∆AICc w 
Treatment * Year 9 0.00 0.49 
Treatment + Year 6 1.19 0.27 
Treatment * Year + Day of year 10 2.55 0.14 
Treatment + Year + Day of year 7 3.10 0.10 
Treatment 3 23.83 0.00 
Treatment + Day of year 4 25.95 0.00 
Year 5 37.67 0.00 
Null 2 48.56 0.00 
Day of year 3 50.14 0.00 

 

Table 3.S15. Coefficients (± std. error), z values, and p values from the top supported model 
from the model selection of GLMMs on packed red blood cell volume %. Bolded values 
represent parameter estimates with p < 0.05. 

Fixed effects β SE z p 
Intercept 39.900 1.032 38.68 <0.0001 
Treatment 8.100 1.397 5.80 <0.0001 
Year 2016-2017 4.100 1.499 2.74 0.006 
Year 2017-2018 2.267 4.397 1.62 0.11 
Year 2018-2019 9.378 1.499 6.26 <0.0001 
Treatment : Year 2016-2017 -3.100 2.077 -1.49 0.136 
Treatment : Year 2017-2018 -2.459 1.912 -1.29 0.2 
Treatment : Year 2018-2019 -6.315 2.113 -2.99 0.003 

 

Table 3.S16. Model selection of generalized linear mixed models on body mass loss over winter 
showing the number of parameters (k), change in AICc from the best ranked model (∆AICc), and 
Akaike model weights (w). 

Model k ∆AICc w 
Treatment + Year 6 0.00 0.65 
Treatment * Year 9 1.28 0.34 
Treatment 3 9.08 0.01 
Year 5 24.54 0.00 
Null 2 26.29 0.00 
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Table 3.S17. Coefficients (± std. error), z values, and p values from the top supported model 
from the model selection of GLMMs on body mass loss over winter. Bolded values represent 
parameter estimates with p < 0.05. 

Fixed effects β SE z p 
Intercept -1.295 0.214 -6.041 <0.0001 
Treatment 1.128 0.207 5.461 <0.0001 
Year 2016-2017 0.388 0.314 1.236 0.22 
Year 2017-2018 -0.658 0.246 -2.680 0.009 
Year 2018-2019 -0.636 0.270 -2.359 0.02 
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CHAPTER 4 

 

 

GENERAL DISCUSSION 
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SUMMARY OF RESULTS AND BROADER SIGNIFICANCE 

My goal was to examine the role of food in the snowshoe hare cycle, and identify through 

which mechanisms it could impact hare demography. I chose an all-encompassing approach by 

comparing demographic parameters between supplemented and control individuals across three 

cycle phases, and aimed to identify the cause of these differences by measuring potential 

mechanisms such as changes in foraging behaviour, movement rates, spatial behaviour, stress 

physiology and body condition. By conducting an individual-based food supplementation 

experiment, I avoided potential density dependent effects associated with area-wide food 

additions, and thus my study provides further insight into the role food resources play in limiting 

hare demography and their contribution to cycle dynamics.  

The results of my food supplementation experiment demonstrate that snowshoe hares are 

limited by food throughout the winter, particularly when densities are high, which supports the 

idea that over-winter food is below the quality required to maintain body mass (Newson and De 

Vos 1964, Keith and Winberg 1978, Vaughan and Keith 1981, Keith et al. 1984, Sinclair et al. 

1988, Rodgers and Sinclair 1997, Sheriff et al. 2009b). Contrary to previous large-scale food 

manipulations, my results showed that food supplementation can improve both survival and 

reproduction, suggesting seasonal food limitation may contribute to the demographic changes 

occurring throughout the increase, peak and decline phases (Hodges et al. 2001). Supplemented 

individuals had higher over-winter survival than controls (Chapter 2, Figure 2.4), with rates that 

were higher than those observed during the early increase phase of previous cycles (Hodges et al. 

2001). Supplemented hares also increased first litter reproductive output (overall biomass; 

Chapter 2, Figure 2.5), with their offspring mass and RHF resembling measurements found in 

the increase phase, and they maintained that into the decline (Stefan and Krebs 2001).  
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In terms of potential mechanisms, I found that supplemented individuals had larger body 

mass, lower foraging rates, and spent more time being vigilant than control individuals 

throughout each winter, but with varying effect sizes (Chapter 2, Figures 2.6, 2.7). Food 

supplemented hares also travelled shorter distances per day and displayed higher selection for 

conifer habitat, potentially limiting interactions with predators (Chapter 2, Figures 2.8, 2.9). 

These results suggest hares are food limited during the winter months, which results in decreased 

body condition likely leading to reduced reproduction. In addition, increased foraging rates and 

selection of open habitat may also increase hares’ vulnerability to predation and reduce their 

survival. However, cyclic phase significantly influenced several variables measured in my study, 

particularly survival, suggesting phase-specific effects of food limitation on snowshoe hare 

cycles. Specifically, supplementation had the largest effect on survival during the increase phase, 

but had no effect during the second year of the decline (2018-2019). Therefore, food likely plays 

an important role in the late increase in setting peak densities, but has a smaller role into the 

decline phase, where predation risk is too high for individuals to have improved survival 

regardless of food availability. This year also coincided with the lowest foraging rates and body 

mass observed in my study, coinciding with the highest predator-prey ratio (Krebs et al. 2019).  

Furthermore, food supplemented hares used feeders during the decline at nearly half the 

rate as previous years, despite many of the individuals having used feeders during the previous 

winter (Chapter 2, Figure 2.S1). In combination, this suggests hares were potentially unable to 

access high quality food due to increased predation risk. Regardless of food availability, 

predators appear to restrict hare foraging and movement rates, lowering their body condition and 

therefore survival. This supports Hik’s (1994) hypothesis that predator-sensitive foraging 

contributes to hare declines.  
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However, food supplemented individuals still had improved offspring quality during this 

time, which suggests lowered food quality during the decline could still affect demography 

through reproduction and recruitment, and this potential should be examined further. Generally, 

there are two main hypotheses describing how both food and predation may drive cyclic 

dynamics: 1) The Keith hypothesis states that food shortage during the late increase and peak 

initiates the decline phase, which is when predation takes over as the primary mechanism 

influencing the decline (Keith 1974, 1990), 2) Both food supply and predation are interacting to 

influence demography at each phase of the cycle (Krebs et al. 1995). I find evidence for both 

hypotheses, as food supplementation had the largest effect on survival during the late increase 

phase, but also impacted reproduction across all phases examined.   

In Chapter 3, I completed hormone challenges and compared several physiological 

indicators of stress and condition in both control and food supplemented individuals. My goal 

was to further identify potential mechanisms of food limitation causing the demographic 

differences observed in Chapter 2, and examine whether reduced food availability could 

influence indicators of chronic stress that are considered essential to driving the decline and low 

phase of the cycle (Boonstra et al. 1998a, Sheriff et al. 2010). Opposite to my predictions, I 

found that food supplementation increased hare stress responses to a hormone challenge. 

However, supplemented individuals also increased their ability to buffer against this heightened 

response, through increased corticosteroid binding capacity. I also found that food 

supplementation improved the overall body condition of hares as supplemented individuals had 

higher packed red blood cell volume % and reduced mass loss over winter. However, contrary to 

the predictions of the chronic stress hypothesis, I found that indicators of stress in snowshoe 

hares did not track the yearly changes in predator density nor predator-prey ratio. Levels of 
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circulating free cortisol at the initial bleed and after ACTH injection were highest during the 

increase phase of the cycle, which suggests that multiple factors beyond food and predation risk 

may influence the stress physiology of snowshoe hares at this time, and that phase-dependent 

changes in stress may not be necessary for the cyclic dynamics to occur.  

 The reproductive changes that occurred during this cycle were likely caused by per capita 

lowered food availability through either reduced food quality or abundance (Pease et al. 1979), 

or reduced access through heightened predation risk (Hik 1995). Changes in leveret body mass 

and skeletal size across the four study years for both treatment groups match patterns observed in 

foraging rate and over-winter mass loss (see Chapter 2, Figures 2.5, 2.6, 2.7). However, patterns 

observed did not track yearly changes in the indicators of chronic stress (see Chapter 3, Figures 

3.3-3.6). This suggests the reduction in reproduction, particularly during the decline, could be 

due to reduced body condition from decreased foraging rates caused by high predation, in 

combination or distinct from increased chronic stress. My work did not examine if food 

supplementation affected late litter production, but this warrants further study, as these litters are 

most variable over the cycle (Stefan and Krebs 2001). That being said, evidence suggests 

juveniles from early litters (1st and 2nd) have higher over-winter survival and may contribute 

more strongly to driving hare demography (Peers 2020). This indicates that changes in early 

litter reproductive output caused by over-winter food limitation could still have a significant 

effect on juvenile recruitment, even if litters later in the summer are not affected by over-winter 

resource limitation.   
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FUTURE RESEARCH DIRECTIONS 

Although this thesis provides critical advances in our understanding of how food 

limitation may contribute to hare demography through associated behavioural and physiological 

changes in hares over the cycle, there are still several important questions that I believe are 

critical for future research. One of the key issues in cyclical species research is explaining the 

low phase, primarily why population abundance does not increase immediately following 

predator declines (Boonstra et al. 1998b). The current consensus is that maternal effects from 

chronic stress due to predation risk cause decreased reproduction, which slows hare recovery 

creating the lag (Boonstra et al. 1998a, Sheriff et al. 2009a, 2010, 2011). However, changes in 

plant quantity or quality that occur from heavy browsing during the peak could also cause a time 

lag as plants regrow or become more heavily defended (Bryant 1981, Keith et al. 1984, Fox and 

Bryant 1984, Sinclair et al. 1988, Smith et al. 1988, DeAngelis et al. 2015). An individual based 

food supplementation would be critical during this time period, to determine whether 

supplemented individuals have improved survival or reproductive output immediately following 

predator declines. Although the previous large-scale experiment found no influence on survival 

during the low (Hodges et al. 1999), higher rates of immigration still occurred, and reproduction 

was not examined. This type of study would require considerable effort, however, as the 

extremely low densities (0.03 hares/hectare) create difficulties for reaching adequate sample 

sizes to answer such questions.  

Another hurdle in our understanding of the snowshoe hare cycle is our ability to quantify 

available resources on the landscape in a way that accurately reflects hare forage availability.  

Although food supplementation experiments such as this one demonstrate that hares are food 

limited during winter, food supply is regularly disregarded as an important contributor to cyclical 
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dynamics because food is considered highly abundant, more than the nutritional requirements per 

hare, at any phase of the cycle (Sinclair et al. 1988, Hodges et al. 1999). However, interpretations 

of food availability based on plant biomass may be misleading. First, resource stoichiometry 

varies spatially, and animal habitat use is influenced by this variation (Leroux et al. 2017). Hares 

also appear highly selective of available browse, which has been demonstrated in captive and 

wild feeding experiments (Miller 1968, Sinclair et al. 1988, Rodgers and Sinclair 1997), and 

mass loss of captive hares is correlated with the consumption of low quality browse (Rodgers 

and Sinclair 1997, Balluffi-Fry 2020).  

Diet selection in hares is not entirely clear. Past evidence suggests hares select browse 

based on protein and energy content (Rodgers and Sinclair 1997, Ellsworth et al. 2013), and/or 

avoidance of plant secondary compounds (Bryant et al. 1985), but also a need to balance intake 

rates of fibre and protein (Hodges and Sinclair 2003), or protein and secondary compounds 

(Schmitz et al. 1992). Furthermore, the evidence on avoidance of plant secondary metabolites 

(PSMs) is also conflicting, particularly in terms of which metabolites are avoided (Sinclair and 

Smith 1984, Bryant et al. 1985). Studies have shown that hares maintain a mixed diet in order to 

minimize the concentrations of any one PSM, which mitigates their negative effects (Bryant et 

al. 1992, Rodgers and Sinclair 1997). That being said, our consideration of PSMs has been 

restricted to only a narrow list of potential deleterious compounds (Bryant and Kuropat 1980, 

Bryant 1981, 1989, Sinclair and Smith 1984, Champagne et al. 2020). Taken together, the 

availability of high quality food is likely dependent on numerous factors, and researchers should 

move away from purely biomass estimates as an indicator of availability (Swihart et al. 2009).  
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Food manipulation experiments moving forward 

One criticism of food supplementation experiments is that the food provided does not 

occur naturally, and may provide an artificial effect. However, despite providing high quality 

food, individuals used the feeders for only a few brief visits a day (< 1 hour/day), indicating that 

the majority of their foraging time was spent consuming natural browse. This consumption of 

natural browse may occur because of a combination of several reasons. It could represent a 

predator avoidance strategy, if other areas are considered less risky or hares try to forage in 

multiple locations a day to remain unpredictable (Wolff 1978, Hik 1995, Hodges and Sinclair 

2003, 2005). Hares may be foraging on natural browse in order to maintain homeostatic body 

temperatures (Forbey et al. 2009). The process of detoxification that occurs when herbivores 

consume certain PSMs can generate heat or cause vasoconstriction which aids in maintaining a 

warmer body temperature (Oliver et al. 1993, Gardner et al. 1998). Finally, the supplemental 

food likely did not provide all the nutrients (such as fibre) required in the correct proportion, 

causing hares to balance their diet with natural browse (Belovsky 1984a, 1984b, Bernays et al. 

1994, Hodges and Sinclair 2003). Agricultural studies have shown that as protein content is 

increased in supplemental food, it will represent a smaller percentage of the overall diet for the 

animal, as they meet their protein requirement faster than other nutrients (Kyriazakis and 

Oldham 1993, Forbes and Kyriazakis 1995). This has also been found in wildlife studies, where 

herbivores will begin avoiding high protein food once a certain threshold is reached (Vickery et 

al. 1994, Berteaux et al. 1998, Hodges and Sinclair 2003). Regardless of the mechanism, this 

demonstrates that even minimal changes in the availability of high quality forage (i.e. less than 

an hour of supplemental food) can have substantial impact on condition, behaviour, and 

demography.  
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Decades of food supplementation experiments have provided important insight into 

population ecology. However, my experiment offers some critical insights that should be 

considered when interpreting past results and developing future experiments. As mentioned 

above, animals may only be utilizing supplemental food for brief periods per day, and therefore 

use of the supplemental food by individuals should not be assumed, but verified. Furthermore, 

competition at feeding sites (Newey et al. 2010) could highly restrict an individual’s use of 

supplemental resources, and these effects may be heighten in population-level manipulations 

where density is increased through immigration (Prevedello et al. 2013). Similarly, my study 

demonstrates that individuals still require natural food, even when supplemented. Increased 

densities through immigration may therefore increase competition for these resources in 

supplemented areas, limiting the potential benefits of the artificial food provided. Finally, I 

documented hares reducing their use of feeders when predation risk increased (i.e. predator-prey 

ratio). If decreased foraging did occur due to increased predation risk, then the potential 

predator-pantry effect in large-scale food manipulations could cause a drastic confound in these 

experiments, if individuals further reduce use of supplemental food coinciding with the increased 

risk in these experimental areas.    

 

Potential impacts of climate change on food resources 

Climate change is predicted to impact species globally and alter the dynamics and 

function of natural systems. Snowshoe hares in our study region may be vulnerable to climate 

change due to reduced snow depths lowering over-winter survival (Peers 2020). However, 

environmental change may also impact food resources, as forage quality, abundance, and 

availability are influenced by climate (Walsh et al. 1997, Mallory and Boyce 2018), and indeed 
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shrub biomass in the study area has increased over the last several decades (Grabowski 2015). 

Furthermore, hares may experience reduced energetic requirements under warming temperatures 

(Menzies et al. 2020). Given the impact of increased food availability on survival and 

reproduction documented in this thesis, changes in food availability under climate change would 

improve survival or reproduction, which may compensate for the predicted impact of altered 

snow conditions.   

However, the effects of climate on food availability are likely complicated, and 

dependent on other factors beyond overall shrub biomass. Increased growth in combination with 

decreasing snow depths may hinder access to forage during the winter (Keith 1983). Evidence 

further suggests that plant secondary metabolites may increase under warmer temperatures 

(Yang et al. 2018), which may reduce plant digestibility and palatability for hares. In the Kluane 

Lake region, despite increasing biomass (Grabowski 2015), the proportion of the new shrub 

growth consumed has declined over the last several decades, with complete browsing of willow 

and birch at the peak phase declining from 18% to 3%, and 85% to 3%, respectively (Krebs et al. 

2019). Furthermore, based on data from the Community Ecological Monitoring Program (Krebs 

et al. 2019), it appears peak densities of snowshoe hares have declined, suggesting food 

availability has not improved, assuming that peak densities are impacted by food availability. 

Reduction in digestibility or accessibility of browse may therefore exacerbate the potential 

impact of climate on predation risk (Peers 2020). Understanding how climate change will 

influence food availability is therefore a critical area for future research, given the potential 

impact on hare density, and their significance on the boreal forest food web (Boutin et al. 1995, 

Humphries et al. 2018, Peers et al. 2020). 
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FINAL THOUGHTS 

Food supplementation experiments have provided enormous advances to our 

understanding of resource limitation and regulation. However, revisiting some of the classic 

studies with individual approaches may provide new insight into those systems, and reconcile 

some of the discrepancies that exist between observational and experimental results. 

Understanding what drives fluctuations in population cycles is becoming ever more important as 

climate change has been shown to destabilize cyclic populations and impact nutrient quality and 

growth of browse species (Ims et al. 2008, Kausrud et al. 2008). We therefore require a deeper 

understanding of the mechanisms driving population cycles in order to accurately predict their 

persistence into the future. 
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APPENDIX 1 – Other methods of food supplementation attempted 

In order to carry out an individual based food supplementation experiment, I had to 

develop a method that ensured supplemented individuals had access, while restricting access to 

control animals that lived in the same study area. 

The first method I attempted was localized piles (Figure A1.1). I placed cameras at each 

pile to observe hare activity and determine: 1) if there was increased competition, 2) if fed 

individuals accessed the food, and 3) if controls were locating the piles. As expected, there was 

increased activity at the piles and even aggressive behaviour (Figure A1.2). In some cases, 

individuals also appeared to restrict use of the supplemental food from other hares. Surprisingly, 

non-target animals were unlikely to locate the pile and access the food. However, I did not 

continue with the open food pile method due to concerns of increased competition and activity 

that could attract predators. That being said, this method could work during the low phase when 

high activity and competition is expected to be minor, provided individuals are identified on 

camera. 

Next I tried selective feeders that worked based on magnetic tags. I first tested the Our 

Pets Wonder Bowl (a bowl with a lid), and the Meow Space (a fully enclosed clear plastic box 

with a door flap). Both of these units were restricted feeders that provided access based on a 

magnetic tag that was placed on the hare collar. However, the magnetic tags proved difficult to 

implement on wild animals, and individuals were hesitant to enter inside the meow space to 

access the food.  

Finally, I used the SureFeed pet feeder. A feeder that has a sliding door and is accessible 

only with a programmed pit tag that was attached to the individual’s VHF collar. These feeders 

have a training mechanism that alters the speed and amount the door opens in order for hares to 
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get accustomed to them. Most individuals were routinely using the feeders within 5 days. The 

feeders prevented control hares and other species from accessing the food. Most surprisingly, 

they also worked well in cold temperatures, with the doors working down to -30 ºC. I placed 

motion-triggered cameras at each feeder to determine if individuals were using the feeders, and 

distinguished individuals using unique barcode patterns built on the VHF collar antenna 

(described in Appendix 2). 
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Figure A1.1. An example of a food pile that was tested as a potential method for providing 

supplemental food to individual snowshoe hares. 
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Figure A1.2. An example of aggressive behavior that occurred at open supplemental food piles.  
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APPENDIX 2 – Description of methods for individual identification 

 

Title: A simple method for marking individual animals in motion-triggered camera studies  

 

Running title: Individual animal identification 

 

Authors: Yasmine N. Majchrzak1*, Allyson K. Menzies2, Darcy Doran-Myers3, Michael J. L. 

Peers1, Emily K. Studd2, Rudy Boonstra4, Stan Boutin1 

 

1 Department of Biological Sciences, University of Alberta, Edmonton, Alberta, T6G 2R3, 

Canada 

2 Department of Natural Resource Sciences, McGill University, Montréal, Québec, H9X 3V9, 

Canada 

3 Fish and Wildlife Research Institute, Florida Fish and Wildlife Conservation Commission, 

Gainesville, Florida, 32601, USA 

4 Department of Biological Sciences, University of Toronto Scarborough, Toronto, Ontario, 

M1C 1A4, Canada  



198 
 

Abstract 

1. Observing and collecting data on wildlife through motion-triggered cameras is becoming a 

widespread practice in ecological field research. In order to answer several ecological questions, 

including obtaining estimates of animal density, there is often the need to reliably identify 

individual animals in photos, which can be difficult, particularly at night. 

2. We created unique barcode patterns using heat shrink, a material that reflects infrared light from 

motion-triggered cameras. We deployed these patterns on the antennae of very high frequency 

(VHF) and global positioning system (GPS) collars, as well as on colored ear tags of Canada lynx. 

3. This method resulted in highly accurate identification of individuals from motion-triggered 

camera photos, even when the majority of photos occurred at night.  

4. The method described here provides a novel way of marking individuals that allows impartial 

and reliable identification at any time of day and can be used on a variety of different species and 

for a range of research applications.  

 

Keywords: individual identification, markers, motion-triggered cameras, density  
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Introduction 

The use of motion-triggered cameras to collect data on free-ranging wildlife is 

increasingly common in ecological field research. For studies of animal behaviour (e.g., 

movement or home range use, Oliveira-Santos et al. 2010; foraging decisions, Lloyd et al. 2012), 

species abundance, and population density (Foster and Harmsen 2012, Thornton and Pekins 

2015), it is often necessary to reliably identify individuals. For the latter, the ability to monitor 

known individuals has enabled the use of more sophisticated modelling approaches leading to 

increased accuracy in estimates of abundance and densities of wild animals (Thornton and 

Pekins 2015). However, individual identification can be difficult since marks need to be 

consistent, unique, and visible for each study animal.  

 Several different methods are currently being used to identify or mark animals in camera 

studies. Non-invasive techniques use the presence of natural markings such as fur spots or stripe 

patterns (Thornton and Pekins 2015, Theimer et al. 2017), scars or wounds (Gore et al. 2016), or 

unique body colouration (Van Horn et al. 2014), but are limited to species or individuals that 

possess such markings and may suffer from subjectivity in classification (Foster and Harmsen 

2012, Van Horn et al. 2014). More invasive techniques that often involve animal handling, such 

as ear tags, bands, or collars (Sikes and Gannon 2011), are applicable on a broader range of 

species, but identifying numbers or colours can be limited to daylight hours (e.g., Bengson et al 

2011) and can be difficult to implement on crepuscular or nocturnal species. Therefore, 

identification methods that limit subjectivity and increase visibility at night are required to 

expand our ability to monitor more species in the wild.  

Here, we describe a simple method for visually identifying individual animals on motion-

triggered cameras at any time of day. We deployed unique barcode patterns on antennae of both 
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very high frequency (VHF) and global positioning system (GPS) collars, as well as on colored 

ear tags. Heat shrink reflects both visible and infrared light, making patterns visible on motion-

triggered camera photos taken in all light conditions. Using this method we were able to identify 

individuals on motion-triggered camera photos, even when the majority of photos occurred at 

night. This marking method is useful for a wide range of species for which motion-triggered 

cameras are used, requires no additional handling time, and, most importantly, allows for reliable 

visual identification of individual animals in any light conditions.    

 

Description and Implementation 

As part of a multi-year ecological study of snowshoe hare (Lepus americanus) and 

Canada lynx (Lynx canadensis) in the Kluane Lake region of the Yukon, Canada (61°N, 138°W), 

we designed unique antenna and ear tag patterns (described in detail below) to identify and 

monitor collared individuals. Snowshoe hares were collared with VHF collars to monitor 

survival and behaviour and antenna patterns were used to identify individuals as part of an 

individual-based food addition experiment. In this experiment, motion-triggered cameras were 

located at feeders and collar patterns allowed for the identification of the experimental animals 

that were accessing the food on a daily basis. Lynx were collared with GPS collars to monitor 

movement and behaviour and received a colored ear tag in each ear to identify unique 

individuals on camera and during subsequent recaptures. Heat shrink patterns were added to the 

ear tags to facilitate a mark-recapture density analysis using individual photo capture histories 

from a large array of motion-triggered cameras. Because snowshoe hares are 

crepuscular/nocturnal (Keith 1964) but will extend activity into the day in summer (Feierabend 

and Kielland 2014), and lynx are cathemeral (active at all times; Kolbe and Squires 2007), both 
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species were ideal to test the efficacy of our collar marking patterns at various times of day. 

Handling and collaring procedures were approved by the University of Alberta Animal Care and 

Use Committee (Protocol: AUP00001973).  

Antenna patterns 

We created barcode-style patterns by attaching standard heat shrink tubing (1/32” heat 

shrink with adhesive, Addison Electronic, Quebec, Canada) over the antenna of our VHF and 

GPS collars prior to deployment. The antenna was first covered in black heat shrink tubing to 

create a solid, non-glowing base. Then, small pieces of any colour (i.e. white, yellow, blue, 

green, pink) and width were attached on top of the black base, in a multitude of combinations 

(Figure A2.3). For example, the snowshoe hare collar antennae were 0.3 cm wide and 14 cm 

long, and only the top ⅔ of the antenna are visible in photos (due to the long fur of the animal), 

therefore we used bands that varied from 0.4 cm to 5 cm and covered only the top ⅔ of the 

antenna to create the different patterns (Figure A2.1). Note that the distance between the bands is 

important; it is best if the bands are not too close together (roughly the same distance apart as the 

width of the bands) as they can be difficult to distinguish in photos taken at a greater distance. 

Although many materials can be used to create antenna patterns, the use of heat shrink is critical 

to nighttime identification because all colours of heat shrink tubing (except black) reflect 

infrared light. The number of unique combinations that can be created may vary depending on 

the needs of the research project and the overlap of individuals in space and time; for the needs 

of our project, we created over 30 unique patterns that were easily distinguishable on camera by 

varying the size and/or spacing of the segments of the tubing (see Figure A2.3).  
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Ear-tag patterns 

Each lynx received a unique combination of coloured ear tags (Nasco Standard Nylon 

Rototags, blank male and female, Wisconsin, USA) in their ears during handling. We assigned a 

heat shrink pattern to each ear tag colour, following spacing guidelines described for collar 

antennae, so the unique colour combination could be seen in photos captured at night and the 

color could be seen in photos captured during the day. For example, a green ear tag had two 

bands of black heat shrink tubing (which do not reflect infrared), whereas a yellow ear tag had 

two bands of white heat shrink (which reflected infrared light) (Figure A2.2). Right and left ear 

tag combinations from 6 ear tag colors provided 21 unique marking options. In addition to 

creating a unique and highly visible mark for each animal, adhering patterns to ear tags allowed 

for identification in motion-triggered camera photos well beyond the deployment time of the 

collar.  

Important considerations 

One potential issue to consider is that pieces of heat shrink can be damaged and/or break 

off the antenna or ear tag, which could lead to misidentification of individuals. However, in our 

experience it is easy to detect if the pattern has been damaged and in some cases the broken 

pattern is still unique and can be identified against other patterns. We recommend for longer 

deployments or deployments on animals that have high amounts of wear and tear on their collars 

or ear tags (e.g., lynx), to use adhesive-lined heat shrink tubing (or another adhesive), to ensure 

the patterns last the length of the study. Heat shrink patterns could also be fixed directly to the 

neck band of the collar for species where the collar band is visible (e.g. elk, moose, pumas, etc), 

however this was not possible for our study species due to the length of their fur.  
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Application and Results 

To classify the accuracy of our identification method on snowshoe hares, we looked at 

photos from a camera deployment at a feeding station used by known individuals. Cameras 

(Reconyx Hyperfire PC900) were set to take three photos rapid-fire with a 1-minute delay 

between photo bursts. Having more than one photo per motion-trigger increased our chances of 

obtaining at least one high quality photo for animal identification. We were able to identify 

individual hares based on antenna pattern in 78% (54 of 69 hits) of hare detections (one hare 

detection is three rapid fire photos). These photos occurred primarily at night, and undetected 

individuals occurred mainly because the collar was not visible during the three consecutive 

photos. If we consider only photos where the antenna was present in the photo, we were able to 

successfully identify the individual hare with an accuracy of 98% during the day (52 of 53 hits), 

and 90% during the night (37 of 41 hits).  

 To assess the accuracy of our ear tag identification method on lynx, we classified photos 

of marked lynx to individual, then checked the time and location with the identified individuals’ 

GPS locations. Using the ear-tag patterns, we were able to successfully identify the individual in 

84% of daytime photos (16 of 19 hits) and 73% of the nighttime photos (16 of 22 hits). Although 

we did attach patterns to lynx collar antennae in a few cases (see Figure A2.2), we do not present 

an identification percentage for lynx due to the small number of deployments. 

Identification using our pattern method had one caveat, which is that success is dependent 

on photo quality. Infrared flash photos at night use a slow shutter speed and are blurry when 

animals move quickly across the detection zone. Infrared flash is also limited in distance from 

the camera unit and is sometimes unable to fully illuminate an animal crossing the far edge of the 

detection zone. In most cases proximity to the camera was the main cause of lower detection 
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rates for lynx because individuals closer to the camera were easier to identify. In high-quality 

photos, where marked animals were within a closer distance to the camera, identification was 

highly reliable. However, we emphasize that without the added heat shrink patterns, 

identification from camera trap photos at night would be 0%.  

 

Conclusions 

Identifying individual animals is often critical for behavioural and ecological studies of 

wildlife (Foster and Harmsen 2012). Our marking method has a wide range of applications from 

studying individual behaviour to completing mark-recapture for density estimates using motion-

triggered cameras. The method described here provides a novel way of marking individuals that 

allows for impartial and reliable identification in motion-triggered photos taken across various 

light conditions, alleviating the time-of-day restriction imposed by other marking methods 

(Bengson et al 2011). As the use of motion-triggered cameras increases in ecological field 

studies, finding ways to identify individuals for a variety of species and research goals will 

increase the applicability and accuracy of these camera-based projects.  
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Figure A2.1. Motion-triggered camera photos showing an individual snowshoe hare with a 

unique antenna pattern made of heat shrink, captured in the day (a) and night (b). 
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Figure A2.2. Photos of two different lynx marked with colored ear tags with a heat shrink 

pattern and a collar antenna with a heat shrink pattern in the day (a) and night (b).  
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Figure A2.3. Examples of a subset of antenna patterns deployed on snowshoe hare collars to 

allow unique identification of individuals on camera. 

 

 

 

 

 


