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Abstract

Blood biomarkers indicative of nutritional status, fecal cortisol metabolite concentrations and an 

established body condition index (BCI), were collectively examined from snowshoe hares (Lepus 

americanus) inhabiting northern Alaska in 2018, during five ecologically significant times of year. As a 

novel approach to increase our understanding of the effects of diet and predation pressure on hare 

physiology, I addressed how these markers were associated with seasonal timing of energetic demands 

and adult survival rates. Mean decreases in concentrations of total protein (TP), blood urea nitrogen 

(BUN), hematocrit (HCT) and glucose during spring and autumn, suggest that snowshoe hare nutritional 

status decreased during these two seasons in 2018. The shoulder seasons of spring and autumn coincide 

with energetic challenges, including molt, changes in diet and breeding. Because available forage during 

these seasons largely consists of winter-dormant twigs, the energy expenditure of growing a new winter 

coat (autumn) and breeding behavior (spring) may compromise the energy balance of hares during these 

periods. Male hares, whose activity levels increase during breeding, exhibited lower BCI scores and were 

slower to molt from white to brown than female hares in May. Furthermore, adult survival rates were 

lowest during spring months. Snowshoe hare mean fecal cortisol metabolite concentrations did not show 

associations with seasons of apparent low nutritional status. Adult hare survival rates peaked during 

summer and early autumn, during which mean values of TP, BUN, Hct, Cl (chloride), Na (sodium) and 

glucose also increased. By contrast, this period coincided with a 2-fold increase in mean fecal cortisol 

metabolite concentrations, suggesting that the apparent stressor was not related to nutrition. Interestingly, 

after having decreased in autumn, BUN, Hct, TP, and glucose mean concentrations increased in mid

winter. Free calcium (iCa) and potassium (K) mean concentrations were also highest in December. Hares 

may have reduced activity during winter months, and metabolic rates may have increased to cope with 

thermoregulation demands. BCI scores decreased by December, suggesting use of endogenous reserves. 

Lowest seasonal mean cortisol metabolite concentrations were also observed in mid-winter. This study 

demonstrates the value of examining both physiological and morphological metrics of snowshoe hare 
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condition to better our understanding of how seasonal trends in food and fear may unfold into cyclic 

patterns.
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General Introduction

Snowshoe hares are a keystone species of the boreal forest. (Krebs et al. 2001b). Populations of 

snowshoe hares fluctuate in a cyclic nature with numbers peaking every 8-12 years. The stark differences 

in boom and bust years of their cyclic life history greatly affects population dynamics of many other 

boreal flora and fauna (Krebs et al. 2001a). Snowshoe hares live with extreme seasonal metabolic 

challenges: hares molt their pelage twice a year, and seasonal changes in plant characteristics drastically 

alter diet quantity and quality (Krebs et al. 1986). Furthermore, unlike most small-bodied animals that 

overwinter in North America's boreal forests, snowshoe hares have minimal fat stores and they do not use 

the subnivean for thermal protection (Hodges et al. 1999).

During years of high reproduction, hare density may increase up to 20-fold (Krebs et al. 2001a) 

and during these years of high density, meeting seasonal energy demands becomes more difficult. 

Available winter browse has been substantially reduced in quality and quantity (DeAngelis et al. 2015). 

Increasing predator abundance is suggested to contribute to the development of chronic stress in 

snowshoe hares (Love et al. 2013; Mcarthur et al. 2014). In the latter half of hare cycles, fecundity begins 

to decrease, suggesting hares begin experiencing physiological strain as their population density increases 

(Stefan et al. 2001). Decades of research have identified food availably and predation pressure as being 

the two primary contributors to snowshoe hare cyclicity (Bryant et al. 1985; Boonstra et al. 1998; Krebs 

et al. 2013, 2014). However, disagreement exists about the extent each contributes to population 

dynamics and control (Sinclair et al. 1988). It may be difficult to disentangle food limitation and fear 

effects (Mcarthur et al. 2014). A physiological examination of hares during high density stages when diet 

and predation likely affect hare fitness, may be a valuable approach to increase our understanding of how 

changes in fitness evolve. Hare body condition is routinely evaluated using an index ratio of mass/hind- 

foot length, however this general condition metric does not highlight the specific physiological processes 

that may be important in assessing changes in hare fitness (Hodges et al. 1999).

Our understanding of how snowshoe hares cope with seasonal high energy demands exacerbated 

by years of high density, is an understudied area of research. Quantifying seasonal body condition index 
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while also concurrently measuring plasma nutritional chemistries and fecal cortisol metabolite 

concentrations from snowshoe hares during a high-density stage may provide further understanding of 

how seasonal effects of food and predator intimidation affect hare body condition. Survival rates of hares 

in interior Alaska are lowest during the shoulder seasons of spring and autumn (Feierabend and Kielland 

2015), which is believed to be associated with the timings of breeding and molt. However, the literature 

lacks a physiological investigation of body condition during these fundamental activities. As climate 

warming is associated with shortened periods of snow-cover, hares are susceptible to seasonal camouflage 

mismatch (Zimova et al. 2016). Although hare molt has been linked primarily to photoperiod, wide 

individual variation in molt phenology exists within populations (Mills et al. 2013). Monitoring seasonal 

physiological condition of hares could advance our understanding as to why such individual variation 

exists.
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Chapter 1 - Seasonal variation in nutritional biomarkers and fecal cortisol concentrations in a northern 

population of snowshoe hares1

1 Montgomerie, C., M. Lian, G. Breed, and K. Kielland. Seasonal variation in nutritional biomarkers and fecal 
cortisol concentrations in a northern population of snowshoe hares. Manuscript in preparation for the Journal 
Comparative Physiology B.

1.1 Abstract

Cyclic changes in snowshoe hare (Lepus americanus) fecundity have been attributed primarily to 

changes in winter forage availability and predation pressure. Disentangling how nutrition and 

predation pressure (direct predation and indirect predator avoidance behavior) affect snowshoe hare 

physiology is complex and understudied. As an herbivore of the northern boreal forests, snowshoe 

hares cope with extreme seasonal changes in diet, ambient temperature and energy demands. 

Quantification of seasonal hare physiology may elucidate how changes in food, fear and mortality 

interact and play a role in the development of cyclic patterns of population abundance. We examined 

seasonal variation in blood biomarkers indicative of nutritional status, fecal cortisol metabolite 

concentrations, and a recognized snowshoe hare body condition index (BCI), between five 

ecologically distinct times of year and in relation to adult survival rates. Snowshoe hares sampled 

from a high-density population in northern Alaska during 2018 appeared to show decreases in 

survival rates and mean values of nutritional markers total protein (TP), blood urea nitrogen (BUN), 

hematocrit (Hct), Chloride (Cl) and glucose during spring and autumn. Increases in adult survival as 

well as increases in blood biomarker mean concentrations of Cl, TP, BUN, Hct, Na, and glucose were 

observed during summer. A reduction in mass and survival from autumn to winter suggests forage 

became limited. Mean increases in TP, BUN, Hct, and glucose concentrations during winter may be 

suggestive of high metabolic turnover. Cortisol metabolite concentrations did not appear associated 

with seasons with low nutritional condition. A two-fold increase in mean fecal cortisol metabolite 

concentrations was observed during summer and was possibly associated with breeding and/or 

increased densities of predators. Results from this study provide physiological evidence reinforcing 
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previous findings of associations between low survival rates and energetically costly times of year. 

Furthermore, this work provides the first snowshoe hare reference range of blood biomarkers (N = 

165) indicative of nutritional status, and introduces the idea of using a collective biomarker approach 

to advance our understanding of seasonal variation in the physiology and nutritional condition of 

snowshoe hares.
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1.2 Introduction

The life history of snowshoe hares (Lepus americanus) is dependent, in large part, on coping with 

seasonal metabolic challenges. Characteristic of high latitude environments; extreme winter temperatures, 

extended months of snow and a shortened vegetation growing season, make northern boreal forests an 

energetically demanding place to live (Anderson and Jetz 2005). Unlike other omnivorous and 

herbivorous small mammals inhabiting northern latitudes, snowshoe hares do not use the subnivean zone 

or undertake hibernation/torpor strategies to cope with the cold (Lavergne et al. 2019). Furthermore, they 

do not cache food and maintain minimal fat stores year-round. The shoulder seasons of spring and autumn 

in high latitude environments are critical periods of the year. In the spring, as hares become 

reproductively active and undergo pelage color change, winter browse still dominates their diet. Although 

summer brings better forage, the energetically costly activities of reproduction and juvenile growth, are 

condensed into a few short months (Anderson and Jetz 2005). The onset of autumn represents a drastic 

decline in dietary protein availability coinciding with increased protein requirements for growing a new 

winter coat.

Seasonal metabolic challenges of snowshoe hares may interact with the species' population 

density. Snowshoe hare reproductive rates fluctuate drastically over the course of 8-12 year cycles (Krebs 

et al. 1986). Peak reproduction takes place during early increase years of a cycle, at which point female 

hares regularly have 3 litters, often producing more than 15 young per season. Number of litters and size 

of each litter decrease as the cycle continues and reaches nadir during late decline and early low years of a 

cycle.

Increasing population densities accompanied by higher reproductive rates typically progress for 

three - four years, by which point, available winter browse may be compromised in quality and quantity 

(DeAngelis et al. 2015). During winter months' hares subsist primarily on twigs of deciduous trees and 

shrubs (Sinclair et al. 1988). In addition to having low digestibility and nutrient concentrations, these 

forages also contain anti-herbivory defense compounds or plant secondary metabolites (PSM) in the form 

of toxins or digestion inhibitors (Bryant et al. 1985; Mcarthur et al. 2014). The concentration and 
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composition of PSM vary by plant species (Bryant 1981; Foley et al. 1995). Most of these compounds are 

bio-transformed to excretable metabolites, though not without considerable disruptions to digestion 

(Mcarthur et al. 2014). Via conjugation, these PSM often reduce nitrogen digestibility and assimilation in 

herbivores (Freeland et al. 1985), and specific to lagomorphs, may cause high rates of urinary sodium loss 

(Pehrson 1983; Reichardt et al. 1984; Iason and Palo 1991; Faber et al. 1993). In most plant species, 

nutrient content and PSM concentrations are inversely correlated with twig diameter (DeAngelis et al. 

2015). Small diameter, juvenile twigs contain higher nutrient concentrations, but also higher 

concentrations of PSM. As twigs mature, PSM concentrations are reduced, but digestibility also decreases 

due to higher proportion of fiber (Bryant et al. 1981). To cope with this dilemma, hares show preference 

for intermediate twig diameters (DeAngelis et al. 2015). This has been suggested to help maintain the 

balance between nutritional needs and a threshold of PSM's (DeAngelis et al. 2015). However, 

preferential twig diameter may be harder to obtain as hare densities increase. As browsing intensifies, 

regrowth of juvenile twigs may become proportionally higher. After consecutive years of high 

reproduction, hares may be forced to consume winter browse that is more metabolically taxing 

(DeAngelis et al. 2015).

Additionally, predator population numbers are influenced by the boom and bust years of 

snowshoe hares (Boonstra et al. 1998). After two - three years of high hare reproduction, predator 

numbers also start to increase (Krebs et al. 2013). Plasma cortisol concentrations measured in snowshoe 

hares sampled from the Yukon Canada, increased during years of high predator density (Boonstra et al. 

1998). Sustained elevation in plasma cortisol concentration during high predator density years has been 

proposed to be associated with chronic stress in snowshoe hares and lead to the development of 

physiological consequences (Boonstra et al. 1998). Such prolonged distress may cause suppression of 

reproduction, immune function and energy storage (Sheriff et al. 2011a; Crespi et al. 2013). For example, 

elevated concentrations of fecal cortisol metabolites have been documented to be negatively associated 

with litter size and leveret body condition in snowshoe hares (Sheriff et al. 2009b).
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Both winter-browse limitation and predator-induced chronic stress are recognized as factors 

contributing to the shift in fecundity that characterize snowshoe hare cycles. There is further strong 

evidence to support the idea that these two factors interact (Krebs et al. 1995, 2013; Sheriff et al. 2011b) 

imposing synergistic physiological challenges to snowshoe hare homeostasis (Mcarthur et al. 2014). 

However, it may be difficult to disentangle the individual effects of these factors, and disagreement in the 

literature exists about the extent each contributes (Sinclair et al. 1988b). Although cortisol levels have 

been examined in snowshoe hares, a concurrent thorough physiological examination of nutritional status 

is lacking in the literature (Hodges et al. 1999). As a high-latitude herbivore coping with serve effects of 

seasonality, understanding the physiological effects of changes in diet, may improve our understanding of 

the drastic fluctuations in reproduction exhibited by hares.

The index expressed as the ratio of mass to hindfoot length is routinely used to evaluate the body 

condition of snowshoe hares, though this metric of condition does not address the specific physiological 

processes that may be important in assessing changes in hare diet (Hodges et al. 1999). It may exclude 

assessment of growing juvenile hares (small structural size) and potentially pregnant female hares (heavy 

mass) (Green 2001). Hodges et al. (1999) found that body condition of snowshoe hare exhibits cyclic 

fluctuations, though no link between body condition index and reproductive output was found. These 

findings demonstrate the importance of measuring multiple indices of body condition, both morphological 

and physiological. Food intake is a primary determinant of an individual's body condition, however 

interpretation of how diet relates to body condition is complex (Murray 2002). Integration of measuring 

multiple parameters of nutrition at different levels of biological organization may provide a more 

comprehensive understanding of the role of seasonal changes in diet (Resano-Mayor et al. 2016). 

Measuring blood biomarkers is a method that can be used to increase understanding of an individual's 

current physiological health and condition (Resano-Mayor et al. 2016). Assessment of nutritional blood 

biomarkers related to metabolism, energy availability, and body condition may better our understanding 

of how seasonal changes in diet affect the physiological state of snowshoe hares.
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Concentrations of blood urea nitrogen (BUN), total protein (TP), and glucose can be measured as 

indicators of metabolism and energy availability. BUN is an indicator of nitrogen turnover (Kerr 2002) 

while TP (comprised of albumen and globulin proteins) is synthesized in part by dietary amino-acids and 

low levels may help identify malnutrition (Kerr 2002). Low levels of glucose can also be a sign of poor 

dietary intake (Kerr 2002). Increases in blood glucose levels have been associated with years of high 

snowshoe hare predation, and proposed as a possible explanation for overwinter body mass loss (Boonstra 

et al. 1998). Hematocrit (Hct), and creatinine can be measured as indicators of snowshoe hare body 

condition (Kerr 2002). Hct is a measure of the proportion of red blood cells in blood. Low levels have 

been used as an integrative index of poor body condition via erythrocyte depletion, mineral loss, or an 

increase of white blood cells. Boonstra et. al (1998) reported snowshoe hare Hct values to be lower during 

decline years (when hare fecundity drops), than during low years of a cycle (when hare fecundity starts to 

increase). Creatinine is released into the blood stream in fixed concentrations proportional to muscle mass 

(Kerr 2002). Seasonal changes in concentrations may indicate changes in muscle mass. Measuring the 

ratio of urea nitrogen:creatinine has been used to monitor nutritional deprivation in related lagomorphs 

such as cottontail rabbits (Sylvilagus transitionalis) (Villafuerte et al. 1997). Concentrations of ionized 

calcium (iCa) and electrolytes Sodium (Na), Chloride (Cl) and Potassium (K) may help to better address 

associations between PSM and hare nutrition. Most PSM's are bio-transformed to organic acids in the gut 

of snowshoe hares. These organic acids may cause a reduction of Ca absorption and loss of Na, K and 

other minerals (Bernays et al. 1989). Buffering and excretion of these acid loads is necessary to avoid 

detrimental effects of acidosis such as bone calcium loss (Foley et al. 1995). However, unlike other 

herbivores, lagomorphs may be unable to augment urinary ammonium to excrete acid loads, and instead 

bicarbonate buffered acids may be accompanied by Na or K to be excreted (Foley et al. 1995).

However, caution should be used when interpreting blood values of free ranging wildlife, as a 

wide range of diseases and organ malfunction can affect blood biomarker concentrations. Furthermore, 

blood values may not always represent a predictable physiological state (Resano-Mayor et al. 2016). 

BUN, for example, is typically associated with dietary intake of nitrogen. However, during malnutrition, 
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endogenous reserves may be used in the place of food intake to fulfill energetic demands of nitrogen 

turnover (Resano-Mayor et al. 2016). These caveats demonstrate the importance of using a suite of blood 

biomarkers to examine and interpret physiological condition of individual hares.

Both nutritional stress and predator avoidance behavior may culminate in the triggering of the 

hypothalamic-pituitary-adrenal axis (HPA) (Mcarthur et al. 2014).Without a simultaneous assessment of 

nutrition, it is unclear if elevated plasma cortisol levels in snowshoe hares during years of high predators 

are associated only with the act of avoiding predation, or if limited access to quality forage may also 

impose nutritional stress and affect activation of the HPA (Hodges and Sinclair 2005). For example, 

Moshkin et al. (2003) found that corticosterone concentrations were significantly elevated in association 

with seasonal food limitation of water voles (Arvicola amphibius) and great gerbils (Rhombomys opimus). 

Furthermore, glucocorticoid production is often examined in association with factors that may induce 

irregular challenges or affect the direct survival of individuals. However, glucocorticoid production is 

additionally responsible for regulating metabolism and behavioral changes needed to meet the energy 

requirements of routine life history events such as social hierarchy, breeding, and provisioning of young 

(Garamszegi et al. 2018; Romero 2002). It has been suggested that glucocorticoids increase during 

energetically demanding activities, and many studies have documented increases specifically during the 

breeding seasons of mammals and birds (Garamszegi et al. 2018; Czerwinska et al. 2013; Romero 2002; 

Howland et al. 1985). Examining seasonal glucocorticoid concentrations may therefore help interpret 

changes in glucocorticoid production (Garamszegi et al. 2018), particularly for a species such as 

snowshoe hares that experience extreme seasonal energy demands.

Examining the intricacies of how snowshoe hare cortisol levels, blood nutrition markers, and 

body condition index relate to, and vary by, season may shed light on our understanding of how cyclic 

population fluctuates (Hodges et al. 1999). There are many indicators of seasonal variation in 

physiological status of snowshoe hares, however without quantifications of indices representative of 

physiological condition, these patterns are difficult to interpret. Hare survival rates and body condition 

index have been documented to vary seasonally and be positively correlated (Feierabend and Kielland 
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2015). Shoulder seasons of spring and autumn show highest mortality rates and lowest body condition, 

indicating possible physiological stress (Feierabend and Kielland 2015). Quantifying seasonal nutritional 

status and cortisol levels may elucidate why such patterns exist.

The first pregnancy of snowshoe hares is consistently between the end of April and the end of May 

(Sheriff et al. 2009b), i.e., before much green summer forage is available. Evidence of nutritional stress 

involved with timing of this pregnancy is reflected in small litter sizes and leveret mass (Krebs et al. 

2001). A second litter of leverets born in late June reliably show larger litter size and heavier leverets 

(Krebs et al. 2001). Molt is another energetically demanding activity that hares undertake during shoulder 

seasons (Zimova et al. 2016). As climate warming is associated with shortened periods of snow-cover, 

hares are susceptible to seasonal camouflage mismatch (Mills et al. 2013). Although molt has been linked 

primarily to photoperiod, wide individual variation in molt phenology exists within populations (Mills et 

al. 2013). Monitoring seasonal physiological condition of hares could advance our understanding of the 

causes of molt variation (Zimova et al. 2014).

In an effort to increase our understanding of how seasonality affects body condition of individuals, 

we quantified seasonal blood biomarkers of nutrition, fecal cortisol metabolite concentrations (FCM) and 

body condition index (BCI), from wild caught snowshoe hares. We sampled hares during five distinct 

times of the year which corresponded to ecologically significant periods pertaining to breeding, molt and 

changes in environmental conditions. Furthermore, we investigated the effect of these biomarkers on 

timing of mortality. We predicted that these biomarkers would show pronounced seasonal fluctuations 

concordant with variation in forage quantity and quality. Moreover, times of nutrition stress would 

similarly be reflected in elevated FCM concentrations.

1.3 Materials and Methods

Study area

The study was conducted on a population of snowshoe hares inhabiting the northernmost edge of 

Alaska's boreal forest in the Brooks Range. These mountains separate the final pockets of boreal forest 

from the treeless arctic coastal plain. Interspersed throughout the range, river drainages and low-laying 
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landscapes hold sizable, discrete patches of boreal flora and fauna. Snowshoe hares were captured in one 

such area along the Dietrich river (67.859N, -149.826W). This riparian zone is composed primarily of 

willow (Salix spp.) and alder (Alnus spp.), as well as sparse balsam poplar (Populus balsamifera), black 

spruce (Picea mariana) and white spruce (Picea glauca).

Population estimates

Estimates of hare abundance and density are done twice annually at a neighboring site based on 

standard mark-recapture methods and analyses (Efford et al. 2009). Estimates done in 2018 and compared 

to the prior two years data, indicated that hares in this area were likely in a mid - late growth phase of a 

cycle. Records of hare mass in August, as well anecdotal evidence from field necropsies, suggested that 

female hares had up to three litters during the summer of 2018.

Live-capture

Hares were caught in #3 Havahart livetraps (model 1085, Lititz, Pennsylvania) baited with alfalfa, 

carrots and apples. In an effort to minimize the effect of ingested bait on blood parameters measurements, 

bait was equally distributed to traps. Thirty traps were placed ~50 meters apart just inside a brush-line 

parallel to the Dietrich river. The ground below each trap was cleared of all hare fecal pellets each time 

the trap was opened. This insured that collected fecal pellets were from the trapped individual. A piece of 

tar paper was placed on the top of each trap for weather protection. Traps were set each day between 

16:00 - 17:00 and checked between 7:00 - 8:00 the following morning. Due to high catch rate (summer 

stage primarily) and logistical constraints (very limited daylight and difficulties sampling in winter 

conditions), the longest time elapse between a trap being set and checked, was 17 hours. However, most 

hares were sampled within 14 hours of trap opening. Number of consecutive trap nights was between 2 - 

4 days for each season stages.

Trap timing

We captured animals during five distinct times during the year which corresponded to 

ecologically significant life history events and environmental conditions, as following:
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Early spring (March): Snowshoe hares are in a pre-breeding behavioral state while still on a 

winter diet. Prior to onset of breeding (late April), males are becoming reproductively functional and 

showing signs of territorial/courtship displays. As these reproductive energy demands start to increase, 

snow depth remains substantial and hares are still on a winter diet.

Late spring (May): Males are exhibiting breeding behavior, females may be in the early stages of 

pregnancy and both sexes are in the process of a full pelage molt. Snow melt in this arctic area exposes 

new growth, but hares still persist primarily on winter browse. During this stage, amount of molt was 

assessed for each sampled individual.

Late summer (August): Reproduction and lactation has finished. Females may have had up to 

three litters, therefore may have lactated until end of August. Hares are persisting primarily on summer 

browse composed of forbs and grasses. We also monitored lynx and great-horned reproduction in the 

study area during the summer of 2018 and both species of predators were exhibiting high reproductive 

rates indicative of high prey (snowshoe hare) availability.

Autumn (October): With winter approaching, hares are in the process of another full pelage molt. 

Temperatures are dropping below freezing at night and some snow has typically fallen. Diet during this 

transition period is likely a combination of summer and winter browse. During this stage, sampled hares 

can still be differentiated as either an adult or a juvenile and amount of molt is also accessed for each 

individual.

Winter (December): Hares are subsisting exposed to an arctic environment. Temperatures of 

below -30°C are not uncommon. Winter browse consists of twigs of deciduous and conifer trees. Despite 

ingesting nearly 10% of their body mass per day in the winter, low food quality may incur a 25% 

reduction of body mass for adult hares over the course of the long winter (Kielland et al. 2010)

Sample collection

Hares were restrained in a pillow case. Each hare was fitted with Monel steel ear tags (National Band and 

Tag Co., Newport, Kentucky), weighed, sexed, and measured for length of right hind-foot. A blood 

sample (0.75-1.0 ml) was collected from the left lateral saphenous vein of each snowshoe hare using a 
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preheparinized (heparin sodium injection, US Pharmacopeia 1,000 US Pharmacopeia units/mL) 1-mL 

slip-tip syringe (tuberculin slip tip syringe, BD Medical, Franklin Lakes, New Jersey, USA) and a 28- 

gauge needle. Blood samples were immediately transferred into plasma tubes (1.3 lithium heparin, 

polypropylene, micro-tube, Cncl Slf Stnd, NS, Henery Schein, 100/pk) and kept cool. Snowshoe hare 

capture, handling and sample collection protocols were approved by the University of Alaska Fairbanks 

Institutional Animal Care and Use Committee (Protocol # 1124642-6).

A fecal sample was collected from each individual by picking up pellets from under each cage. During 

sampling periods where the temperature was below freezing, an effort was made to avoid selecting pellets 

that had visible urine frozen onto them (Teskey-Gerstl et al. 2000). Fecal samples were placed in whirl 

packs and immediately transferred to a field cryogenic shipper (-180°C) for up to 6 days before being 

transferred to a -80°C freezer until analysis.

Collaring hares

Very high frequency (VHF) collars were deployed on 16 hares in March and were used to 

monitor survival rates throughout the study. Collars weighed 26 g (Advanced Telemetry Systems, Isanti, 

Minnesota) and were programmed to deliver a mortality signal after 6 consecutive hours of no movement. 

In an attempt to maintain ~10 collared individuals throughout this study, we redeployed collars at the 

May and August sampling periods. Only adult hares were fitted with VFH collars. An effort was made to 

keep an equal number of males and females collared, however our sample usually included more males 

than females. Mortality checks were done every 1-3 months between March 2018 and April 2019 using a 

directional Yagi antenna and handheld receiver (model R1000; Communications Specialists Inc., Orange, 

California).

Coat color index

During periods of molt (sampling periods May and October), each hare caught was identifiably 

photographed in the trap before processing began (Mills et al. 2013). Photograph review was later used to 

index individual coat color as an assessment of the stage of the molt (proportion of white coloration 

present). As hares molt different body regions at different speeds, four regions (head, back, rump, and 
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chest/underside) were first quantified separately. A rank system of 1-3 (Low, Medium, High amount of 

white, respectively) was used for each region (Mills et al. 2013). Region ranks were then totaled as a 

proportion of 12 and quantified as a total body color index of Low, Medium or High.

Blood biomarker analysis

Within 6 hours of collection, concentrations of BUN, HCT, Na, iCa, Cl, K, glucose and creatinine were 

measured in whole blood samples using a hand held VETSCAN® i-STAT Analyzer (Abbot Point of Care 

Inc., Princeton, NJ, USA, CHEM 8+ cartridge). Whole blood samples were then centrifuged at 3800 

RMP for 5 minutes. Plasma was removed and transferred to 0.5 ml cryovial tubes. Any plasma samples 

showing signs of hemolysis (N = 9) were removed from analysis. Red cells and plasma samples were 

stored in a field cryogenic shipper (-180°C) for up to 6 days before being transferred to a -80°C freezer 

until analysis. During the December sampling point, seven blood samples were discarded because they 

froze prior to analysis due to low (-28°C) field temperatures. Due to complications with a software update 

for the i-STAT Analyzer, 4 other samples were left ~24hr on ice before being analyzed. This may have 

affected glucose concentration and is noted in statistical analysis of this analyte. Concentrations of total 

protein were measured after samples from each season had been brought back to a lab setting and stored 

at -80°C. Plasma was thawed out, and total protein was measured with a clinical refractometer.

Extraction of fecal cortisol

11-Oxoetiocholanolone is a metabolite of cortisol found in feces of ungulates and other 

herbivores (Teskey-Gerstl et al. 2000). Sheriff et al. (2009a) validated the use of this metabolite to 

quantify fecal cortisol in snowshoe hares using a group-specific enzyme immunoassay (EIA) established 

by Palme and Mostl (1996). Validation of this EIA included a test of dexamethasone (DEX) suppression 

and adrenocorticotropic hormone (ACTH) stimulation of adrenal cortisol (Sheriff et al. 2009c). We used a 

commercially available 11-Oxoetiocholanolone ELISA Kit (Cayman Chemicals, Ann Arbor MI, Item No. 

501420) in this study to quantify fecal cortisol metabolites (FCM) in snowshoe hares. Parallelism and 

Accuracy/Recovery tests were performed to validate the use of the 11- Oxoetiocholanolone ELISA Kit.
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Procedures described in Sheriff et al. (2009) were followed to store, prepare and extract FCM 

from snowshoe hares. Fecal pellets from each individual were first dried for 14 -18 h using a Lyophilizer 

(LABCONCO Freeze Dry system/FreeZone 4.5, Missouri USA). Dry fecal pellets showing residue of 

urine, appearing as a white fuzz on pellets (Teskey-Gerstl et al. 2000) were discarded to reduce urine 

cortisol metabolite signatures on results of fecal concentrations. Individual's pellets (4-6 pellets) were 

then homogenized using a coffee grinder (KRUPS F203, China). Due to a large amount of vegetative 

roughage in samples, an extra step was taken to remove plant material from samples and only the fine 

material was kept for analysis. To extract FCM, 2.5 ml of 80% methanol was added to 0.15 +/- 0.025 g 

fecal dust and vortexed for 30 minutes at 6,000 rpm (HAAKE BUCHLER VORTEX 4322000, Saddle 

Brook NJ). Samples were then centrifuged for 15 minutes at 2,500g (Beckman Coulter Microcentrifuge 

20R, California USA). Methanol was pulled off of remaining substrate. Samples were then flash frozen 

(10 minutes, -20°C) then centrifuged a second time (15 minutes at 2,500g). Forty microliters of sample 

were removed, dried under forced air and reconstituted in 400μl of assay buffer. Samples were diluted 

(1:10) with assay buffer and analyzed with ELISA on spectrophotometer at 405 nm absorbance. All 

samples were run in triplicate. Each assay included a full standard curve, two controls, non-specific 

binding wells, total activity wells, maximum binding, and ‘zero' (blank) wells, A full protocol is 

presented in the Appendix B.

Displacement curves of serial dilutions (1:1 up to 1:16) of both male and female pools were 

parallel to the standard curve and demonstrated linearity (Figure 4). Recovery of added mass (500 ng/ml, 

100 ng/ml, 25ng∕ml, 0ng∕ml matrix) were between 76% - 136% (y = 0.7677x + 1.4363, r2 = 0.99) for 

female pool and between 111% - 137% (y = 1.358x -23.421, r2 = 0.99) for male pool. Manufacture's 

procedures (matrix concentrations) were followed for this test. Although male and female slopes may be 

out of the ideal recovery range of 85% - 120%, kit validation by manufactures also displayed values that 

were in >125%.
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Data analysis:

Analysis was performed in software R version 2.15.2. Each biomarker was tested for normality 

and equal variance using Shapiro-Wilks test and Levene's test, respectively. If test assumptions were not 

met, appropriate transformations were made (Glucose and fecal cortisol metabolite were log- 

transformed.) Analyses were conducted on transformed data.

Using the package lmer, linear mixed-effects models were used to evaluate the relationship 

between each biomarker and five different seasonal time periods. The response variable was each 

biomarker. Season was the fixed effect. To control for variation among individuals, the identity of 

individual hares was a random effect. Likelihood ratio tests were used to assess the significance of 

seasonal variation of each biomarker. To investigate variance associated with variables Sex and Age, 

additional models were built to examine the interaction effects of (1) Season*Sex and (2) Season*Age for 

each biomarker. Age data was only collected during two of the five sampling periods, therefore only 

seasons containing Age data were compared. Only adult body condition scores were used in analysis. 

Akaike Information Criterion (AIC) was used for model selection. The log-likelihood was maximized 

(REML=FALSE) when comparing linear mixed-effect models. Models ≤ two delta AIC of each other 

were considered equal and the most parsimonious model was selected. General linear mixed-effect 

models were selected over Analysis of Variance models for this analysis due to their robust ability to cope 

with unbalanced samples sizes.

Analysis of Variance (Type III) was used to examine the relationship between individual coat 

color and biomarker concentrations. Analysis was done separately for each molt period (May and 

October). Chi-squared tests were used to examine the relationship between coat color and predictor 

variables Sex and Age. Analysis of Variance (Type III) was also used to test for differences in BCI 

between female and male hares in May.

Survival rates were estimated using Kaplan-Meier method (Kaplan and Meier 1958) adapted for 

staggered entry (Pollock et al. 1989) in R using the Survival package. Survival rates were standardized 

(30 days) and estimated for each interval between mortality checks (approximately every 30-55 days) 
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then further grouped into seasonal categories (1) March-June (2) June-Sept (3) Sept-Dec (4) Dec-Jan (5) 

Jan-March (6) March-April. Categories five and six represent 2019 survival estimates. Cox Proportional

Hazard for mixed effect models (Coxme and Survival package) were used to investigate associations 

between survival time and body condition markers.

1.4 Results

Blood biomarker

Significant seasonal variation was expressed for blood biomarkers blood urea nitrogen (X2 = 

13.28, df = 4, P = 0.01), total protein (X2 = 29.63, df = 4, P = 5.83e-06), hematocrit (X2 = 39.96, df = 4, P 

= 4.41e-08), sodium (X2 = 75.99, df = 4, P = 1.23e-15), chloride (X2 = 18.13, df = 4, P < 0.00), glucose 

(X2 = 19.38, df = 4, P < 0.00), free calcium (X2 = 70.13, df = 4, P = 2.13e-14) and potassium (X2 = 78.14, 

df = 4, P = 4.3e-16). Creatinine did not vary seasonally (X2 = 8.00, df = 4, P = 0.09).

Mean concentrations of BUN, TP, Hct, Na, Cl and glucose decreased from early to late spring 

(March - May) (Table 4) then increased from May to August. Mean concentrations of BUN, TP, Hct, Cl 

and glucose then decreased again between August and October (Table 4). BUN, TP, Hct, and glucose 

mean concentrations increased between October and December (Table 4). Ionized calcium and K did not 

follow similar seasonal trends. Mean concentrations of iCa decreased during August then increased 

through October and into December (Table 4). Mean potassium concentrations were highest in March and 

December (Table 4).

AIC estimates indicated no significant variation in concentrations of TP, BUN, Hct, iCa, 

Creatinine or Glucose between Sex or Age of snowshoe hares (Table 1). In August however, juvenile 

hares expressed significantly lower concentrations of Na (F = 17.21, df = 1, P < 0.00) and Cl (F = 8.92, 

df = 1, P = 0.01) than adult hares. Individual variation was only notable for biomarkers Hct and Bun. All 

other biomarkers showed a random effect variance close to zero.

Body condition index

Body condition Index (BCI) also showed significant seasonal variation (X2 = 18.13, df = 4, P <

0.00). Similarly to blood biomarkers, BCI were lowest during May. However, BCI did not show a 
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decrease in October as did some of the blood biomarkers. Rather BCI increased between August and 

October, and then declined into December. BCI showed significant variation between Sex only in May, 

during which male snowshoe hare were in poorer body condition than females (F = 17.97, df = 1, P < 

0.00) (Figure 1). In an effort to depict an integrated assessment of body condition as a function of BCI 

relative to biomarker parameters, each biomarker is overlaid on BCI for comparison (Figure 2).

Fecal cortisol metabolite

Mean fecal cortisol metabolite (FCM) showed significant seasonal variation (X2 = 32.54, df = 4, P 

= 1.49e-06). Mean FCM varied by less than 35% across all seasons other than in August. Mean 

concentrations varied less than 5% between May and October sampling. By contrast, a ~105% increase in 

mean concentration was recorded in August. And, interestingly, during the coldest month of December, 

mean FCM concentrations were lowest.

Timing of molt

In May female hares had progressed significantly further in their molt than males (X2 = 13.19, df 

= 2, P < 0.00). Males not only retained a higher proportion of white pelage but also exhibited lower BCI 

scores at this time (F = 4.69, df = 1, P = 0.04). Concentrations of blood biomarkers glucose, Cl, and K 

were significantly associated with timing of molt (Table 2). Individuals who had molted more of their 

winter coat in spring (were more brown in color), had significantly lower concentrations of Cl (F = 5.67, 

df = 1, P = 0.02) and K (F = 4.67, df = 1, P = 0.04) and significantly higher concentrations of Glucose (F 

= 11.84, df = 1, P = 0.01) than those individuals who had completed less of their molt. By contrast FCM 

concentrations did not show significant associations with spring timing of molt ( F = 0.06, df = 1, P = 0.8) 

(Table 2).

In October the rate of molt did not differ between adult and juveniles (X2 = 3.57, df = 2, P = 0.17). 

However, individuals who were further along in molt had significantly higher concentrations of Na (F = 

3.57, df = 2, P = 0.04) and lower concentrations of K (F = 4.00 , df = 2, P = 0.03). As we observed in 

spring, FCM concentrations did not show significant associations with timing of autumn molt (F = 0.96, 

df = 2, P = 0.40) (Table 2).
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Timing of mortality

Mortalities within 2 days of capture were right censored (1 individual) and nine other individuals 

were right censored due to loss of signal (likely attributed to transmitter failure). Six collared hares 

remained at the end of the study. The average life span of adult hares after being collared was 

approximately 150 days ± 0.03. Survival rates did not vary significantly between males and females (X2= 

0.31, df = 1, P = 0.58). In 2018 survival rates were lowest between March - June (0.67 ± 0.15) and 

highest between June and September (0.91 ± 0.08) (Figure 3). Between September of 2018 - April of 

2019 survival rates decreased by ~30% (0.91 ± 0.08 to 0.60 ± 0.13). Biomarker values did not show 

significant association with timing of mortality (Table 3), suggesting that survival was largely 

independent of nutritional condition.

1.5 Discussion

Snowshoe hares showed seasonal mean variation in nutritional blood biomarkers, FCM, and BCI. 

An effect of Sex was only detected for BCI, and only in late spring (May).

Spring

Both nutritional blood biomarkers and BCI suggest that hares were in poorest nutritional 

condition in May. Between March and May hares are coping with the energetically costly activities of 

molt and reproduction while still on a relatively poor diet of winter browse. The effects of limited forage, 

compounded by a need to fulfill spring energetic demands are likely contributing to the reduced 

nutritional status and low BCI apparent at this time of the year.

BUN, TP, Hct, Cl, Na and glucose mean concentrations were lowest in May. Concurrent 

assessment of these biomarkers collectively suggest that available forage may not have met the spring 

energetic demands of hares. A decrease in mean BCI between March - May is also consistent with this 

hypothesis. Weight loss may be associated with the use of body reserves to meet energy demands. If only 

increased energy demands were apparent in May, without poor dietary intake, we expect to possibly see 

elevated concentrations of BUN and no concurrent weight loss. In light of the known effects of plant 

secondary compounds (PSM) on the loss of electrolytes in lagomorphs (Pehrson 1983; Foley et al. 1995), 

21



lowest recorded mean levels of Na and Cl may support our hypothesis that diet was most compromised at 

this time of the year. Moreover, Faber et al. (1993) recorded seasonal peak in visitation rates of Mountain 

hare to salt licks in Sweden during spring months, suggesting hares experience nutrient deficiencies 

during this season.

In May mean BCI were significantly lower for males than females. Body condition index, relating 

to changes in mass, represent a longer temporal stamp of condition than do blood and fecal markers. As 

male hares ramp up their activity levels during the breeding season, they may lose more weight than 

females in spring before improved food quality and quantity in summer.

Survival estimates between March - June 2018 were 67 % ± 0.15. Survival rates of snowshoe 

hares during decrease years of cycles have been documented to be as low as 60 %, and it is well 

established that they do not live long (Sheriff et al. 2009b). In the present study hares lived on average 

approximately 5 months post collaring. Low survival rates during spring months may instigate 

reproduction as early as possible, regardless of nutritional condition. Female hares have been documented 

to consistently have a first litter in May, at the expense of small leveret birth rates and litter sizes during 

decrease years (Sheriff et al. 2009b).

The observation that males lagged significantly behind females in their spring molt may be 

reflective of poor body condition. Alternatively, it may be a physiological difference associated with 

gestation. Because energy demands increase as gestation progresses (Speakman 2008), female hares may 

not have the body reserves to cope with both molt and later stages of gestation, prompting earlier molt 

initiation.

Summer

An increase in mean BCI and BUN, TP, Hct, Cl, Na, and glucose concentrations between May 

and August suggest that hares recover to a better nutritional state with a change to green summer forage. 

However, the pronounced doubling of mean FCM concentrations by August show how nutritional 

condition appears uncoupled from FCM concentrations, and instead may be better explained in relation to 

predation pressure or breeding.
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Predation pressure may be elevated during summer months when both avian and mammalian 

predators are rearing their young, and estimates of lynx and Great-horned owl reproduction within the 

study area were high during the summer of 2018 (Kielland and McConnell unpublished data). During 

reproduction and lactation, energy requirements of female felids increase upwards of 3-fold (Aspinall and 

Cappello 2015). Furthermore, rapid growth and development of juvenile felids peak between 3-6 months, 

during which energy requirements greatly increase. In 2018, female lynx parturition dates were estimated 

to range from the last week of May to the first week of June (Kielland unpublished data). As the growing 

kittens transition onto solid food, and their absolute energy requirements increase in parallel with their 

size, the female must increase food provisioning, i.e., daily kill rates. Olson et al. (2011) quantified 

activity patterns in female Canada Lynx in the Northern Rocky Mountains and found that female lynx 

were most active post denning. This suggests that August hare sampling may have coincided with an 

increase in frequency and magnitude of lynx movements, as the kittens were now capable of traveling 

with their mother.

However, survival rates do not corroborate predation as being the driver of high mean 

concentrations of FCM. Survival increased from 67% ± 0.15 between early-March and early-June, to 91% 

± 0.08 between mid-June and mid-September. One explanation for this inconsistency is that our survival 

data is representative only of adult hares. The pronounced decrease in the ratio of juveniles to adults over 

the winter observed elsewhere in Alaska strongly suggest that the former bear the brunt of predation 

(Kielland et al. 2010).

Alternatively, increased mean concentrations of fecal cortisol metabolites in August may have 

been associated with reproduction. Increased glucocorticoid production during gestation and rearing of 

young has been documented for many vertebrate species (Romero 2002; Bartos 1990). High reproductive 

activity of the previous three months may have affected snowshoe hare mean FCM concentrations in 

August. However, if reproductive activity did contribute to increased mean FCM concentrations in late 

summer, it is interesting that similar patterns were not observed in May, at the height of mate selection 

behavior (Bartos 1990). It may be that concentrations of other hormones associated with reproduction 
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were elevated earlier. Regardless, it would be valuable to additionally sample FCM from snowshoe hare 

during mid-summer to better address how reproduction may be affecting concentrations.

Furthermore, mammal cortisol concentrations have also been reported to be positively associated 

with aspects of increased movement (Balm 1999). Seasonal changes in snowshoe hare movement may 

also be a factor contributing to the observed changes in FCM. Increased summer movement associated 

with breeding and/or predator avoidance during 2018 may have affected FCM concentrations. Feierabend 

and Kielland (2014) documented GPS-collared snowshoe hares in interior Alaska to have lower 

movement rates and smaller home ranges between May - October than February - April, but this study 

primarily examined movement step length (distance between consecutive GPS locations during 1.5h 

intervals. Short bursts of movement associated with dominance interactions or predator avoidance may be 

harder to quantify though may affect cortisol production (Balm 1999).

Autumn

A decrease in mean concentrations of BUN, Hct, TP, Cl and glucose from August to October 

indicate a reduction in nutritional status as hares transition from herbaceous to woody forage. Although 

mean blood values decreased by a greater magnitude from March to May, a similar pattern observed from 

summer to autumn suggests that these two periods are particularly taxing on hares. Interestingly, Na mean 

concentrations did not decrease in October as they did in the May. Possibly because access to soil mineral 

licks may have been different in the preceding month (high in October, low in May). Mean FCM 

concentrations showed a significant drop between August and October and were within ~5% of 

concentrations observed in May. Mean BCI increased from August to October, probably demonstrating 

how changes in diet and energy demands were detectable in blood biomarkers, but not yet expressed in 

weight loss in October.

Unlike in May, there was no effect of Sex or BCI on timing of molt in October. This may 

corroborate our hypothesis that spring molt variation is associated with reproduction. Bearing in mind the 

metabolic demands of pelage molt, we expected to see association between individual molt timing and 

biomarker concentrations. However, the only consistent relationship observed during both May and 
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October was a lower blood concentration of K associated with individuals who were further along in 

molt.

Winter

Mean FCM concentrations were lowest in mid-winter, decreasing ~25% between October and 

December. By contrast, December mean values of BUN, TP, Hct, iCa and glucose were higher than in 

October and Na values had stabilized. Based on mean FCM, mid-winter was not the most active time for 

snowshoe hares in this area. A similar pattern in mean blood values from summer to winter was observed 

for glucose concentrations and Hct % of cottontail rabbits (Jacobson et al. 1978). A reduction in daily 

movement during winter months may explain these observations, as decreased activity may be associated 

with low FCM levels and high turnover of energy. Increased mean Hct % maybe also be associated with 

hydration status (Peterson 2002). Furthermore, there is evidence in the literature that energetic demands 

of winter thermoregulation may be associated with an increase in metabolic rate of small mammals in 

high latitude environments (Anderson and Jetz 2005). The combined observations of high BUN, glucose 

and TP mean concentrations paired with decreased mean BCI scores, is consistent with this hypothesis. 

Hares may have been experiencing high metabolic turnover, without adequate diet to replenish reserves. 

Ambient temperatures were below -30°C during mid-winter sampling. The effect of sitting in a trap at 

such extreme temperatures may alone influence metabolic rates. Contrary to this potential explanation, 

Sheriff et al. (2009c) proposed that hares slow their metabolic rates during winter months. They observed 

a 20% decrease in resting metabolic rate of snowshoe hares sampled in October and in March. However, 

coldest metabolic chamber temperature was -20°C and may not be representative of northern Alaska 

winter temperatures. More recent studies in Interior Alaska suggest that in winter hares double their 

metabolic rate as air temperature drops from a few degrees below freezing to -40°C (Kielland and Sheriff 

unpublished data). It is possible that snowshoe hares have multiple metabolic strategies to cope with 

different winter temperatures. For example, late winter - spring blood values suggest low nutrition from 

dietary intake in addition to low turnover. A lower metabolic rate during the warmer days of spring would 

be consistent with similar signs of reduced energy turnover.
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Mortality rates decreased steadily from autumn through winter and into the following spring. 

Juveniles became indistinguishable from adults once winter molt had taken place. Therefore, individuals 

collared in December may have been young of the year and influenced subsequent estimates of survival 

rates. At the period of lowest survival, between March - April 2019, survival rate was 60% ± 0.13; a 7% 

decrease from survival estimate of March - April 2018. This could be indicative of increased predation 

density during 2018, a greater reduction in available winter forage or, most likely, a combined effect of 

these two factors.

Mean concentrations of ionized calcium and potassium did not exhibit parallel seasonal trends. 

Ionized calcium showed a decrease in concentration during August. Although a drop in female iCa during 

this time period may be a residual effect of gestation requirements, there was no significant variation 

between males and females, suggesting this drop was not related to reproduction. Potassium 

concentrations were highest in March and December. These periods were the two coldest sampling 

periods. Elevated concentrations may have been related to ambient sampling temperatures as blood K is 

known to increase at low temperatures (Sinclair et al. 2003).

A major question left unanswered is whether or not these patterns are likely to change at different 

points in the snowshoe hare cycle. It appeared that during 2018, hares were able to physiologically 

recover from presumed low nutritional status and high cortisol levels, expressed by the variation from one 

season to the next. Cyclic changes in hare fecundity however, suggest sustained physiological strain 

(Stefan et al. 2001). This research provides the first reference range values of snowshoe hare blood 

biomarkers during a high-density year. It would be valuable to continue to track the seasonal 

physiological status of hares over the course of entire cycle, to better understand how seasonal changes in 

physiological state affect shifts in cyclic fecundity.

Hematology and serum biomarker reference range values have been published for cottontail 

rabbits (Sylvilagus floridanus) (Jacobson et al. 1978) and European Brown hares (Lepus europaeus) 

(Marco et al. 2003), although in both cases these lagomorph species were confined to a study area and 

given supplemental food. Regardless, range values of each biomarker observed in this study were 
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comparable to values recorded for Cottontail and Brown hares. Overall (all seasons combined) mean 

concentrations of TP, Hct, Na, iCa, and K observed in our study were ~ 20% - 30% lower in 

concentration than values observed for Cottontails and Brown hares and glucose values were ~55% 

lower. BUN levels however, were ~30% higher than European hares and approximately equal to BUN 

levels of Cottontails. It is unclear whether our blood values were consistently lower than Brown hares and 

Cottontails due to associations with spatial differences, supplemented food, species variation, if hares in 

this study were experiencing systemic nutritional stress, or a combination of these.

Investigating snowshoe hare physiology is pertinent to understanding the apparent cyclic 

variation in fecundity. We can count predators, track mortality, and quantify available browse, however 

without relating these findings to underlying physiology, it is not possible to explain how these factors 

mechanistically affect fitness. Examination of snowshoe hare BCI and cortisol production is well 

established in the literature, however a simultaneous examination of metrics indicative specifically of 

nutritional status, is lacking. Additionally, unlike other studies, hares were not experimentally caged for 

this project, nor were they provided supplemented food. There is evidence that trapping and handling of 

lagomorphs can have an effect on blood biomarker results (Jacobson et al. 1978), and efforts were made 

to minimize these effects. Bait distribution and trapping/ handling procedures were consistent between 

sampling times. Furthermore, Teskey-Gerstl et al (2000) observed peak snowshoe hare FCM turnover rate 

to be 23 ± 7 hours, therefore potential stress of capture should not be reflected in FCM samples we 

collected. Repeated measure sampling also added validity to our interpretation of observed physiological 

patterns. Twenty-seven of the sampled snowshoe hares were caught during at least two different seasons.

Results from this study lend insight to our understanding of how snowshoe hare BCI relate to 

concentrations of biomarkers representative of both cortisol production and nutritional status. Moreover, 

our observations bolster interpretation of how seasonal variation in energetically demanding activities, as 

well as survival rates, are associated with nutrition and cortisol markers of a wild population of snowshoe 

hares.
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Furthermore, comprehensive assessment of hare body condition could provide a better basis for 

comparison across region. It has been noted in the literature that plant response to hare browse, such as 

regrowth, nutrient availability and PSM accumulation, may vary by region (Krebs et al. 1986). Other 

system differences such as herbivore competition (moose), weather conditions (reoccurring harsh 

winters/snow depth) and plant and predator species composition, may also vary. This makes it difficult to 

form broad generalizations about the effects of food availability and predation on cyclic trends across 

snowshoe hare populations at northern latitudes. Quantification of a comprehensive assessment of cortisol 

levels, biomarkers of condition and nutritional status, is a method that can be used to advance comparable 

metrics across boreal forests of North America.
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1.7 Figures

Figure 1.1 Seasonal body condition index scores of male and female snowshoe hares. Results from Anova (type III) 
indicate that male hares were in significantly poorer condition than female hares (P = 0.00) in May 2018 (denoted 
with *).
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Figure 1.2 Integrated assessment of snowshoe hare body condition. Seasonal mean values of different biomarkers (solid line) overlaid on seasonal mean 
values of Body Condition Index (BCI, dashed line) scores of snowshoe hare sampled from a population in northern Alaska in 2018. Graphics depict an 
integrated assessment of body condition as a function of BCI relative to each biomarker parameter.



Figure 1.2 Continued
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Figure 1.3 Standardized seasonal survival rates of snowshoe hares. Hares were between March 2018 and April 2019. 
Error bars denote survival estimate standard error.
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1.8 Tables

Table 1.1 Likelihood ratio test and linear mixed effect model results. Likelihood ratio results depict significance of 
seasonal variation in concentration of each biomarker. Concentrations of Creatinine did not show significant 
seasonal variation. Mixed-effect model selection results depict predictor variables for each biomarker. Two data sets 
were analyzed for each blood biomarker and cortisol metabolite: (1) Entire data set (2) Data only from seasons 
containing both Adult and Juvenile age classes. Body Condition Index (BCI) scores were not evaluated for juveniles. 
Boldface Akaike information criterion (AIC) estimates depict selected predictor variables and respective parameter 
estimates.

Biomarker Likelihood ratio test 
(Seasonal significance)

Model selection
( 1) full dataset (2) Age dataset

Parameters of selected model

X2 df P value models df AIC Variable Estimate Std. Error t value
TP 29.63 4 5.83e-06 1 Season 7 -562.90 Intercept 0.71 0.01 97.43

Season/Sex 12 -558.00 Spring -0.04 0.01 -4.52
2 Season 4 -241.19 Summer 0.00 0.01 0.19

Season/Age 6 -238.55 Fall -0.01 0.01 -1.39
Season∕(Age∕Sex) 10 -233.48 Winter 0.00 0.01 0.53

Cortisol 32.54 4 1.49e-06 1 Season 7 31.86 Intercept 2.72 0.05 58.11
Season∕Sex 12 40.05 Spring -0.08 0.06 -1.27

2 Season 4 23.56 Summer 0.23 0.06 3.57
Season∕Age 6 26.44 Fall -0.03 0.07 -0.47
Season∕(Age∕Sex) 10 29.51 Winter -0.13 0.08 -1.71

BUN 13.28 4 0.01 1 Season 7 1106.43 Intercept 24.42 1.34 18.27
Season∕Sex 12 1114.12 Spring -4.66 1.83 -2.55

2 Season 4 474.54 Summer -1.31 1.88 -0.70
Season∕Age 6 474.91 Fall -2.78 1.87 -1.49
Season∕(Age∕Sex) 10 480.18 Winter 2.62 2.26 1.16

Glucose 19.38 4 0.00 1 Season 7 -399.17 Intercept 2.18 0.01 188.93
Season∕Sex 12 -392.35 Spring -0.05 0.02 -3.05

2 Season 4 -167.56 Summer 0.01 0.02 0.38
Season∕Age 6 -164.57 Fall -0.04 0.02 -2.61
Season∕(Age∕Sex) 10 -162.17 Winter -0.00 0.02 -0.09

Hct. 39.96 4 4.41e-08 1 Season 7 863.922 Intercept 39.95 0.61 65.48
Season∕Sex 12 869.54 Spring -2.96 0.84 -3.54

2 Season 4 388.51 Summer 1.13 0.85 1.32
Season∕Age 6 392.17 Fall 0.70 0.85 0.81
Season∕(Age∕Sex) 10 394.36 Winter 3.10 1.03 3.00

iCa 70.13 4 2.13e-14 1 Season 7 -153.71 Intercept 1.42 0.03 56.33
Season∕Sex 12 -146.91 Spring 0.03 0.03 0.92

2 Season 4 -61.60 Summer -0.16 0.04 -4.47
Season∕Age 6 -57.97 Fall -0.06 0.04 -1.61
Season∕(Age∕Sex) 10 -56.17 Winter 0.21 0.04 5.02

K 78.14 4 4.3e-16 1 Season 7 285.28 Intercept 5.15 0.10 51.14
Season∕Sex 12 289.15 Spring 0.29 0.13 2.18

2 Season 4 112.93 Summer -0.65 0.14 -4.78
Season∕Age 6 113.29 Fall -0.62 0.14 -4.50
Season∕(Age∕Sex) 10 117.67 Winter 0.68 0.19 3.59

BCI 33.19 4 1.09e-06 1 Season 7 433.58 1 Intercept 11.95 0.28 43.11
Season/Sex 12 428.78 Spring -0.59 0.36 -1.61

2 No juveniles Summer -0.29 0.38 -0.77
Fall 0.21 0.39 0.54
Winter -0.30 0.49 -0.62
2 Intercept M -0.37 0.36 -1.02
Spring M -1.30 0.34 -3.82
Summer M -0.61 0.41 -1.48
Fall M 0.14 0.41 0.34
Winter M -0.28 0.51 -0.55

Cl 18.13 4 0.00 1 Season 7 848.98 1 Intercept 103.59 0.58 178.05
Season∕Sex 12 888.52 Spring -0.17 0.79 -0.22

2 Season 4 375.78 Summer 2.57 0.81 3.18
Season/Age 6 371.43 Fall 1.72 0.81 2.13
Season∕(Age∕Sex) 10 379.28 Winter -0.20 0.98 -0.20

2 Intercept 107.22 0.67 159.59
Fall -1.77 0.88 -2.01
Summer J -3.33 1.16 -2.88
Fall J -0.65 1.18 -0.55

Na 75.987 4 1.23e-15 1 Season 7 820.20 1 Intercept 139.91 0.53 263.35
Season∕Sex 12 829.03 Spring -2.97 0.72 -4.12

2 Season 4 380.16 Summer 1.85 0.74 2.51
Season/Age 6 372.77 Fall 3.41 0.74 4.62
Season∕(Age∕Sex) 10 377.85 Winter 2.96 0.89 3.31

2 Intercept 142.82 0.67 212.92
Fall 0.80 0.84 0.96
Summer J -3.86 1.16 -3.32
Fall J -1.72 1.19 -1.44

Creatinine 8.00 4 0.09 No seasonal 
variation
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Table 1.2 Associations between snowshoe hare biomarker values and timing of molt. Anova (type III) results testing 
differences between concentrations of each biomarker and snowshoe hare molt stage (High, Medium or Low amount 
of white pelage present). At the spring sampling point, no hares were quantified as having a Low amount of white 
pelage, therefore comparison was only between High and Medium factors. Concentrations of biomarkers Glucose, 
BCI, Na, Cl and K showed statistically significant differences between molt stage, the biological significance of 
which is discussed.

Season Df F value P value
Biomarker
TP Spring 1 0.70 0.41

Fall 2 1.50 0.24
BUN Spring 1 2.19 0.15

Fall 2 0.24 0.80
Hct Spring 1 0.02 0.87

Fall 2 2.36 0.11
Glucose Spring 1 11.84 0.01*

Fall 2 1.95 0.16
Cort Spring 1 0.06 0.81

Fall 2 0.96 0.40
BCI Spring 1 4.69 0.04*

Fall 2 2.92 0.06
Na Spring 1 1.61 0.21

Fall 2 3.57 0.04 *
Cl Spring 1 5.67 0.02*

Fall 2 1.82 0.18
K Spring 1 4.67 0.04 *

Fall 2 4.00 0.03*
iCa Spring 1 1.90 0.18

Fall 2 0.33 0.72
Creatinine Spring 1 0.15 0.7

Fall 2 0.52 0.60
(*) denotes statistical significance

Table 1.3 Associations between snowshoe hare biomarker values and survival rates. Mixed effect Cox Proportional
Hazard model results testing for associations between concentrations of each biomarker and individual survival 
time. No statistically significant associations were observed.

Biomarker
coef exp(coef) se(coef) Z Pvalue

TP 0.09 1.09 0.42 0.22 0.83
Cortisol metabolite 8.64e-06 1.0 0.00 0.03 0.98
Glucose 0.00 1.00 0.01 0.04 0.97
Hct -0.01 0.10 0.05 -0.06 0.95
iCa 0.16 1.17 1.15 0.14 0.89
K 0.05 1.05 0.25 0.2 0.84
BCI -0.09 0.91 0.22 -.43 0.67
Cl -0.01 0.99 0.05 -0.2 0.84
Na -0.02 0.98 0.05 -0.45 0.65
Creatinine 1.08 2.96 2.31 0.47 0.64
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Table 1.4 Seasonal mean concentration ± 1SE of each biomarker sampled from snowshoe hares in northern Alaska in 2018.

Biomarker
Early spring (March) Late spring (May) Late summer (August) Autumn (October) Winter (December) Range

Total Protein (g/dl) 5.12 ± 0.081 4.66 ± 0.060 5.19 ± 0.090 4.98 ± 0.10 5.19 ± 0.10 4.0 - 6.4
Cortisol Metabolite (ng/g feces) 584.33 ± 45.43 548.74 ± 64.63 1197.09 ± 174.80 544.79 ± 45.79 433.47 ± 46.95 90.91 - 4517.66
Blood Urea Nitrogen (mg/dL) 24.47 ± 1.73 19.76 ± 1.05 23.29 ± 0.95 21.51 ± 1.48 26.83 ± 1.66 3 - 46
Sodium (mmol/L) 140.03 ± 0.50 137.11 ± 0.42 141.77 ± 0.60 143.34 ± 0.64 143.28 ± 0.48 132 - 152
Ionized Calcium (mmol/L) 1.42 ± 0.026 1.45 ± 0.025 1.26 ± 0.029 1.36 ± 0.020 1.63 ± 0.020 0.86 - 1.76
Chloride (mmol/L) 103.71 ± 0.734 103.46 ± 0.50 106.20 ± 0.61 105.37 ± 0.55 103.56 ± 0.53 94 - 116
Glucose (mg/dL) 154.73 ± 3.81 139.30 ± 3.31 158.51 ± 5.55 140.80 ± 3.26 154.50 ± 4.20 98 - 277
Creatinine (mg/dL) 0.41 ± 0.02 0.39 ± 0.02 0.35 ± 0.02 0.39 ± 0.01 0.38 ± 0.03 0.2 - 0.6
Potassium (mmol/L) 5.13 ± 0.11 5.41 ± 0.10 4.49 ± 0.10 4.52 ± 0.08 5.79 ± 0.22 3.2 - 6.9
Hematocrit (%) 39.97 ± 0.46 37.05 ± 0.53 41.11 ± 0.58 40.66 ± 0.69 43.06 ± 1.13 28 - 56
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APPENDIX A: IACUC Permit

Institutional Animal Care and Use Committee
909 N Koyukuk Dr. Suite 212, P.O. Box 757270, Fairbanks, Alaska 99775-7270September 15, 2017To: Knut Kielland, Ph.D.Principal InvestigatorFrom: University of Alaska Fairbanks IACUCRe: [1124642-1] Snowshoe Hare Ecology

The IACUC reviewed and approved the New Project referenced above by Full Committee Review.
Received:
Approval Date: 
Initial Approval Date: 
Expiration Date:

September 6, 2017September 14, 2017September 14, 2017September 14, 2018This action is included on the September 14, 2017 IACUC Agenda. 
PI responsibilities:

• Acquireandmaintainallnecessarypermitsandpermissionspriortobeginningworkonthisprotocol. Failure to obtain or maintain valid permits is considered a violation of an IACUC protocol and could result in revocation of IACUC approval.
• Ensuretheprotocolisup-to-dateandsubmitmodificationstotheIACUCwhennecessary(seeform 006 "Significant changes requiring IACUC review" in the IRBNet Forms and Templates)
• InformresearchpersonnelthatonlyactivitiesdescribedintheapprovedIACUCprotocolcanbe performed. Ensure personnel have been appropriately trained to perform their duties.
• BeawareofstatusofotherpackagesinIRBNet;thisapprovalonlyappliestothispackageand the documents it contains; it does not imply approval for other revisions or renewals you may have submitted to the IACUC previously.
• Ensureanimalresearchpersonnelareawareofthereportingproceduresonthefollowingpage.
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(The following information is also available in a printable format in the IRBNet Forms and Templates)HOW DO I REPORT CONCERNS ABOUT ANIMALS IN A UAF RESEARCH FACILITY?
• All"live"animalconcernsrelatedtocareanduseshouldbereportedtotheIACUC
• Email: uaf-iacuc@alaska.edu Phone: 474-7800
• Reportform:www.uaf.edu/iacuc/report-concerns/
• IACUCCommitteeMembers:www.uaf.edu/iacuc/iacuc-info/
• Additionalinformation:www.uaf.edu/ori/responsible-conduct/research-misconduct/and www.uaf.edu/ori/responsible-conduct/conflict-of-interest/WHAT SHOULD I DO IF AN ACCIDENT OR INCIDENT OCCURS IN AN UAF ANIMAL FACILITY?
• Forallimmediatehumanemergenciescall911orUAFDispatchat474-7721forlessimmediate emergencies.
• Ifyouhavesufferedananimalbiteorotherinjury,completean"Accident/IncidentInvestigation form"(personal injury) form available at www.uaf.edu/safety/incidentreport-2012.pdf.
• Ifanaccidentsuchasachemicalspilloccurs,contacttheEnvironmentalHealth,Safety,andRisk Management (EHS&RM) Supervisor at 474-5617 or the Hazmat Coordinator at 474-7889.WHO DO I CONTACT IF I FIND A DEAD, INJURED, OR DISTRESSED ANIMAL IN A UAF RESEARCH FACILITY?
• Duringregularbusinesshours,immediatelycontactfacilitystaffand/orVeterinaryServicesStaffat 4747020.
• Afterhoursoronweekends,immediatelycontactfacilitystaffand/orVeterinaryServicesStaffusing the contact numbers posted on the "Emergency Contact Information" in the facility or call UAF Dispatch at 474-7721.
• ContacttheIACUCat474-7800oruaf-iacuc@alaska.eduifan"EmergencyContactInformation" sign is NOT posted in the facility.
• ContacttheIACUCifyouarenotsatisfiedwiththeresponsefromVetServices. HOW DO I REPORT ANY CONCERNS REGARDING WORK HAZARDS OR ANY GENERAL UNSAFECONDITIONS?

• Completean"UnsafeConditionReportingProgram"form,availableattheEHS&RMwebsite: www.uaf.edu/safety/unsafe-condition/WHERE CAN I OBTAIN GENERAL OCCUPATIONAL SAFETY INFORMATION?
• www.uaf.edu/iacuc/occupational-health/

UAF is an AA/EO employer and educational institution and prohibits illegal discrimination against any individual: www.alaska.edu/titleIXcompliance/nondiscrimination.
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APPENDIX B: Hormone Extraction Protocol

Title: Protocol for extraction and assay of cortisol metabolite (11-Oxoetiocholanolone) from snowshoe 
hare feces.
Prepared by: Claire Montgomerie
Date: 10/05/18
Objective: To extract and measure 11-Oxoetiocholanolone from snowshoe hare feces as an indicator of 
stress.
Health and Safety:
Lab attire required by ELIF will be worn at all times during this procedure. 
Personnel/Training/Responsibilities:
All personnel working in the lab will complete required ELIF lab trainings and be briefed on lab 
techniques, safety, and SOP's.
Fecal Preparation:
Required and recommended materials:
Scale
Weighing spatula
Lyophilizer
Lyophilizer beakers
Coffee grinder
Glass tubes for samples
Small Kimwipes
Rubber bands
Paper towels
Ethanol
Large beaker for methanol waste

Procedures: For each feces sample
1. Weigh sample.
2. Place sample in a glass vial (4 Dram clear glass screw vial).
3. Place Kimwipe over opening of glass vial as a cover. Use a rubber band to secure Kimwipe.
4. Freeze dry for 14-18 hours in Lyophilizer (LABCONCO Freeze Dry system/FreeZone 4.5, 

Missouri USA) to control for fiber and water in sample.
a. Place samples in Lyophilizer beakers.
b. Follow Lyophilizer directions for attachment and drying procedures.

5. Weigh sample again, which will allow you to calculate % water.
6. Remove any fecal pellets showing signs of urine residue (appearing as white, moldy looking 

spots)
7. Homogenize (at least 20 count) fecal pellets with a coffee grinder (KRUPS F203, China): Hold 

for 10 seconds, poor off large plant fragments (save) and collect “dust” from grinder using 
spatula. To obtain enough of a sample you may need to re-homogenize plant fragments and 
collect dust a second time.

8. Weigh out 0.15 +/- 0.025g of ground feces in a 10ml glass test tube with screw on lid (Interlab, 
product code 4004-0209; a 5ml test tube would be adequate)

9. Thoroughly clean coffee grinder, spatula and surrounding area with ethanol between each sample.

Fecal Extractions:
Required and recommended materials:
80% methanol
DI water
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PPE: Examination gloves, lab coat, goggles.
Large beaker for methanol waste
Vortexer
Centrifuge
Pipettes and tips
Glass tubes

Procedures:
1. Combine ground feces sample (0.15 +/- 0.025g) with 2.5ml of 80% methanol (v/v) in glass tube.
2. Vortex sample at 6,000 rpm for 30 minutes (HAAKE BUCHLER VORTEX 4322000, Saddle 

Brook NJ)
3. Samples can be frozen at -20 C, or the extraction process can continue at this step
4. Aliquot 300ul of methanol extract into a 1.5ml polypropylene cryovial.
5. Centrifuge sample at 2,500g (6,000 rpm) for 15 minutes (Beckman CoulterMicrocentrifuge 20R, 

California USA).
6. Flash freeze for 10 minutes.
7. Remove methanol from any remaining pellet and place in a new polypropylene cryovial.
8. Centrifuge again for 15 minutes.

Cayman Chemicals Il-Oxoetiocholanolone ELISA Assay:
Required and recommended materials:
ELISA kit
Pipettes and tips
Vials-glass
Orbital shaker

Procedures:
1. Prepare samples at a (1:10) dilution

a. Remove 40 uL methanol from top of sample (do not disturb any remaining pellet) and put 
into new, labeled glass vial.

b. Dry methanol off samples (for 40ul it takes about 6 minutes).
c. Add 400uL Tris Assay buffer to each sample. Vortex to homogenize then let samples sit 

for at least 3 minutes.
2. Make standard serial dilutions as directed in OXO Assay Kit.
3. Create two controls: Tests standards and inter-assay variability.

a. C1 (60uL S3+ 60uL S4)
b. C2 (60uL S6+ 60uL S7)

4. Follow Assay kit instructions to prepare plate. **Includes an 18-24 incubation period*
5. Notes not included in Kit:

a. Wash with 300uL Wash Buffer.
b. Orbital shaker: room temp, seed:410
c. Run samples in triplicate. I ran my first 3 plates in duplicate, but due to high %CV's, I 

switched to running in triplicate.
d. Label plate columns - in case they fall out when washing!
e. Create plate template to follow when filling a plate.

Plate Reader:
• Turn on computer before powering on plate reader
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• Open SoftMax Pro program (Molecular Devices, LLC)
• Adjust settings to 405nm/ auto-mix+ blanking before first reading
• Run plate
• Examine for abnormal discrepancies in results. Any unwanted particles in cells? Re-run if 

necessary.
• Save as program file
• Export as txt.
• Enter in MyAssays.com (4 parameter - logistic/basic)
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APPENDIX C: Validation of ELISA Kit

Figure 1.4 Validation of 11-Oxoetiocholanolone ELISA kit. Demonstrates that pooled male and female sample 
dilution response curves are parallel to the standard concentration response curve.
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General Conclusion

Snowshoe hares (Lepus americanus) sampled from a far northern Alaska population, showed 

seasonal variation in mean fecal cortisol metabolite (FCM), nutritional blood biomarkers, and body 

condition index (BCI). Mean blood concentrations of total protein (TP), blood urea nitrogen (BUN), 

hematocrit (Hct), sodium (Na), chloride (Cl) and glucose were all lowest in May. Mean BCI was also 

lowest in May, and males had significantly lower BCI than female hares. These independent indices of 

nutritional condition clearly indicate that late spring is a time of poorest nutritional condition for 

snowshoe hares in this region. Moreover, because BCI represent a much longer temporal period of 

condition than blood biomarkers, this indicates that between March and May, condition of male hares 

decreased more than that of female hares, which we ascribe to a differential energy expenditure between 

the genders during the onset of the breeding season. Male hares were also delayed in molting in May. 

Snowshoe hare survival rate was ~67% between March and June of 2018, corresponding with indicators 

of low body condition and high energetic demands of spring.

An increase in mean nutritional blood biomarkers TP, BUN, Hct, Na, Cl and glucose and BCI 

were observed in summer. Interestingly, a simultaneous ~105% spike in mean FCM concentration was 

also measured in August. This was the only spike in cortisol concentration observed throughout the study, 

and suggests that increased cortisol was not food induced, but instead was potentially associated with 

breeding or increased predator abundance as lynx kittens were starting to hunt with their mother. Mean 

concentrations of fecal cortisol metabolites were within only 35% of each other at all other sampling 

periods. Survival rates between June - September were 91%, the highest seasonal survival rate observed.

In October blood biomarkers TP, BUN, Hct, Cl and glucose showed a second drop in mean 

concentrations, though not quite as low as May concentrations. Mean BCI did not drop until winter 

sampling, which again may represent the discrepancy in temporal and overall difference in representation 

of the two markers. A drop in mean BCI and biomarker concentrations in May, and a mean decrease in 

biomarker concentrations in October bolster prior literature describing shoulder seasons as being 

particularly energetically costly times (Feierabend and Kielland 2015). Data from our analyses further 
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suggest that the decreased physiological state of individuals during May and October are not associated 

with cortisol production, but instead with changes in diet and key life history events including 

reproduction and molt.

Increased mean concentrations of TP, BUN, Hct, iCa, glucose and stabilized Na in December 

were unexpected. These increases coincided with decreased mean BCI, suggesting winter browse was not 

compensating for energy requirements between October - December. Survival rates showed a subtle 

decrease from 91% between mid-June and mid-September, to 71% by mid-January. Paired with a 

decrease in body mass, increased blood biomarker concentrations may be indicative of endogenous 

reserve use (Fascetti and Delaney 2012). There is evidence in the literature that metabolic rate of small 

mammals may increase to cope with winter thermoregulation demands (Lovegrove 2003). If winter 

browse was not satisfying nutritional requirements, hares may have started using body reserves to assist 

with winter energy demands.

Results from this study suggest that snowshoe hares sampled from a population in northern 

Alaska experienced seasonal decreases in nutritional status and BCI associated with times of high 

energetic costs. Although interpretation of blood biomarkers may improve our understanding of body 

condition changes, blood value representation may be complex and should be evaluated collectively 

(Resano-Mayor et al. 2016). The same argument can be made for interpreting the effects of cortisol 

production on individuals. Comparing FCM concentrations to other markers of condition is a strategy that 

may help us better understand the mechanisms behind activation of the stress axis (Lafferty et al. 2015).

This caveat bolsters the value of monitoring snowshoe hare body condition by measuring a 

collection of indices representative of a variety of biological levels of condition. It may be that hares 

during 2018 were able to recover from seasons of low nutritional indices and high cortisol production. 

Cyclic changes in fecundity demonstrate that changes in fitness occur (Stefan et al. 2001). Continued 

examination of seasonal hare physiological status may elucidate if seasonal trends start to compound in 

effect and influence reproductive rates (Hodges et al. 1999). Although mean biomarker and FCM 

concentrations were not measured into 2019, survival rates were monitored through May of 2019. A 
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steady decline in survival rate was observed from autumn 2018 - spring 2019. Spring survival rates in 

2019 were 7% lower than spring 2018. This may be further indicative of the development of accumulated 

negative effects of food limitation and predator increases.

Furthermore, it has been discussed in the literature that factors contributing to snowshoe hare 

cyclicity may not be comparable across regions (Sinclair et al 1988). Due to climatic differences as well 

variation in plant and animal species composition between study regions, it may be difficult to form broad 

generalizations about cyclic patterns. Comprehensive assessment of hare body condition as demonstrated 

in this study may be a valuable advancement to comparable metrics across boreal forest ecosystems.
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