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Reproduction, hibernation, and popPI.aon regulation 

of arctic gmund squimels (S~opICZusp1117yiipIesius) 

PhD Thesis 2000, T'mofhy J, KaueIs 

Department of Zoobgy, University of Toronto 

ABSTRACT 

Populations of  arctic ground squirrels in the b o d  forest of the southwest Yukon 

were studied in order to answer the following qyesfÏom: (1) What are the mechanisms of 

population regdation in arctic ground squirrel populations (2) How does variation among 

individuals and theïr environment influence their reproduction and sumival, and (3) How 

does variation in habitat influence hi'bemating strategies of arctic ground squirrels? 

In spring 1996, coatrol densities ofground squinels were 1.6 per ha, and four 

other populations ranged in density nom 3.2 to 30.1 per ha as a result o f  a 10-yea. (1987- 

96) large scale manipulation of fpod and predators in the b o r d  forest ofthe KIuane 

Boreal Forest Ecosystem Project When the Kluane project terminated in spring 1996,I 

measured population densities, reproduction, emigration, and SUTvival in ai i  populations 

using live-trapping and radio-telemetry techniques until spring 1998. 

Arctic ground quine1 populations were strongly regdaîeà because al1 

experimental populations deched to control densities within two years d e r  the 

termination of the experimental manipulations. Two factors proved strongly density- 

dependent and hence were regulatory: (1) the proportion of  fernales that weaned their 

litter and (2) overwinter d v a l .  Simultaneous density-independent changes in weaning 



rate were also detected and were attributcd to changes in theptevious yeaïs snow 

accumulation, 

Femaie p u n d  Squmels exhiiited positive associations oflife history traits- 

Squirrels in better condition at spring emergence were more Iikely to give birth, wean 

their litter, survive to the next breeding season, and reproduce once again. Nearly all 

fêmales who failed during lactation did not survive to the next breeding s-n- The 

overwinter survival rate of fernales that successfidly weaned a litter declined at a pater 

rate with increasing population density than did sqizirrels that never gave birth, indicaîing 

a cost to reproduction. 

Ground squirrels h i i t e d  distanrly (24 m) nom their swnmer burrows in 

relation to population density and in open or shmbby habitats that were Iikely to 

accumulate the most snow. Increased snow accumulation over hibemacda increased the 

minimum soi1 temperatures and decreased the rate ofmass loss of hibemating squinels 

suggesting a selective mechanism for the ability of ground squirrels to identlfir habitats 

that minimize their energy expenditure during hibeniation. 
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Chapter 1 

The prevalence of density dependence in natural populations and its role in 

population dynamics and life-histories ofvarious species remains in question (Matos et 

al- 1999; McCullough 1999; Travls et al- 1999) &et nearly seventy years since 

Nicholson's (1933) introduction of the term ''control factor" @.ka densi@-dependent 

factor) to the çoncept of population regdation. Although misuse of taminology is 

partially to blame for the extent of arguments about population regulation (Sinclair 1989), 

the prevalence of density independence in natural populations mates havoc ùi studies 

looking for density-dependent relationships. Density dependence may be nearly invisible 

in some environments where density independenceis common, possiily suggesting that 

density dependence is irrelevant in regdahg populations (Andrewartha and Birch 1954). 

In fact, density dependence may be expressed only periodically, but this does not weaken 

its importance in population regdation or in the evolution of We history traits ofanimals 

(McCuilough 1999). 

Advocates ofdensity dependence in population regulation admit that density- 

independent factors have substantial effects in population dynamics. Caughley (1994) 

claims that environmental variation simply ad& to the background variation in rates of 

increase in naturaï populations over long time scales. Sinclair and Pech (1996) even state 

that populations rarely, ifever, remain at th& limit owing to occurrences of 

environmental stochasticity. Density dependence is a necessary condition ofpopdation 



regdation (Caughley and Sinclair 1994; Tutchin Mg), but because of the occurrence of 

density-independent fluctuations in populaîio~, it is not a sufEclent condition of 

popdation regulation. L& et ai. (1997) date that much ofthe controversy in population 

ecology is owhg to the lack ofintegration ofdensity-dependent and density-independent 

processes. 

Models ofdensity dependence and density independence (Sinclair 1989; Krebs 

1994; Muwy 1994) assume that ail  individuals in a population respond to densities with 

the same probability. Density-dependent mortaiity, for example, implies that the rate of 

mortality w i .  be proportionai to population densi@ Densitydependent models assume 

that aLI individuals have the same probability of dying, but clearly some Individuals die 

and some do not, there is no intermediate rate ofmortality for an individuai unWre for 

reproduction where litter sîze can be reduced in proportion to population density. Why 

do changes in population density cause death of some and not others? How an organism 

responds to the density ofconspecifics may depend on an array of factors such as social 

rank, age, condition, size, and experience. For example, in bighom sheep ( W s  

canademis), Festa-Bianchet et al- (1 998) found that heavier ewes were more lïkely to 

wean their young at high densities than lighter ewes. Furthennore they found that 

survival ofewes was density dependent but only for older ewes that did not gîve birth. 

For the other ages and reproductive classes, sumival was density independent. Such 

cornplex interactions among individuai states with population density iilustrate the 

importance of considering individual variation in Me-history theory and population 

regulation. 



Arctic ground squirrels are distri'buted throughout the maintand arctic tundra and 

northem b o r d  forests o f  Canada and Aiaska (HowelI. 1938; B d e l d  1974; Nader and 

HofEnann 1977)- in alpine and amtic tundra habitats, populations are suggested to be 

stable and limited by f@ burrow availability, and spacing behaviour (Carl 1971; Green 

1977; Bat& and Sobaski 1980). Car1 (1971) assumed that predators did not l e t  

populations, but only removed the snrpIus of s<luirrels that would otherwise be forced to 

disperse hm the best Quality habitats- However, patterns o f  population dyaamics are 

inconclusive because alI. studies on arctic populations of  arctic ground squîrrels have been 

short term (I 2 years) and primarily qualitative. In the boreal forest habitat of the 

southwest Yukon, arctic ground squUrel numbers fluctuate 3-fold in close synchrony with 

the 10-year cycle of snowshoe hare (Lepur americunus) populations (Boutin et al. 1995). 

Here, arctic ground Squurels exist at relatively low densities (0-7-2.2 per ha) @outin et 

ai. 1995) compared with open meadow habitats (13-16 per ha, Lacey et al. 1997), alpine 

tundra (6.6 per ha, Green 1977), and arctic tundra (5.5 per ha, Carl 1971). 

Experimental manipulations of  food and predators by the KIuane Bord  Forest 

Ecosystem Project (1987 - 1996) Webs et al. 1995) showed that arctic ground squirrel 

populations in the boreal forest are limited by a complex interaction betweetl food 

availability and predators (Hubbs and Boonstra 1997; Byrom et al. 2000; Karels et al. 

2000). In cornparison with unmanipulated populations of ground sq.1~ the 

experimental treatments had the following eEects. In the absence of manmalia. 

predators, ground squirrels were in better condition, had greater reproductive rates, and 

doubled in population densîty. In the presence o f f d  supplementation, p u n d  squVrels 



were in better condition, had greater and eazIier reproduction, and reached 4- to 7-fold 

densities. In the absence of manrmalian predators and in the presence of food 

supplementation pund sqphels showed all the previous effects but to a grrater degree 

than that of the single factor manipulations of food and predators such that populations 

reached 19-fold that ofcontrol populations. immigration (Hubbs and Boonstra 1997), 

emigration (Byrom and Krebs 1999), juveniie growth rates (Hubbs and Boonstra 1997; 

Karels et al. 2000), summer sumival (Byrom et al. 2000), overwïnter survival (Hubbs and 

Boonsîra 1997; Karels et al, 2000) were not idiuenced by the experhental 

manipulations of food and predators. 

The direct impact of predators on ground sQuirreIs by predation was most evident 

during the decîine of hare populations when hares became scarce and predator nuozbers 

were high (1 990 - 1992) @outin et al. 1995). During this period, predation rates on 

ground squirrels were high (32 - 49%) and grouud squirrel populations on controls 

declined (48 to 56% Hubbs and Boonstra 1997). However, when predattors became 

scarce, predation rates on controIs were lower (3 - 30% Byrom et al. 2000) and 

populations increased 3-fold firom 1993 to 1996 (Karels et ai. 2000). However, ,predators 

had a noticeable indirect e f f i  on populations during 1993 - 1996 when weaning rates of 

adult female squirrels were 17 to 37% pa t e r  in the absence of mammalian predators 

compared with squinels on controls (Kanls et al. 2000). Unfortunately, this effect was 

not measured by Hubbs and Boonstra (1997) so it is udcnown if the sublethal effect of 

predators on ground squirrel reproduction was more intense fiom 1990 - 1992 when 

predators were abundant. However, among the experîmental treatments, Survival rates 

were similar during the decline and thus direct predation could not account for the 



diffërences in population density observed by Hubbs and Boonstra (1997). This suggests 

that strong subIethaI effects of predators on ground sqilurels were aIso important dilnng 

the decfhe- 

The experimental manipdations of the Kiuane Boreal Forest Ecosystem Project 

and the temporal changes in predator abundance induced by the snowshoe hare cycle 

cleady demonstrated population limitation but not reguiation. Only when per capita rates 

of production aud mortaiity are density dependent can regdation be conchded (Sinclair 

and Pech 1996). Initially, the experlments were wt designecl to test for density 

dependence and thus regulatiag fâctors wae not discemable fkm Llmiting factors, but at 

its completion in 1996 the muane Project had set up a powemù experimental design to 

test the d e  of density dependence in population regulation and life history4e central 

focus of this thesis. 

nMIis questions and laywt 

The research presented in this thesis focussed on three main questions: (1) What 

are the mechanisms of population regulation in arctic ground squirrel populations; (2) 

HOW does variation among individuais and their environment influence th& reproduction 

and sumival; and (3) How does variation in habitat influence hiiernating strategies of 

arctic ground squhreIs? The central experimental design is built upon a range of ground 

squirrels densities (1.6 - 30.1 per ha) that remained at the tennination of the Kluane 

Boreal Forest Ecosystem Project (1987 - 1996) (Krebs et al. 1995) in spring 1996. These 

populations swed as a density-manipulation expriment (Cappuccino 1995; Harrison 

and Cappuccino 1995; Cappuccino and Hanison 1996) in which to test hypotheses of the 

role of population density on reproduction, survivd, and rate of population change and 



how population d d t y  interacts with otha factors that influence individual reproductive 

and survival sîrategiiës, 

In Chapter 2,1 desmie the ddty manipulation expetunent and test for 

population regulation by analysing rates of reproduction (birth, iitter size, weaning) and 

survival (summer and winter) for density dependence. 1 then present the mechanisms of 

population regulation of arctic ground quhels  by showing which factors contribute to 

the convergence of experimentai populations with c o n t r o l 4 e  ultimate criteria for 

detecting population regulation (.Lufdoch 1970). 

In Chapter 3.1 examine the reproductive and d v a l  stnitegies of adult femaie 

ground squirre1s under increasing intraspecific cornpetition for limited resourcesces Using 

the density manipulation experiment, I test how population densi@ Znteracts with 

variation in condition and age among individual sqyirrels to inauence birth and weaning 

rates. 1 then tested how the above parameters including the reproductive statdaving 

weaned a litter, having Iost a litter driring lactation, or not having giving birth4nfluence 

Sutrzmer and oveminter survival. 

In Chapter 4,1 test the hypothesis thet ground squirrels maximue their overwitltet 

siwival by selecting hibemacula in habitats that minnnize th& overwiater energy 

expendihne. This part ofthe study was conducted when the Kluane experimental 

manipulations were in progress and thus tests the impact ofpopulation density, food, and 

the presence ofpredators on the selection of hibernada 

Chapter 5 summarizes the main the conclusions of this research and presents 

recornmendations for fiture research. 



C hapter 2 

POPULATION REGULAiïON OF ARCTlC GROUND SQUIRRELS 

Introduction 

The topic ofpopulation regdation has a history ofheated debates that continue to 

this &y CMurray 1999; Turchin 1999)- The initid debates focused on the role of biotic 

factors (Howard and Fiske 19 1 1) vermis abiotk factors (Uvarov 193 1) in wnîrollùig 

population densities. However, since Nicholson's (1933) theory that populations can 

ody  be regulated by factors that act in a ddty-dependent manner, ecologists have 

focused the debate on questions of the relative importance of density-dependent versus 

density-independent processes (Andrewartha and Birch 1954). In parîicular, is density- 

dependent regulation necessary to explain persisteme of populations (Andrewartha and 

Birch 1954; Murdoch 1994; Sinclair and Pech 1996) and what is its strength or Etequency 

in nannal populations (Strong 1984; Wolda 1995)? Neither process needs to be 

exclusive, since population size could be deteRnitled by interactions between density- 

dependent and density-independent processes (Chitty 1967). However, cIear 

demonstration of both processes affecting population demography and dynamics are nire 

(Leirs et ai. 1997). 

Arguments in population regulation have been aggravated by misuse of 

terminology. Sinclair (1989) addressed this problem and stated that a more ngorous 

attention to definition was needed in the Mure to avoid confbsion of meaning in the 

iiterature. 1 begin with Mmdoch and Wdde's (1989) definition that density dependence 



is "a dependence ofper capita population growth rate on present anaor past population 

deosities". Although this is a clear d e e t i o n  and is currentiy used in the fiterature 

(Holyoak 1994; Turchin 1995), it i m p k  that deasity is the mechanism drivïng 

population change. However, density per se is stiil a blackbox that gives little or no 

undexstanding of the precise processes involveci. This is why it is cnticized by those who 

approach the problem ofpopulation regdation using a mechanistic approach (Krebs 

1995). Whereas foilowers ofthe deasitydependent pparadgm seek densiwdependent 

factors-the causes ofprocpsses that relate to population density 1e.g. predation or 

cornpetition (Sinclair 1989)J-followers of the mechanistic paradigm seek how rates of 

change in birth or de& are affecteci by changes in the factor of interest (Krebs 1995). 

These two approaches ask two different questio11~. The density dependence approach is 

more concerned with population persisteme* It asks "what processes allow a species' 

population to persist without increasing to int?nity or declining to extinction?". The 

mechanistic approach asks ' ~ h a t  factors are the causes of fluctuations in population 

density?". 

Both paradigms etternpt to explain limitation and regulation. Population limitation 

refers to al1 processes that set equili'brium density (Sinclair 1989; Sinclair and Pech 1996) 

where loss fiom the population is balanced by gain. Any factor that changes loss or gain 

is a limiting factor (Sinclair 1989). Population regulation refers to aLi processes that 

retum a population to its equili'brium density (Nicholson 1933; Murdoch 1970) and are 

density dependent (Sinclair 1989; Sinclair and Pech 1996). Whereas the strmgth of the 

density dependence paradigm is in detecting regulation, the strength ofthe mechanistic 

paradïgm is in detecting Iimitation. The benefit of manipulath experiments is 



recognized by both paradigms (Sinclair 1989; Krebs 199 1) so it becornes clear that in 

order to fully understand population dynamics we must employ both approaches ushg 

manipulative experimental d e s i .  

Density-perturbation studies oEer the strongest approach to detecting regulation 

and identifiling its mechanisms (Murdoch 1970; Sinclair 1989; Caughley and Sinclair 

1994; Harrison and Cappuccino 1995; Cappuccino and Harrison 1996). There are two 

aiternatives to this approach the convergence experiment and the density-manipulation 

experiment. The convergence experiment (Mmrdoch 1970) h t  perturbs densities nom 

their equiliirium and concludes that the population is reguiated ifit retums to pre- 

disturbance densities. This experiment ailows one to measure population processes and 

determine the mechanisms and their strengths as they re-establish the population towards 

an equili'brium density. There are two main disadvantages ofthis approach. F* it may 

take many generations to reach equilirium before regdation can be concluded. Second, 

density-independent factors such as environmental fluctuations can vary the rate of 

convergence even though reguiating mechanisms are operating (Tmchin 1990). Alone, 

this approach is insufficient The density-manl.puiation experiment produces contrasting 

population densities by removal or addition ofindividuals. Thus, population processes 

can be simultaneously monitored at different densities and a determination made of 

which processes are influenced by density (Hamson and Cappuccino 1995). The 

advantage of this approach is that it needs only one generation to detect direct densisr 

dependence (Cappuccino and Harrison 1996). Ifconducted with multiple populations of 

varying densities over a sufficient period of tirne, the density-manipulation experimtmt 

can provide a rigorous test of regulation and distinguish between the many forms that 



regulating fàctoa can take (e.g. deIayed -ty dependence) (Cappuccino and H&n 

1996). 1 used the deasity-manipulation expriment to elucidate the rnechanisms 

regdating arcîic ground squirseI (Spermophii1(sparryr~pies2~~(~) populations living în the 

northem boreaI forest, 

Arctic ground squitreis are distriibuted throughout the mainland arctic tundra and 

northeni b o r d  forests of Canada and Alaska (Howeii 1938; Banfield 1974; Nader and 

Ho&ann 1977). Populations o f d c  ground squirrels in alpine and arctic tundra 

habitats are suggested to be stable and limited by food, burrow avdability, and spacing 

behaviour (Carl 1971; Green 1977; Batzli and Sobaski 1980). In arctic enviroxunents, 

populations were assumed not to be iimited by predators. Carl (1971) regarded the role 

of predators as only removing the surplus of squimls that wodd otherwise be forced to 

disperse h m  the best quaiity habitats. However, population dynamics could not be 

conclusively determineci because al l  studies on arctic populations of arctic ground 

squirrels were short tenn (5 2 years). In the boreal forest habitat of the southwest Yukon, 

arctic ground squirrels exist at relatively low densities (0.7-2.2 per ha) (Boutin et al. 

1995) in contrast to openmeadow habitats (13-16 per ha, Lacey et al. 1997), alpine 

tundra habitats (6.6 per ha, Green 1977), or arctic tundra habitats (5.5 per ha, Carl 197 1). 

Furthermore, b o r d  forest populations fluctuate 3-fold in close syncbrony with the 10-yr 

cycle of snowshoe hare (Lepus amerkanus) populations (Boutin et al. 1995). 

As part ofthe Kluane Boreal Forest Ecosystem Project (Krebs et al. 1992; Krebs 

et al. i 999, manipulations of both food and predators over a 10-yr @od (1987-1996) 

(Hubbs and Boonstra 1997; Byrom et al. 2000; Karels et ai. 2000) d t e d  in the 

conclusion that arctic -und squimls are limited by an interaction between predatom 



and food adhg peman[y through changes in reproduction (Kàre1s et aL 2000). These 

studies were able to examùie the lùnitîngm1es of f d  and predators but were unable to 

determine which factor@) operated in a density-dependent manner. At the completion of 

the Kluane B o r d  Forest Ecosystem Pmject, four of these experimental manrmanrpulations 

resulted in ground squirrel populations that rangecl h m  2 to 19 times the density found 

in wntrol populations -1s et al. 2000)- Thus, this was an ideai situation to examine 

population regdation and to observe and distiuguish among processes that return these 

populations to equili'brium densities- 

life history 

A f k  an 8-9 month hibernation period (Hock 1960), arctic ground squirrels 

emerge fkom hi'bernacula in early to late April, with males emerging first and foilowed 7- 

10 days later by femaies (McLean and Towns 198 1; Lacey et al. 1997; Buck and B m e s  

1999a). At emergence, f&es represent 76% of the population (Karels, unpublished 

data) and both yearling and aduIt females are s e d y  receptive three to four days d e r  

emerging (Lacey et al. 1997)- Breeding can extend into early May owing to the variation 

in emergence dates (Lacey 199 1). Young are boni in mi& to late May folIowing a 25- 

day gestation and appear above ground close to weaning in mid- to late June, 25 days 

after birth (Mayer aud Roche 1954; Lamy a al. 1997). Dispersal of juveniles occurs in 

July and is extremely male biased (Lacey 199 1). In our study area, Bynnn and Krebs 

(1999) found that rates of natal philopatry were 88% for f d e s  and 28% for males. She 

found that males dispetsed long distances (515 I 107 m) compared with females (120 f 

28 m) and that dispeRal was independent of food resomces and population densi@ with 

exception that f d e s  showed increased dispasal only at exceptionally high densities 



(23 per ha, 16-fold that of control populations). Squmels begin h t i t i o n  in seqllence: 

aduit fernales enter f h t  Gate Jidy to earIy August), foUowed by jwenile fernales (late 

August and throughout September), and then followed by males (August into October) 

(McLean and Towm 198 1). 

Study Site and R&?ti,odt 

Study site 

M y  study was located dong the Alaska EIighway within the Shakwak Trench east 

of Kluane Lake in the southwest Yulron Territory, Canada (61'N, 138'W). There are four 

major vegetation types in this vaiiey: white s p c e  for- (Picea glauca) cover 50% of 

the area and have an understory ofwillow (Salk spp.) and birch ( h h z  glandulosa); 

shmb meadows of willow and birch wver 33%; and gras meadows cover 7% (Boutin et 

ai. 1995); trembIing aspen (P0puIù.s tremloides) stands (10%) are distrîîuted among the 

three other vegetation types (C. I. Krebs pers. comm.). 

The Kiuane Lake area experiences a mean annual temperature of -3.9 f 0.2 'C 

and receives an average of 284 i 10 mm total annual precipitation (daîa h m  Burwash 

Landing Climatological Station 19674995). The climate is classifieci 8s cold continental 

and snow cova exists h m  October to early May (Boutin et al. 1995). 



Figure 2.1 Location of experimental sites and contmls of the Kluane B o r d  Forest 
Ecosystem Project dong the Alaska Highway in the south-west Yukon Territory, 
Canada, Experimental manipulations ceased in sprhg 1996. 



Experimental Design 

1 monitored four 8 to leha cuntml areas (labeled Controls A through D) (Figure 

2.1) that 1 assumed to be near equiliirium d d t i e s  of 1.6 IO.15 squinels per ha in 

spring- In addition, 1 monitored populations withùi four areas that were previously 

manipulated as part of the KIuane Boreal Forest Ecosystem Pmject. 1 present these areas 

in order of Ieast to greatest population density descrr'biing the manipulations that produad 

the final ground squinel density as of spring 1996 when my study began, 

1. Predator Exdosure: From 1987 to spring 1996, a 1-km? area was enclosed within a 

2.2-m high 8600 V electric fence in 1987 to keep out Large mammalian predators (lynx 

[Lynx canadensis] and coyotes [Canis Iafrans 1). A 10-ha portion of the 36-ha hare 

trapping grid was covered with a barrïer ofnylon monofilament (2 m above ground 

spaced 20 cm apart) to exclude avian predators. A 9-ha ground squirrel trapping grid 

was located under the monofilament. This manipulation produced &round squirrel 

densities twice that of oontrols (3.3 per ha) and is henceforth refmed to as the pst- 

predator exclosure when desçniing pst-manipulation effects. 

2. Food Addition: From 1988 to -ter 1995, ad libitum supplemental food (c~m~~ercial 

rabbit chow; 16% protein; Shur-Gain, Maple LeafFoods Inc., Edmonton, Alberta) was 

added to two 36 ha areas (Food I and Food 2) at a rate of approximately 300 kg (8.3 

kg per ha) every 5-6 days thtoughout the entire year. Squirrels wae  trapped within 8- 

ha areas of each treatment. Food addition 1 produced pund squirrel densities 7.2- 

fold (1 1.6 per ha) that of controls and haceforth is refmed to as pst-food 1. Food 



addition 2 producd ground Squurel densities 3.7-fold (59  pa ha) that ofcontroIs and 

henceforth is referred to as pst-food 2. 

3- Predator ExcIosrne +Food Addition: From 1988 to spring 1996 the above two 

treatments were combined on another 1-lanL area using the srmie protocds as already 

descri'bed- A monofïIament barnet was not erected and thus this treatment only 

excluded mammalian predators- S-els were trappeci within an 8-ha area of this 

treatment. This manipulation produced ground sqnirrek densities 19-fold (30.1 per 

ha) that of controls and henceforth is r e f e d  to as pst-predator exclosure + food. 

Within this 1-lm2 site, two 2.5-ha areas, 270 m apart and 270 m fiom the original 

squirrel trapping area, were selded to continue the food supplementation program to 

maintain the effects of food addition d e r  the main îdbstmcture was dismantled. 1 

will refer to these sites as Food Addition A and Food Addition B. Although these 

areas had never been trapped for p u n d  squirreIs, densities were similar to that of the 

original trapping area (30.8 and 28.4 per ha) in spring of 1996 regardles of their small 

size in relation to the original 8-ha trapping area thus demonstrating that edge effects 

were negligi'ble. Beginning in 1996, food was distnïbued ficorn late A p d  to early 

September at a rate of 20 kg per ha per week, more than double that ofprevious years- 

1 stockpiled chow (40 kg per ha) durhg the last week of the field season in early 

September to provide fooâ to the few remaining squimls that had not entered 

hibernation. Both Food Addition A and Food Addition B were fed in 1996. However, 

Food Addition B was not fd in 1997 in order to create an additional density- 

manipulation experimental site at high density (1 1 2 per ha in 1997) to monitor 

population processes as pund quine1 populations convergeci to equili'brium density. 



Demography and density measurements 

A regufar schedule of live trapping statted in late A@ to early May of each year 

(19964998) and ended in Iate August in ali yem to monitor survival, reproductive 

status, and mass. More muent trapping occurred during the emergence ofjuveniles 

(young-of-the-year) h m  their natal chambers in mid-Jme. Sq@uels were captured 

using Tomahawk live traps (14 x 14 x 40 cm; Tomahawk Live Trap Co., Tomahawk, 

USA) baited with peanut butterC Traps were placed at burrow sites to 

increase recaphires ofindividuals. Two or three traps were placed at burrow systems that 

had 2 3 burrow openings. Traps were set at 0800 and were checked twice at 1-1.5-h 

intervals. Each squinel was removed h m  the trap into a nened bag and marked in each 

ear with miquely numbered metal eartags. At each capture 1 recorded eartag number, 

sex, weight, zygomatic arch breadth, and reproductive status. Fernales were recorded as 

lactating (nipples large and secreting mük) or not lactating (nipples small or drïed). 

I conducted a complete population census twice each year to accurately estimate 

population sizes. The k t  census provided overwinter s1lZvival and spring density 

estimates and o c c d  in a 2-3 week period starhg the second week of May, whereas 

the second census pvided post-reproduction and prehiiemation densities and occurred 

fÎom mid-July into the fïrst week of August During a census, populations were ttapped 

for 3 to 4 consecutive days three times per &y beginniag at 0700 at 1 -5-h intervals. 

Before analysin& records were pooled for each day separately to d u c e  hourly variation 

in trappability among individuals. Population estunates and standard mors of the 

estimate were calculated using a closed population mark-rec8pnire hetmgeneity mode1 

(jacklmife) (Pollock et al. 1990) h m  program CAPTURE (Otis n ai. 1978) as 



recommended by Menkens and Anderson (1988) and Boulanger and Krebs (1994). Fall 

densities for Food Addition A and Food Addition B in 1996 and 1997 were estimateci as 

the minimum number alive because trapping oould not be conducted ove  three 

comecutive &YS owïng to interference by gnzzlly bears. 

1 fitted radio-collars (Mode1 PD-2C, Holohil Systws Ltd., Carp, Ontario, 

Canada) on adult females shortly a f k  spring emergence from hi'bemation to monitor 

fates of disappearïng individuals during summer and to aid in location of natal burrows- 

Overwinter sumival was calculated h m  trapping records as the proportion of 

individuals captured in the spring that were present in the population @or to hi'bemation 

in the previous year (late Iuly - September). Owing to male biased dispersal patterns and 

small sample sizes for males, 1 limited my analysis of oveminter SUlVival to adult and 

juvenile females. 

To detennine weaning success and litter sue 1 needed to locate natal burrows- 

Burrow sites belonging to radio-collared females were located at night during the first 

week of June, just prior to the Grst ernergnce ofjuveniles. Within a week of the fkst 

sign of juvenile emergence, intensive trapping occurred at these burrows using as many 

as 10 traps per burrow site in order to capture all of the juveniles born to that female. 

Juveniles typically remah close to the natal b m w  for the tir& week (Lacey 199 1). 

However, some mothers move th& young immediately upon emergence to th& adjacent 

burrow system (McLean 198 1). In some cases, adult females share b m w  systerns or 

Live in close proximity and mixing of juveniles among litters c m  occur even before 

emergence (Lacey et al. 1997). When this occul~ed, all juveniles h m  the mixed litters 

were capîured. Litta sues for each treatment were estimated by dividing the total 



number ofjuveniles caught at these targeted bumw systems by the total number of 

breeding f d e s  that Eved witbin the targeted b n w  systems- Haice, 1 did not assign a 

measurement of enor to the estimate because 1 couid not measure each Iitter separately. 

The weaning rate of the population was CalcuIated as the proportion of fernales (lactating 

and not laçtating) that had litters that appeared above gound- 

Environmental conditions 

Weather data collected at the Burwash Landing Cllmatological Station, whlch is 

located approximately 60 km h m  our study site, was used as an approximate measure of 

weather conditions in our study area to compare relative weather pattems among years. 

In addition, the initiation of the growing season was estimated h m  the appearance of 

foliage on a large stand of aspen trees (PopuIus trmulor'des) in my study area. Millar 

(1972) used aspen growth as an indicator ofthe pwing season in his study in southwest 

Alberta and noted that the appearance of fiesh growth in other plant species was closely 

synchronized with that of the aspen, In my study area, this appeared to be true as well, as 

many species such as willow, birch, and various herbs, appeared to produce new growth 

within one week ofappearance of aspen leaves. 

Herbivore impacts on vegetation 

To determine ifintensity of herbivory on natural vegetation varied with density of 

ground qgirrel populations, 1 measured the standing-aop dry weight biomass ofherbs 

and grasses in mid- to late July in both 1996 and 1997. 1 measured only those m e s  

that are present in the diet of arctic p u n d  squirrels according to studies done in our area 

(Lincoln 1972; McLean 1985). These were: lupines (Lupinus arcticus), y m w  (Achiliea 



borealis), legumes (Kedjssminn sp.. Orytopik sp. and AsttagaZur spJ. goldenrod 

(Solihgo sp.), îkeweed (Epilobiiun angrrsniliùrn), bIuebell (MertensiapanimZata), 

pussy toes (Antenma sp.), and fescue grass (Feshca altacCa-)). Plants were sampled 

fiom 30 stations within each of the pst-experimntal sites and controls A and D, 

Stations were arranged at 30-m i n t d s  dong three parallel270-m long transects with 

90 m separating the transects. Each station consisted of two adjacent 0.25-m2 areas, one 

a control and the other an exclosure of2.Skm wire mesh (1 m tall). ExcIosutes were 

constructed in early May ofeach year before emergence ofvegetatlon. The mesh was 

small enough to exclude squirreIs and hares but not mice, voles, or insect herbivores. 

Within a 0.09-m2 quadrat centered within each 0.25-m2 area. plants were identifie& 

clip@ at ground surfke, oven-dned, d weighed seperately. Mthough 30 stations 

were cotlstructed on the Food Addition A, ody 14 and 15 were sampled in 1996 and 

1997 respectively, oowing to damage and interference nom grizzly bears. 

Statistical Analysis 

AU statistical tests were perfomed according to procedures in Zar (1984) and 

Sokal and Rohlf(1995). Prior to analyses, dl continuous variables were tested for the 

assumptions of parametric statistics using an F-test for equality of vanoances, and 

Kolmogorov-Smimov goodness of fit test for normality. Ali proportional data were 

arcsine transformed as recommended by Krebs (1999) and density values were log- 

t r a n s f o d  prior to regression. Prior to ANOVA, plant biomass data were aan~formed 

by a Box-Cox transformation procedure (h = 1 1.4) implemented with program Ecologid 

Methodology (Krebs 1998). AU analyses were performed using Progratn Statview 

(SAS Institute Inc. 1998), except for ANCOVA which was pafonned using Rognnn 



SuperAnova (Gagnon et al, 199i), AU means are expressed with t 1 standard error 

unless otherwïse indicated 

Resuits 

Population change 

Population densities of arctic ground squUrels (* 1 SE of the estimate) on 

experimental sites and conttmIs are shown Fn Figure 22, AU experimentid sites attained 

maximum spring d d t i e s  in i996 der 10 years of supplemental f d  and/or predator 

exclusion (Karels et al, 2000). AAer these manipulations ceased, these same populations 

declined in a density dependent maMer Figure 2.3) (fi = 0.91, n = 9, P < 0.001) such 

that by spring 1998, densities were similar to controls vigure 2.2)- Continueci food 

supplernentation on 2.5-ha segments of the predator exclosure + food treatmemt (Food 

Addition A and B) did not prevent a population decline Figure 2.2). However the rate of 

decline was slowed (Figure 2.2 and Figure 2 4  such that densities w a e  s t i l l  1.9 h e s  

those on the pst-predator exclosure + food and 2.9 times those on controls. 

Reproduction 

1 used presence of lactation as indication that a female ground squiml had given 

bïrth. The proportion of fernales lactating was negatively related to population density in 



60- + Predator Excl. + Food 

- + *  Food1 
n -+*Food2 
t 
CA Predator Exclosure œ 

40 - Control 
s 

SPR SUM SPR SUM SPR SUM SPR SUU SPR SUM SPR 

1993 1994 1995 1996 1997 1998 

Figure 2.2 Population densities of arctic ground squirrels in the southwest Yukon 
Tmritory. The legend refm to the experlmental treatments of the KLuane B o r d  Forest 
Ecosystern Project. Data h m  1993 to 1995 are h m  KareIs et al. (2000). Food addition 
was terminated and predator exclosures removed by spring 1996. Two 2.5-ha areas 
(Food A and B) within the Predator Exclosure + Food treatment were food supplemented 
throughout 1996. One ofthe 2.5-ha areas @ood A) was also fed through to 1998. 



O Controls (93-98) 
O Treatment (93-95) 

O Post-Treatment (96-98) 

e Food Addition A (96-98) 

Figure 2.3 Regression cume showing density-dependent annual rates of increase &,MJ 
for spring breeding populations of arctic ground squuFels on controls (1993-1998) and on 
experimentd sites &et treatments were removed (19964998). Values of h(N,,/NJ > O 
or < O indicate popdation growth and decline respeaively. Rate = O indicates stable 
population density. Oniy population densities b m  1993 onwards are presented because 
pre-1993 populations were declining as a fimction of pcodator abundance mubbs and 
Boonstra 1997). On experhental treatments pnor to 1996, populations show positive 
growth. When manipulations ceased, populations showed negative p w t h  and strong 
density dependence. The arrows on the figure illustrate the squence of rates ofincrease 
on the predator exclosure + food sitebeginning with '93, the growth h m  1993 to 1994. 



both years (Table 2.1). However lactation rate was 2 68% on al l  sites except those on the 

two high density sites which had Iow lactation rates (pst-predator exclosure + food 

1996: 40% and pst-fd addition B 1997: 9%) (Figure 2.4). When these sites were 

rernoved fiom the analyses, then for 4 of 5 sites in 1996 and 5 of 6 sites in 1997 the 

proportion of fernales Iactating deciïned only siightiy and non-simrificantly with 

population density (1996: 9 = 0.42, n = 4, P = 0.35; 1997: 8 = 0.09, n = 5, P = 0.62). 

Food addition on the 2.5-ha segments of the fonner predator exclosure (Food Addition A 

and B) maintained high rates of lactation in fernale sqiiimls despite the high densities- 

Therefore lactation appeared to be strongiy limited by food but ody at very high 

d d t i e s .  

Reproduction, as rnwmred by the proportion of adult f d e  squirrels weauing a 

litter, was strongly and negatively density dependent in both 1996 and 1997 uable 2.1, 

Figure 2.5). The strength of d-@-dependence, that is, the rate of change in weaning as 

a hction of density, was similar Ïn both years (one-way ANCOVA: year x densiSr, F = 

0.1 7, df = 1, P = 0.90). Despite lower densities in 1997 on the experimentai sites, the 

proportion of fernales weaaing liners dmpped by nearly 30% fiom 1996 to 1997 when 

wrrected for density (oneway ANCOVA, F = 57, df = 1, P < 0.00 1). 

Populations that were food supplemented (1996: n = 2; 1997: n = 1) were 

significant outliers h m  the regression each year @ixon's test: for 1996, P < 0.0 1 for 

both populations; for 1997 P = 0.01). nius, at the same density, supplemental food 

sigxüficantly increased the proportion weanhg litters (1996 = 0.89, n = 2; 1997 = 0.82, n 

= 1). However, despite a decline in density h m  1996 to 1997 (55%), the population that 

was continually fed through 1997 (Food Addition A) showed a slight decliae in weaning 



rate (7%), consistent with, but not to the same degree, as the decline in weanïng rate in ali 

other populations, 

Estimates oflitter size were derived b m  only those I i t t g s  that appeared above 

ground (Le. emerged litter size 2 1). Therefore some sites where aU liners failed were not 

included in the estimate Litter size did not Vary in relation to population densiîy uable 

2.1, Figure 2.6). Fooà addition did not hcrease Iiîîer size when densities were high in 

1996 but did increase litter size when densities were Iower in 1997- 

Summer survival of adult fmales was not significantly related to popdation 

demie in either year (Table 2.1, Figure 2.7). In wntrast, overwinter &val was 

strongly and negatively related to population density w b l e  2.1, Figure 2.8). There was 

no clifference in the strength of density dependence between years (one-way ANCOVA: 

year x density, F = 0251, df= 1, P = 0.63) nor was thexe any Werence in survival 

between years when the effects of densiity were removed (one-way ANCOVA: F = 0.032, 

df = 1, P = 0.86). Food supplementation improved overwinter sumival (0.47-0.58) but 

ody relative to non-supplemented hi&-density areas (0.1 1 - 0.20) Pigure 2.8). The 

proportion of survivors on food mpplemented populations (1996: n = 2; 1997: n = 1) 

were statistically signifïcant outliers h m  the regressiom ofremaining populations 

(Dixon's test: for 1996, P < 0.05 for both populatiom; for 1997 P < 0.05). However, 

food addition did not completely compensate for the effects of population density 



Table 2.1 Linear regression statistics of variables tested for density dependence where x = log(density). All proportional data were 
arcsine transformed. Level of significance is a = 0.005 when adjusted by Bonferroni method for multiple tests of significance. 
Sample sizes are given of the number of squirrels on each site that wen used to calculate each variable. 

Variable 1 Linear Regrasion 1 Sample size of squimls per site* 

Weaning 1996 -0.94~ t 1.48 0.97 5 < 0.003 10 9 9 7 15 9 9 
1997 - 1 . 1 1 ~  t 1,16 039 6 <0.005 9 9 9 7 16 6 10 

Year Equation 9 N P C P-PE P-FI P-F2 P-PEtF +FA +FBt 

Litter Size 

Ovenvinter Survival 1 1996 -0.95~ + 1 .54 0.88 5 0.019 1 21 34 53 31 131 32 36 

Summer Survival 

11997 -1.08x+1.08 0.91 6 <0.0041 19 22 12 7 25 9 8 
*sites are abbreviated as follows: control (C), pst-predator exclosure (P-PE), pst-food 1 (P-FI), pst-food 2 (P-FZ), p~st~prcdator 
exclosure + food (P-PEtF), food addition A (+FA), and food addition B (+FB) 
hot food supplemented in 1997 

1996 -0.38~ + 2.89 0.19 4 0.57 
1997 -1,57~ t 3.21 0.11 4 0.68 

9 13 6 6 O 28 15 
6 7 4 4 O 5 O 

1996 O.O7x+IJ1  0.01 5 0.87 
1997 0.49~ t 0.88 0.06 5 0.70 

10 9 11 I I  15 I I  12 
IO 8 8 10 8 7 O 



Squirrels per ha 
Figure 2.4 Proportion o f  adult f d e  arctic ground squirreIs with litters pnor to weaning 
as indicated by signs of lactation. Lactation rate declines with density but rem& 2 68% 
for a l l  populations except the densest populations in both years. Food supplemented sites 
were not included in regession- 



Squirrels per ha 

Figure 2.5 Proportion of adult female arctic ground squirrels weaning a litter plotted 
against sprïng population density for each site during 1996 and 1997, Proportion weaning 
litters maintains the same strength in d d t y  dependence in both years (i-e. similar 
slopes). However, weaning m e  averaged 30% lower (i.e- different y-intercepts) in 1997 
compared wiîh 1996 when corrected for density. Food supplemented sites were not 
included in regression, 
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Figure 2.6 Estimates of average litter size at emergence for litter sues 2 1. Sites where 
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Squirrels per ha 

Figure 2.7 Mean proportion ofadult f i a l e  arctic groimd squinels Surviving a 16-week 
period during the summer active season in relation to spring population density for that 
site durhg 1996 and 1997. 



Squirrels per ha 

Figure 2.8 Proportion of aduit female arctic ground squirrels surviving the winter 
hibernation periods (September -May) 1996 - 1997 and 1997 - 1998 plotted against late 
summer (iate Iuly - early August) population density. Roportion surviving hiemation 
has the same strongly density-dependent relationship in both winters and shows the same 
relationship in both winters Food supplemented sites were not ùicluded in the 
regression. 



because survival was greater in two lower density, non-fed populations in L996 and five 

lower densitty, non-fed popuIations in 1997 (Figure 2-8). 

Adult Dispersal 

During 1996 and 1997,79 and 5 1 adult fernale squirrels respectively, were radio- 

tracked among aii sites for evidence ofdispersai. Astonisbingiy, none of the 130 

squirrels dispersai outside of the study sites despite severe competition for the limited 

resources owing to the high detlsities on some sites. This ernphasizes the strong 

attachent of M t  femaie p u n d  sqpirrels to their burrow systems. 

Contribution to rates of increase 

Because weaning rate and oveminter &val showed strong dmity  dependence, 

1 entered both as independent variables into a multiple regression to determine th& 

relative çontniution to the annuai rates of population increase. Annual rates of increase 

were signinca~tly predicted by combïned overwinter Survival and weaning rate (p= 

090, n = 1 1, P c 0.01). However, weaning rate explainecl only 3% of the variability in 

annual rate of increase (t = 1.55, df = 1 O, P = 0.16) whereas overwinter survivai 

explained 87% of the m u a l  rate of increase (t = 1 1.27, df = 10, P < 0.00 1). Therefore, 

overwinter sumival was the criticai factor determinïng the rate of deciine in the 

experimental populations as they converged towards control densities. 

Changes in mass and body condition 

Because îhe average mass ofadult fernales emerging after hibernation vaned 

interactively among sites arid years (two-way ANOVA, year x site: FIO.= = 5.369, P c 

0.00 l), I investigated each variable (year and site) separately to determine the source of 



the interaction, Dïfkences among sites occurred in dl thee years pable 2.2). During 

the nrSt pst-experhental year (1996), f d e  sQuineIs on former f d  supplemented 

sites and on the continued food supplemented site had greater mas than those on control 

sites (Figure 2.9, Table 2.2) thns indicating a carry-over effect of the treaîments h n  the 

previous year W e l s  et al. 2000). Howeveq by the spring of 1997, Squvrels on all sites 

had s M a r  m a s  (397420 g), except for squUrels on the food supplemented site (Food 

addition A) which were 18 to 25% heavier- Average mass of squirrels in a l l  sites were 

lighter in 1997 than in 1996 except for controls Pigure 2-9). Averagemass remained 

similar among sites in the spring of 1998 and sirnilar to that of spring 1997, with the 

exception of those on the f d  supplemeatation grid which were 25% lighter than they 

were in spring 1 997. There was dso a slight (14%) but non-sigaincant increase in mass 

of squirrels on the post-food 2 (Figure 2.9). 

The mass of adult fernale p n d  squirrels in the fa, just prior to hibernation, 

also v d  among sites but interactively with years (two-way ANOVA, year x site: 

F5, 2I I= 5.982, P < 0.00 1). Despite the large degree of differences in population density 

(Figure 2.2) among the sites, fd body mass of squirrels was similar (Figure 2.9, Table 

2.2), with the foliowing exceptions. Squirrels on the pst-food 1 site were sip*ficantly 

lighter than those on most sites and squirrels on the Food addition A site were 

significantiy heavier t'an those on most sites (Table 2.2). Most remaàrably, fernale 

squirrels on the pst-predator exclosute + food si& in the f a  of 1996 had similar body 

mass (526 f 12g) to those on controls (539 f 14g) in spite of the 19-fold difference in 

population density during the spring. In the fdl of 1997, body mass of f d e  squinels 



was sllnilaron ai l  sites with exception of sqykrels on the post+fd 2 site which were 

simiificantly heavier (21%) than those on the pst-predator exclosure + f d  site. 

Body condition ofadult f d e s  was esümated h m  mass measured at parturition 

(late-May) (Dobson and Michener 1995). Since structural size (zygomatic arch breadtb) 

varies among individuals among sites (two-way ANOVA: FSaT5 = 4.84, P < 0.001) and 

between years (two-way ANOVA: F,,, = 4.93, P = 0.03) and is a good prrdictor of 

body mass (jr = 28. lx  - 546.3, rZ = 0.29, n = 486, P c 0.00 l), condition was estimated 

fiom the residuals of body mass mgressed on structural size (zygomatic arch) @obson et 

al. 1999). 

Body condition varïed signincantly among sites but there was simcant 

reduction in body condition amoog all sites, with some sites declinrng more than the rest 

(pst-predator exclosure + food, pst-food 1, pst-food 2) Figure 2.9 10). This lead to a 

significant interaction between site and year (Table 2.3). hning the first pst- 

experimental year (1996), there were no significant differences in the condition of female 

squirrels betwem controls and any of the post-experMental sites (Table 2.3) despite a 2- 

to 1 Pfold d i f f m c e  in densi@. Only squirrels on the food addition sites were in 

signiticantly betta condition than those on controls (Table 23), but supplemented food 

did not prevent the condition of f d e s  d e c h h g  fbm 1996 to 1997 (Figure 2.10). 

Declines in condition were most pronound (43- 1 16g) in squirrels on the previously 

food supplemented sites, with smaller declines in squiwl condition on the predator 

exclosure (log) and controls (6g). By spring of 1997, only squVrels on pst-food 1 and 
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Figure 2.9 Early spring and nù1 mass (g) of addt female arctic gound sqyirrels on 
contcois and experimental sites h m  1996 to spring 1998. The le& right and h e  through 
middle of each box represent the 25\75*, and 5 0 ~  percentiles. Whiskers fiom left to 
right represent the 10'" and 906 percentiles. Mean mass is represented by (O). The 
symbols (+) and (0) on the right border ofthe graph, represent a sisnificant increase or 
decrease (Tukey-Kramer pst-hoc test) h m  pvious year. Statistical cornparisons 
among sites are given in Table 2.2 



Table 2.2 ANOVA table of cornparisons of mass of addt f d e  arctk pund SqrrirreIs 
among six sites separated by year and season. IdenticaI Ietîers repmaznt non-signifiant 
Merences (Tukey-Kramer post-hoc test) in mass among sites for each year and season, 
Site names for abbreviation are given in Figure 2.9. 

Site 
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P-PE+F 

P-F1 

P-F2 
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Control 
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Control 
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Figure 2.10 Cornparison of condition as me& by residuaIs of mass (g) derived fmm 
linear regession (y = 2 8 . 1 ~  - 546.3, ? = 0.29, n = 486, P < 0.001) o f  mass at parturition 
on zygomatic arch bteadth of arctic ground squirrels among ali pst-experimental sites 
and controls h m  1996 to 1997. Sample sizes are indicated at the base of column. 



Table 2.3 ANOVA table of cornparison ofcondition as measured by residuals of mass 
(g) of adult femaIe arctic ground squkels among pst-eIcpenmeatai sites and controls 
fkom 1996 to 199% Identical letters represent non-signincant drfferences (Trikey-Kramer 
post-hoc test) in residual mass among sites separated by year, 

Factor F df P 
Year 

Site 
Year x Site 

Site 1996 1997 

+ Food c b 

Post-Predator 
Exclosure a &C 

+ Food 
Post-Food 1 &b,c c 

Post-Food 2 b,c c 

Exclosure 



pst-food 2 sites were si@cantly different than controls, being an average of 56 g and 

57 g lower in condition than those on cuntrols, respecti'vely (Figure 2-10). 

Herbivore impacts on vegetation 

The standing crop biomass of the ten plant species (AchiIIea borealis, Antenm4 

sp., Epilobiinn angtrstiioIium, Mertens& penicuIata, SOIi&go sp., F-ca altach, 

Astragalus, sp, He&sarum sp., Lupinus arctikus, and ikytropb sp,) separated by sites, 

and herbivore treatrneat (open to herbivory or herbivores excluded) are shown in Figure 

2.1 1. When open to herbivonl, differences in plant abundance among the t h .  plant 

groups vaned separately by site and by year as indicated by the signüiunt interactions 

(Table 2.4). Howeveq when herbivores were excluded the interaction between plant 

group and year disappeared, indicating that herbivores were responsible for the variation 

in differences among plant groups over both years Fable 2.4). The si@cant 

interaction betweetl site and year in the absence of herbivores (Table 2.4) indicated that 

there were differences in the biomass ofvegetation ammg sites and years independent of 

herbivory caused by hares and squixrels. 

The sources of the cornplex interactions among years, plant groups, and sites 

shown in Table 2.4 were revealed by comparing the number of plots that had less plant 

biomass than the paired plot where habivores were excluded (Table 2.5). There was no 

loss of plant biomass owing to herbivory on conid sites. On more densely populated 

sites, a l l  three plant groups showed evidence of herbivory with the strength of herbivory 

generally increasing as ground squiwl population density increased. Intensity of 

herbivory among the plant groups was ranked as follows: legumes > forbs > grasse 
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Figure 2.11 Standing cmp dry-weight biomass (glm2) often plant species commonly 
f d  in the diet of arctic gound squinels near Kluane, Yukon. Plants were clipped at 
ground level during late Jdy h m  thirty païreû 0.09 m2 plots on each site. One plot fiom 
each pair was enclosed within a wire fence (2.54-cm mesh) to exclude herbivory h m  
squirrels and hares. 



Table 2.4 ANOVA table o f  cornparison of standing crop dry-weight biomass among 
three plant groups (grass, forbs, and legumes), sites, and years (1996 and 1997) withm 
paired 0.09-mZ pIots excluding and open to squinel herbivory. 

Factor F df P 

Site 

Year 

Plant Group 

Site x Year 

Site x Plant Group 

Year x Plant Group 

Open 

Site 

Year 

Plant Group 

Site x Year 

Site x Plant Group 

Year x Plant Group 



Legume herbivory was extremdy intense on sites with high spuinel density such that no 

legumes were fotmd in any of the pIots within the two highest-density non-supplementd 

sites (post-predatm exclosure + food and post-food 1) by 1997. AIthough no legumes 

were observeci on the Food Addition A site h either year, it is possiile that 1-s were 

entirely removed prior to 1996 in the same rnanner that they were removed h m  other 

sites. 

The most abundant legumes were lupines (Figure 2-1 1)- Though 1 did not collect 

biomass estimates prïor to 1996, a piIot study conducted in 1995 contrasteci lupine 

herbivory (as measured by counts of lupine petioles) on twelve 1-m2 plots on one control 

(control A) with twelve Lmz plots on the predator exclosure + food treatment. Each plot 

was pairecl with an adjacent and equivdent sued herbivore exclosure. Petiole couuts 

fkom this pilot study were compared with petiole counts on the thUty 0.09-m2 plots 

constructed in both 1996 and 1997 and indicated that herbivory of lupines on the predator 

exclosute + food intensifieci on this site d e r  1995 (Figure 2-12), Thus, there was a 

signifiant interaction between site and herbivory treatment (Table 2.6). On the control 

site, the number of lupine petioles per m2 did not differ between plots open to herbivory 

and those fiam which herbivores were excluded or among years W l e  2.6)- 

Although petiole counts in 1995 did not reveal a significant difference between 

the herbivore exclosure and open plots on the predator exclosure + food site, signs of 

herbivory such as leaves nipped off or missing reveded that herbivory was sti l l  intense 

there. In 1995 on the pdator  exclosure + food, 89% (N = 888) of lupine pnioles in 

areas open to herbivores showed signs of herbivory. In contras& only 17% @ = 1238) of 

those lupine petioles on contmls showed signs ofhabivory. Signs of h d i v o q  were not 



Table 2.5 Comparison of the dry-weight biomass of three vcgetation types within 0.09 m2 plots open to herbivory with paired plots excluding 
veriebrate herbivores. Values below the symbols 'J and '+' are the number of plots in which plant biomass is less than or greater than biomass 
within the paired herbivore exclosure plot. All values below the = symbol are the number of plots in which the vcgetation type was absent from 
both of the paired plots. The P-value denotes significance at the a = 0,003 levcl calculaicd by one-tailed Wilcoxon's sigmd-ranks test for paind 
observations. Sites are sorted fmm greatest IO least in density of ground squimls. Site abbreviation descriptions arc found in Table 2.1. 
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Figure 2.12 Lupine abundance (number ofpetioles per m2 f S.E.) within plots open to 
and excluded h m  herbivory on two sites (control and predator exclosure + food). Counts 
were conducted at twelve stations with paired 1-m2 open and exclosure plots in 1995, 
before the predator exclosure + f d  treatment was dismautleci, and in thirty stations with 
paired 0.09-m2 open end exclosure plots in 1996 and 1997, after the predator exclosure + 
food treatment was disrnautle& Thece w a e  no lupines found on the pst-predator 
exclosue + food site in 1997. 



Table 2.6 ANOVA table of cornparison of abundance of lupines between sites (control 
and predator exclosure + food), yeats (1995 and L996), and presence of herbivory 
(present or absent). Besause lupines were entirely absent fnnn the predator exclosure + 
food in 1997, statistical analysis on lupine abundane was conducted onlyon the contrd 
site to determine iflupine abundance changed throughout a three year perïod (1995 - 
1997). 

- -- - - --- 

Contd and Redator Exckure + Food 
(1995 and 1996) 

Factor F df P 

Year 9.96 1 0,002 

Site 9.36 1 0.003 

Herbivory 1.78 1 0.18 

Year x Site 0.37 1 0.54 

Year x Herbivory 0.05 1 0.83 

Site x Herbivory 4.03 1 0.047 

- -- 

Factor F df P 

Year 1.79 2 0- 17 

Herbivory 0.38 1 OS4 

Year x Herbivory 0.09 2 0.92 



entirely caused by anlmals squinel-size or larger since there were stiU signs of herbivory 

within the herbivore exclosures perhaps caused by voles. However, there were two 

instances of a qyirml digging into the same herbivore exclosure on the predator 

exclosure t food site. Nevertheless, on the predator exclosure + food site, the ffequency 

of herbivory wlthin the herbivore exclosures was signSc811tly lower (L4%) than outside 

of the exclosure @ = 976; G = 1138, df= 1, P < 0.01). On the controi, the m e n y  of 

herbivory within the herbivore exclosmes was not signincantly different (4%) fiom that 

outside of the exclosures (N = 1 147; G = 2.8, df= 1, P = 0.09). 

Environmental changes 

In order to determine which environmental factors influenced reproduction in 

1996 and 1997; 1 compared the previous wiater's temperatures, previous winterys snow 

depths, spring to fd temperatures, and rainfail between years and with the 30-y long- 

teim average. Spring temperatures during 1996 were simiiar to the 30-y long-temn 

average. In 1997 spring and m e r  weather conditions appeared to be advanced by one 

month in cornparison with normal conditions (Figure 2.13). Temperatures were 8°C and 

7'C higher than normal for Aprii and May, respectively and June rainfdl was tsvice that 

of normal and seven times that of 1996. During *ter, only January temperatures 

departed greatly fkom normal. In 1996, January temperatures were approxllnately 10°C 

lower than normal whereas in 1997, January temperatures were approximately 13'C 

above normal. Snowfall arrived early in 1995 such that by November there was 36% 

more accumulatexi snow than n o d .  Thereafter snow depth remained similar to that of 
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Figure 2.13 Plots of monthly means and 30-year averages oftemperatUrey rainfalf, and 
snow depth nom data collected h m  Bumash Climatological Weather Station, Burwash 
Yukon. 



the long-tenn average, Snow depth during the winter of l996/97 was unusually low, 

Total snow depth was 27%, 31%, and 29% less than normal for the monh  of November, 

January, February, respectively. December snowpack was sidar to the normal. 

Although spruig conditions during 1997 was warmer and wetter, the initiation of 

the growing season as detennined h m  aspen leafappearance (May 25), did not dEer 

markedly h m  that of 1996 @ky 27)- 

Discussion 

The convergence of experimentai arctic ground squirrel densities to those on 

controls within two years fier removal of predator exclosmes and food supplementation 

(Figure 2.2) is the strongest fonn of widence that th& population densities are regulated 

(Murdoch 1970; Sinclair 1989; Caughley and Sinclair 1994; Harrison and Cappuccino 

1995; Cappuccino and Harrison 1996). In order for populations to be regulated, the rate 

of change in numbers must be density dependent (Sinclair and Pech 1996). In my study, 

the rates of population change within the expaimeatal sites @est-îreatment) and wntrols 

were strongly density dependent (Figure 2.3). However, the density dependence 

paradigm is o f h  Cnticized because it f d s  to recognize the mechanisms or relevant 

variables that cause regdation since density itselfis not a mechanism (Krebs 1995). 

During m y  study, the mechanisms of regdation were intraspecific cornpetition for food 

in the late stages of reproduction that influence the proportion of fernales weaning litters 

(Figure 2.5) followed by intmpdïc cornpetition for food resources thai influence 

overwinter survival (Figure 2.8). Intraspecifïc cornpetition for food was the mderlying 

factor detennining density dependence for two reasons. FFirst, natural food sources 



deciiwa with i n d g  spuVrel d-ty (Figure 2.1, Table 25,  F i w e  2.12). Second, 

suppIemenl f d  reduced the rate of decIine (Figure 2.2, Figure 23) by improving 

weaning rate and overwinter survivai relative to population densiîy Figure 2.5, Figure 

2.8). The strength of denslty dependence iii weaning rate remained similar fiom 1996 to 

1997. However, decreased snow depth during the winter of 1996/97 relative to 

l99S/l996 Figure 2.13) was associated with a decline of  30% in weaning rate regardless 

of population density (Figure 2.5). Therefore, changes in ground SqUirreIs reprodum-on 

are clearly driven by simdtaneous density-dependent and density-independent processes. 

Predators produced densiWindependent variation in &val among sites but that 

variation was not important durhg this study because overwinter suvival and 

reproduction explained (90%) of the yearly chauge in population densities. This is not to 

claim that predators were unimportant, as preûatots have been clearly shown to interact 

with food in limiting arctic ground squirrel populations (Karels et al. 2000). However, 

limiting factors are not necessady regulating (Sinclair 1989) and the most Wcely scenario 

is that predators act as a density-independent variable influencing reproduction which is 

also strongly influenced by intmspecSc cornpetition. However, the sublethal effects of 

predators on reproduction are diff?cult to detect when reproduction is also dependent on 

food abundance and population density. Testing this hypothesis would require 

combining squirrel density manipulation and prrdator manipulation. 

Reproduction 

In mammals, the cost of gestation is exceeded by the cost of lactation and this 

increases towards weaning (Millar 1977) such that m a s  Ioss of the mother is evident 

d&g the late stages ofladation (Kiel1 and Millar 1980; Clutton-Brock et al. 1989; 



Humphries and Boutln 1996; Millesi et al, 1999)- Fluctuaîhg environmental conditions 

that might reduce resource availabilïty will b v e  the greatest negative impact on fernale 

reproduction during the energetically exhaustïng lactation perïod rather than during the 

gestational periud. M y  earKest &dence that females had been pregnant was derived 

fiom signs of lactation because 1 was not able to determine ïflitters were lost in utero- 

Nevertheless, the proportion of females showing evidence of lactating was co~l~lktenly 

high (> 75%) aacrss a wide range of population densities except in populations wïth 

densities exceeding 10 Squurels per ha without supplementd food (Figure 2.4). Thus, 

most ofthe differeaces among the sites in the proportion of fernales weaning th& litters 

resulted nom losses of entire litîers during lactation, thereby produchg a strong 

relationship between weaning rate and population density driven by cornpetition for food 

resources Figure 2.5). When 1 continued to supplement populations with food, weaning 

rates showed no evidence of king M u e n d  by population density (Figure 2.5) and 

remained high (> 82%) and similar to weaning rates on the same site @ter exclosure 

+ food) prïor to 1996 when the f& addition was still in progress (Karels et al. 2000). In 

a similar study on Columbian ground squirreis, Dobson and Kjelgaard (198%) 

supplemented food to a high and a low elevation population for 3 years produdg a 4.9 

and 5.5-fold inaease in population deosity. Dobson (1995) continued to monitor these 

populations after food addition was ceased and found that in the first year, weaning rate 

dropped 33% and 52% w i t h  the hi& and the low elevtion populations, respectively. 

Thus, intraspecific cornpetition for food resources influencing weaning rate applies to 

Columbian pund squinels as well as to arctic pund qWrrels- 



Food addition i n d  the mass of fernales on aU food-supplemennted sites 

relative to controL sites during 1995 @kels et al. 2000) and this effect canied over into 

the fkst pst-experimend year (1996) wïîh squirrels anerghg fiom hibernation with 

greater mass (Figure 29). But this e f f i  did not foilow through to parturition, es fernale 

squinel condition at parturition was similar among pst-experimental sites and controls 

(Figure 2. 10, Table 2.3) despite 2- to 19-fold differences in population density- Hence 

weaning success among the sites was not dependent on condition at parturition but rather 

on densitydependent effects (cornpetition for food resources) Occumng during the late 

lactational period. 

On al l  sites h m  1996 to 1997, there were declines in the average qyirrel spring 

mass Vigure 2.9), condition at parturition (Figure 2. IO), and weaning rate independent of 

density (Figure 2.5). Remaining fat stores d e r  hibernation are used to supply energy for 

reproduction (Thompson et al. 1993). However, Kiell and Millar (1980) showed that for 

female arctic ground squirrels, stored fat resources contriiute ody about 3 1% of the 

energy demand of a litter with the balance having to be obtained h m  over-wintered 

forage and emerging k s h  vegetation- Variation in food resources between years did not 

explain the decline in weaning rate for the following reasotls: initiation of the growing 

season did not ciiffer greatly between years (1996 =May 25,1997 = May 27); abundauce 

of naturai forage did not differ between years (Figure 2.1 1, Table 2.3); there was no 

detectable changes in herbivory on controls and the pst-predator exclosure (Table 2-4); 

and weaning rate declined (7%) in the presence of supplemented food despite much 

lower densities in 1997 (55% lower than in 1996). Altematively, fat stores retained h m  

the previous fd may have oontn%uted ta the greater reproductive success of fernales in 



1996 relative to 1997. h arctic ground sqPirreIs, mass loss over -ter is dependent on 

ambient temperature ofthe hi'beniaculum (Anufnev and Alchremdo 1990). Though 

January's mean monthly temperature was colder during 1995/96 (Figure 2-13) than 

during 1996197, snow depth was 2 5 4 %  greater during 3 months in 1995196 than in 

l996/97. Accmndated snow provides an W a t i v e  layer betweem the ground and 

fluctuating ambient temperatures (Marchand 1991; Buck and Bames 1999b)- 

Hiiemating squirrels draing the winter of 199511996 should have ken beîta shielded 

from the ambient above ground air temperatures than those hiiernatiag in 1996/97 thus 

the former should have expmded less en- oveminter. Retaïned fat reserves fbm over 

the winter would be advantagrnus for reproduction in the foliowing seasoa 

Oveminter survival acted in a strong and constant densiîy-dependent manner over 

both winters (Figure 2.8) and explained 87% of the rate ofpopdation change wnverging 

densities on experimentai treatments with those on control sites. Thus, overwinter 

&val was the most critical factor regulating mtic ground squirrel populations. 

Cornpetition for food resomces is the only plausible explmation for negative 

relationship between overwinter survival and population density for four reamns. 

Hï'beznacula sites were not iimiting since population densities on the predator exclosure + 

food site during the fd of 1995 were 16-fold that of controls and the over winter SULVival 

rate was not less than that ofcontrols (67% vs. 52% respectively) (Karels et al. 2000). 

Second, there was cornpetition for available forage since herbivory intensifiai with 

increasing ground squirrel density (Table 25). T '  @or to 1996, when treatments were 

still operative, overwinter survival on food supplemented sites was comparable to 



controls (= 63%) (Karels et al. 2000) and declineâ oniy afta food was removd Fourth, 

continueci supplementing of rabbit chow maintaïned highet overwinter survival on hi&- 

density populations (food addition A and B) than on n o n a  hïgh-density sites @est- 

predator exclosure + food) (Figure 2.8). However. supplemented food resources (in the 

fonn of rabbit chow) seemed to play oniy a partial role in overwlnter survival, at teast at 

high densities. Continueci food supplementation on segments of the pst-predator 

exclosure + food site (food addition A and B) was not SuffiCient to prevent these fed 

populations %rn rapidly declining in numbers (5 1% food addition A and 64% food 

addition B h m  1996 to 1997 and 604? food addition A fkom 1997 to 1998) mgure 2.2) 

owing to low oveminter survival (Figure 2.8). Therefore some other resource must have 

been Iimiting, 

Successfbi h i i t i o n  in ground squirrels is dependent on the qyantity of  

accumulated fat reserves murie and Boag 1984) obtained by intense foraging during the 

bnefperiod after qroduction and before hibernation (Annitage et al- 1976; Kenagy 

1987). However, fat quantity aione is not scient for successful hibernation- Before 

entering hiiemtion, SquirreIs on previousIy food supplemented sites were similar in 

mass to those squirrels on non-supp1emented sites (Figure 2.9, Table 2.2) yet they 

suffered higher oveminter mortaiity than their nonnipplernented counterparts. The most 

extreme example fiom my study occurred on the pst-predator exclosure + f d  site 

during the fali of 1996. Addt female squirrels on that site had sirnilar pre-hi'bemation 

body mass to controls (526 f 12g vs. 539 f 14 g respectively) but had e x a w l y  pot  

over winter d v a l  relative to fernales on controls (O. 14 vs, 0.88 proportion surviving. 

respectively). 



The composition offatty acïds witbln white aclipose tissue is aitical in regdating 

metabolic and thennoregdatory processes during hibernation morp et al. 1994; Honint 

1998). Polyunsaturated fatty acids (i.e. linoleic and a-linolenic fatty acids) Iowa the 

melting point of depot fàts (Mead et al. 1986; Pond 1998) such that when supplemented 

to sciurid hibemators they maintain lower minimum body temperatUres, lower metabolic 

rates, and longer bouts of torpor (Geiser and Kenagy 1987; Frank 1992; Geiser and 

Kenagy 1993), resuling in reduced energy expendïture and promoting increased over 

winter sumival. Anùnals can not synthesize these polyunsaturated fats (Lehninger 1982; 

Pond 1998) so any in their depot fat composition are derived h m  their diet (Geiser 

1990). For ground squirre1s, this means thei. quired supply of polyunsatmated fatty 

acids is obtained h m  their food plants in which Gtty acid concentration varies among 

species, parts of the plant, and seasonally (Hmood and Geyer 1964; Florant et al. 1990; 

W and Florant 1999). Frank (1994) showed that golden mantled ground squirrels (s 

lateralfi) select dîets based on their linoleic acid content to maintain a concentration of 

23-25 mg of linoleic acid pet gram of diet, therefore demonstrating that fatty acid content 

in plants is a factor detennining food preferences in ground squirrels. 

Legumes (primarily Lupines since other types were relatively rare) were so heavily 

grazed that they were extirpated from sites with high p u n d  squirrel densities Eigure 

2.12, Table 2 5 ) .  My measurements of herbivory do not differentiate among the impacts 

of the different herbivores in the study area (te. ground sqphels, hares and voles). 

However differences in ground Squiml deosity are the o d y  explmtion for the 

differences in herbivory among the sites since h m ,  close to theV maximum cyclic 

density, were abundant everywhere (C. J. Knbs pers. mm.), and voles were scarce mG 



Boomka pers. COIMI.)- Legumes are a major componeat of gmmddwellîng scïurid 

diets (Hansen and Ueckert 1970; Hansen 1975; BlrrmSfein and Foggin 1997), and in 

particular, lupines are highly p r e f d  by arctic ground squirrels (Lincoin 1972; McLean 

1985)- When compared with other plants in the KIuane area, lupines have simiIar water 

and protein content, and higher fiber content (Hodges 1998; D. Hik in prep.). They also 

have higher concentrations of toxic alkaloids @ansen and Johnson 1976; Majak et al. 

1994; Panter et al, 1994). However, legumes are also hown to contain high 

concentrations ofpolyunsaturated fats (Harwood and Geyer 1964), and for some specïes 

of lupines, high concentrations of polyunsaturated fatty acids are wntained within 

flowers (L. pribundm) @orant et ai- 1990) and seeds (L, albsrs, L. angrrsftyolitrs and L 

Zuteus) (Ymez et al. 1983)- 

In summaq ,  hdivory on legumes inczeased at the same time as overwinter 

mortality increased in a density-dependent mannetet There was intense herbivory on 

legumes even when high proteîn rabbit chow was supplernented. Overwinter survival 

declined in the presence of supplemented chow. Legumes were the only group of plants 

extirpated fkom sites with high densities ofground squirrels. This evidence supports the 

hypothesis that the rate of overwinter SurYival is detennined by the intensity of 

cornpetition for plants with the limited essential fatty acids such that it is a mechanism by 

which arctic gromd sqyirrel populations an regulated. 

Density-dependent vs. density-independent factors 

The hallmark of the density manipulation experiment is its ability to detect 

regulating factors while controlling for factors that vary temporally and independently of 

population density (i.e. density-independent effects). In my experiment, density- 



dependent reproduction (rneasured by the percentage weaning litters) (Figure 2.5) 

operated at the same strengtû over two years following the removal of the treatments. 

However, h m  19% to 1997 this relatÏomhip was shified to the lefi (Figure 2.5) while 

maintainine the same strength in densi@ dependence, such that for the same density of 

ground sqairrels, reproduction was 30% lower in 1997 than it was in 1996 for the pst- 

experimental sites and 7% lower for the food supplemented population. 1 attri'buted this 

ciiffierence to changes in overwinter environmentai conditions (Le. low snowpack in the 

winter of 1996/97) which negatively infiuenced ground squùrel reproduction h u g h  use 

of fat reserves independently ofdaisity and food resources. Hd 1 been investigatîng 

density dependence without the use ofthe density manipulation expetiment it is Wrely 

that 1 would have concluded that reproduction is govemed by densîty independence or at 

best by density vagueness (Strong 1984) with little strength to discriminate between the 

two. 

Density dependence is a necessary, but not a SUfflcient condition for population 

regulation (Turchin 19W). Popdations rarely, if ever, maintain or achieve eqW1i'brium 

(Sinclair 1996; Sinclair and Pech 1996). Stochastic events can induce fluctuations in 

populations îhat are independent of density leaving density-dependent factors to return 

populations back to theu Mt. Environmental fluctuations will have the same effkct on 

rates of increase regardlas of the sbe of the population. Environmental stochasticity 

may affect rates of population growth through changes in f d  resowces or operate more 

duectly on mortality. However, as Caughley (1994) stated, environmental variation 

sùnply adds to the background variation in rates ofincrease in natuml populations over 

long t h e  s d e s .  Variation in snowpack acted as a stochastic event in my study. Without 



affecting overWmter survivaï, the reduction of snowpack in one year compromised 

reproduction at the onset of the reproductive petid by re&cing the base-line resource 

level in the fomi of fit reserves. Theceaftery the abiiity to attam the remurce level 

necessary to brkg a litta to weanîng was detennined by densitydependent food 

limitation. Howeva, r egdess  of the density-dependent and -independent effects on 

reproduction, the primary force regulating these populations back to control densities was 

overwinter survival. Densitydependent weaning was a minor factor influencing the rate 

of change in ground squirre1 populations as they returned to control densities. Howeveer, 

density-dependent weaning may barme more important when populations are below 

qui l i ir ium densities such as when predetors reduce ground quine1 populations during 

the snowshoe hare decline. 

Population dynamics of arctic ground squirrels in the boreal forest 

It appears that arctic ground squirrel numbers are driva by a combination of 

fluctuating density-independent factors coupled with constant density-dependent factors 

that together produced the synchrony that was obswed between ground squirrel and hare 

populations during one hare cycle (Boutin et al. 1995; Hubbs and Boonstra 1997). The 

deche  in squirrel numbers occurred when predators were numemus (1 99 1- 1993) (Hubbs 

and Boonstra 1997; Byrom et al. 2000). During this period, predators acted direcUy 

through predation, but also indirectly by interacting with available food to reduce rates of 

reproduction (Hu& and Boonstra 1997; Karels et al. 2000). When predators became 

scarcey ground spuinel numbers increased (Byrorn et al. 2000; Karels et al. 2000) towards 

the new limits set by the conditiom of the experimentd treatments and the en.nmenta1 

conditions on controls. Food was detemiind to be the dominant factor Limiting 



populations but the interaction between f d  and predators m a f f ï g  weaning rates 

(Karels et aI. 2000) ultimately d t e d  in the marked differences in popdation d-ties 

among the experimental treafments and controls @ubbs and Boonstra 1997; KareIs et ai, 

2000). 

The experimental manipdations of the K1uane Boreal Forest Ecosysîem Projecî 

acted as a long-tenn m a t i o n  that ternpody the eqyiliirium towards which 

arctic ground squirrel densities were a#racted.. The eXpernnental populations reach their 

maximum densitïes d e r  10 years of manipulation@ubbs and Boonstra 1997; KareIs et 

al. 2000) but we wuld only idente factors as limiting and not regulatory. The intensive 

studies on g m d  squirrels did not start until several years after the rrianipulations began 

when the e f f i  were alresdy present (Hubbs and Boonstra 1997), thus we couid not 

observe regdation directly. However, even if populations were studied at the initiation 

of the manipulations it is not obvious that dwsity dependence would have been detected. 

Because of the different manipulations, each experimental site had a different equili'brium 

density, and thus replation may bave been dïflicult to observe in the presence of 

fluctuations in mortality from predation and h m  spring weather conditions. However, 

once manipulations ceased, strong regdation of numbers by overwinter sunival was 

easily demonstrated because aU sites then had a similar equili'brium density towards 

which the populations were drawn. 

1 assumed that the equili'brium ground squinrel density at Kiuane was siniilar to 

that of the wntrol populations because these fluctuated only slightly h m  1996 to 1998 

(1.6 I 0.2 per ha to 2.0 f 0.4 per ha) and these were at their highest densities since 199 1 

(1.8 f 0.3 pa ha) d e r  the extreme lows in 1993 (0.7 i 0.3 per ha) and 1994 (0-7 f 0.4 



per ha), Thus, 1 was iuiahle to test how density dependent mechanihaniam operate at lower 

d-ties. However, onnc pedators wexe féw (1993), conîrol popdations showed 

density-dependent rates ofincrease over the next five years M a r  to the densïty- 

dependent relatlomhip of the post-experimentai treaûnents, but with greater variation 

(Figure 2.3). Therefore it appears that similar processes opemted at lower densities. That 

is, overwinter &val working in concert with weaniag rate through density-dependent 

food Iimitation detenniiied the rate at which populations inczea~ed However, as a 

consequence of the snowshoe hare cycIic deche,  predators exert a periodic density- 

independent influence on rnortdity and reproduction that synchronize arctic p m d  

squirrel populations with those of hares in the boreal forest. 



Chapter 3 

REPRODUCTIVE SUCCESS AND SURVIVAL OF FEMALE 

Negative effects of increasing popdation demïty on reproduction have been 

clearly demomtrated for many species ofbirds (Newton 1998) and mammals (Skogland 

1983; Wauters and Lens 1995; Festa-Bianchet et al. 1998; Koskela et al. 1999). 

However, studies descnibing the mechanisms by which density dependence operates to 

influence reproduction in mammals are rare. There are a variety of density-dependent 

mechanisms that may d u c e  reproductive output of individuaIs. For example, increased 

population d d t y  may increase inttaspecinc cornpetition for food tesources (Skoglmd 

1983; Arcese and Smith 1988; Festa-Bianchet et al. 1998; Koskela et al. 1999), force 

individuals into suboptimal habitat with lower resources or higher predation risk 

(Rodenhouse et al. 1997), increase the nsk of infmticide (AgreU et al. 1998), or increase 

social stress (Christian and Davis 1964)- AIthough reduction in reproductive output of a 

female may be caused by a physiological response to lack of nutrition or direct loss of 

young by infmticide or predation, reduction in reproductive effort may be an attempt by 

a female to incnase h a  Iûetirne reproductive success (Wüliams 1966a,b). 

Traditional lifé history theories assume that costs and benefits ofreproduction 

Vary only with age (Roff 1992; Steams 1992). McNmara and Houston (1996) 

considered this approach iimited and stressai that how au individual maximize~ its 



Iifetime reproductive fitness depends on its current physiological and environmental 

state- Individuals dIffering in mass or fat m e s  (King et al. 1991; Doughty and Shine 

1998; Festa-Bianchet et al. 1998), social status (Lundy et al. 1998), or parasite Ioad 

(Newton 1998; Saino et ai. 1999) may dlffer in reproductive abGty. Likewise, temporal 

or spatial variation in the environment, such as predator abundance (Feltmate and 

Williams 1991; Oksanen and Lundberg 1995; Boonstra et al. 1998; Karels et al- 2000), 

habitat quality @4ailory et al. 1994; Riddington and Gosler 1995), or weather m o n  

and Sherman 1978; Crête and Courtois 1997; Neuhaus et al, 1999) can also influence 

reproductive ability. The po~~1'bility that complex interactions among variables 

determine reproductive succ~ss or cause iedividuaIs to modifL their reproductive effort 

presents a problem in state-dependent theory (Moms 1998). 

ComplexÏty among interacting state-variables can be overwhelming and difEcult 

to tease spart; manipulating a variable rnay idenw its contribution among the various 

state-variables possibly influencing the reproductive success of an organism. This is 

particularly important for studies in population ecology where the Iack ofmanipuiative 

studies has generated a c d  for more experimental studies (EIarrison and Cappuccino 

1995; Krebs 1995; Cappuccino and Harrison 1996; Murdoch and Nisbet 1996). In this 

study I manipulateci population density to (1) detennine how population density interacts 

with mass and age to influence reproductive success in femaie arctic ground squinels 

( S ' o p h i l u r  panyiiplesius), and (2) detennine how wnditions of mass, age, 

reproductive expenditure, and population density influence Squvrel smvïval. The 

density-manipulation approach (Hatrison and Cappuccino 1995; CappucCùio and 

Harrison 1996) 1 used in this study created a s a i e s  of increasïngly poor environmentS. 



This approach bad two main advantages over traditional phenotypic correlation studies. 

First, because alI measurements are made simultaneously in populations with diffèrent 

densities, each individual is used only once thereby preventïng pseuâo-replication 

(Hurlbert 1984). Second, ddtydependent effects are not codounded by temporai 

changes in envkonment since ail sites are within a small geographic area and thus should 

have similar weather patterns. 

Arctic ground @els are the largest and most noahem living ground squirrel in 

North America (Banfield 1974). They h i i a t e  for 8-9 months each year (ETock 1960) 

emerging in early April to early May often h m  under snow cover and prior to the 

appearance of spring vegetation. Emergence dates are similar among arctic ground 

squinels and the more temperatedwelling species such as S. columbiamrs, S. saturatus, 

and S. Iateralis, but environmental conditions are wmparatively more severe for arctic 

ground squirreIs (Buck and Barnes 1999a)- Fernales are sexually receptive once per year 

for a 24 h period 3 4  days a&r emerging k m  hi'bernation (Lacey et al. 1997) but 

breeding can extend uito eady May owing to the variation in emergence dates (Lacey 

199 1). Despite the absence of fksh vegetation d&g the mating @od, a high 

proportion of femaies attempt reproduction. Lacey (1997) found that 78% of femaies 

showed signs ofhaving bred foiiowing oestrus. In my study area, an average of 8 1% of 

females on unmanipdaîed sites give birth as shown by signs of lactation (Karels et al. 

2000). 

The mass of adult female arctic ground squinels is lowest at emergence nom 

hibernation and increases graduaily through the reproductive p e r d  until lactation (Buck 

and Barnes 1999a). After 25 days of gestation, young are bom in an underground 



chamber during mi& to Iate May, but do not appear above gmund for another 27 days 

when weaning occurs Wyer and Roche 1954; Lacey et al, 1997)- The energetic wsts to 

the mother increase to a maximum duriag the later stages of lactation just befiore weaning 

(MiUar 1977; Michenr 1989). During this most energetidy dernanding @od, female 

mammais g e n d y  allocate more energy to oE@ng than to th& own maintenance, and 

therefore lose mass (Clutton-Brock et al. 1989; Humphnes and Boutin 1996; Millesi et al. 

1999). Once the young are weaaed, a female arctic ground squirrel will accumulate 

mass rapidly in preparation for ovenwhter hiemation (late July to early August- 

McLean and Towns 198 1; Buck and Bames 1999a). As a r d t ,  adult h a l e  peak mass 

occurs one month @or to that ofadult males in spite of the energetic demands of 

lactation on fernales (Buck and Bames 1999a). 

Environmental conditions such as drought, extensive tain, or extendd winter are 

important factors in the reproductive success in ground squirre1s and maunots (Morton 

and Sherman 1978; Phillips 1984; Smith and Johnson 1985; Van Home et al. 1997; 

Schwartz et al. 1998; Neuhaus et ai. 1999). La an earIier study in my study area, Hubbs 

and Boomtra (1997) found only 53.3% offernale arctic ground squinels gave birth 

foîiowing a spring of late heavy snow and delayed snowmek compared with a 7-year 

average birth rate of 73.4 f 4.3% (calculated fkom Hubbs and Boonstra 1997, Karels et 

al. 2000, this study). But it was unknown whether femafes in Hubbs and Boonstra's 

(1997) study failed to breed or whether they lost litters in utero. Neuhaus et al. (1999) 

studied reproduction of Columbian ground squirrels during dry, wet, and snowy Spnng 

conditions in southern Aiberta in three consecutive years and found a 3,29, and 66% loss 

of litters, respectively, during gestation showing that resorption or abortion of litters does 



occur when conditions are barsh. They also dommenteci a M e r  15,37, and 16% loss 

of fitters, respectively in those same years, daring lactation. Although SUrYlval of females 

decreased with iacreasingiy bad weather, theydid not compare &val of fernales that 

reproduced with those that did not- Therefore, there was no direct evidenœ that there 

was a survival cost of reproduction in their stud:y. However, theh study does show that 

ground sqUine1s commit themselves to reproducing early in the breeding season and then 

reduce that effort later possibly in response to environmental wnditions. 

If environmental conditions are poor (.g. low food per capita or weather 

conditions that reduce foraging) and thae is a phenotypic cost to reproduction, a f d e  

that reproduces may compromise het own survïvaI. Reproducîion may reduce body 

condition such that she must increase her foraging rate thus exposing herseIf to predators. 

Altematively, if food is limitai and reproduction has resulted in reduced body condition, 

a fanale may be unable to compensate for low fat reserves by intensive foraging pnor to 

hibernation and thus has a higher risk of dyïng over winter. Furthennore, young 

produced in a poor enviro~~ment may have a higher risk of mortality. If litter reduction is 

an adaptive strategy, then as population density inmeases (food per capita decreases), a 

fernale should reduce litter size accordingly, ththaeby increasing her probability of 

survïving to another reproductive season. Therefore, w h  food is limiting, f d e s  who 

do not reproduce should have a greater pmbability of SurYival than females that do 

reproduce. 

If there are no phenotypic costs during any stage in repduction under p r  

environmental conditions, then litter reduction may occur in proportion to the mother's 

nutrition. Thus, the variation in spring condition among females may show positive 



associations in fitness traits such as reproductive success being positively associated with 

survivai. This phenornenon has been referred to by Dobûon et al. (1999) as 'increasing 

returns '. In Columbian ground s-eh, Dobson a al. (1999) found that f d e s  with 

greater sprïng body msss gaîned more mess during reproduction and produced larger 

litters, and larger Mers were associated with higher jwenile survival. They did not 

measure adult suvival directiy, but greater mass in Columbian pund squirrels has ken 

shown to be associated with greater o v e t e r  survîval @finie and Boag 1984). I f  arctic 

ground sqiiurels show 'increasing returns', then spring condition of addt f d e s  should 

be positively associated with the ability to wean young and d v a i  such that 

reproductive fernales should have a greater probability ofsurvivai than do non- 

reproductive fernales with access to similar quantities ofresomces. 

Study area 

My study was located dong the Alaska Highway within the Shakwak Trench east 

of Kluane Lake in the southwestern Y&on Territory, Canada (61 'N, 138W). There are 

four major vegetation types in this valley: white spruce forests (PicM gIauca) cover 50% 

of the area and have an understory of willow (Salk spp.) and birch (Betula glandidosa); 

s h b  meadows of willow and birch cover 33%; and grass meadows cover 7% (Boutin et 

al. 1995); and trembhg aspen (Populus tremdoides) stands (10%) are dïstriiuted among 

the other vegetation types (C. J. Krebs pers. corn.). 



Figure 3.1 Location ofexprhental sites and controls of the Kluane Boreal Forest 
Ecosystem Project dong the Alaska Highway in the south-west Yukon Territory, Canada. 
Experimental manipulations were terrninated spring 1996. 



The Kluane Lake area eqeriences a mean a1111uai temperature of-39 f 0.2 'C 

and receives an average of284 * 10 mm total atulual precîpitation (data fiom Burwash 

Landing Clùaatological Station 1967-1995). The clunate is classified as cold continental 

and snow mver exists from October to early May (Boutin et al, 1995). 

Experirnental Design 

1 live-trapped ground squirrels on eight 8-10 ha areas. Four of these sites were 

unmanipulated controls Oabeled Controls A-D, mean density = 1.6 f 0.15 s-els per 

ha) and the other four areas were previously manipulated as part ofthe muane Boreai 

Forest Ecosystem Project h m  1987 to spring of  1996 (Krebs et al. 1995) (Figure 3.1). 

Details of these sites are listed in Chapter 2. Table 3.1 lis& the spring population 

densities of arctic ground squirrels on each area when the experimental manipulations 

ceased in spring 1996. The diffierences in densities among these sites were created by the 

experimentai manipulations of food and predators. When the treatments were removed, 1 

examined the reproductive and survival respomes of f d e  arctic ground scphels when 

the major factor that remaineci and diffeted among the sites was population density. 

Population monitoring 

In all years, I live trapped p u n d  squirre1s starting in late April to early May and 

ending in late August to monitor population density, survival, and reproductive status. 

SquirreIs were captured using Tomahawk Live traps (14 x 14 x 40 cm; Tomahawk Live 

Trap Co., Tomahawk, Wisconsin, USA) baited with peanut butter. Traps were placed at 



Table 3.1 Final sprïng population densities of arctic 
gmund Squurels on experhental manipulatiom of 
the Kluane B o r d  Forest Ecosystem Project 
completed in Spnng 1996. Experimental sites are 
descri'bed in Chapter 2. 

Treatment S q e e l s  per ha 

Predator Exclosure 3.3 

Food 1 5.9 

Redaîor Exclosure + 30.1 



burrow sites to increase recaptures of ïndïviduals. Two or three traps were placed at 

burrow systems that had- 5 3 burrow openings to minimize trap sa tu ratio^.. Two intensive 

trapping sessions were conducted twice each year for the purpose of densïty estimation: 

one in early Spnng after emergenœ h m  hi'beniaion, and the o t k  during late Jüiy pior 

to adult f d e s  entering hiemation. Diinng these sessions, populations were trapped 

for 3 to 4 consecutive days three times per &y at 1.5-h intervais beginning at 0700. 

Population estimates and standard errors of the estimate were dcuiated using a closed 

popuiation mark-recapture heterogeneity mode1 (jackhufe) @ollock et al. 1990) h m  

program CAPTURE (Otis et al. 1978) as recommended by Menkens and Anderson 

(1988) and Boulanger and Krebs (1994). At other times ofthe year, all experimental 

populations and controls A and D were kapped on a bi-weeldy schedule for 1 day. Traps 

were then checked twice per day at 1-1.5-h intervais beginning at 0800- 

At each capture, the squirrel was removed h m  the trap into a nacd bag and 

marked in both ears with rnùquely numbered metal eartags. At each capture 1 recorded 

eartag number, sex, weight, and reproductive status. Females were reoorded as lactating 

(nipples large, dark, and secreting mi&) or not lactating (nipples pink and small or dark 

and dried). Natal burrows were located either by observation (females cerrying dry grass 

into cryptic holes during late May - early June) or by locating radio-collared females 

(Model PD-2C, Holohil Systems Ltd., Carp, Ontario, Canada) via radio-telemetry at 

midnight when squinels are inactive and residing with th& yoimg. 

I divided fernales into tbree reproductive classes that represent decreasiag levels 

of energy expenditure to reproduction. Ifjuveniles emerged h m  the fernale's natal 

chamber, she was classified as having 'katmi'' h a  young. Ifjuveniles were never seen 



to emerge fkom the natal chamber but the female was recorded as lactating earlier in the 

season then she was classined as CWed" (Le. entire litter died between parturition and 

weaning). If a female never lactated during the season, she was classified as "non- 

reproductive". This category included femaIes that did not mate and those who may have 

aborted or remrbed th& Iitter #or to paxturition. Non-reproductive fernales were 

assumed to have the lowest energetic expenditure- 

Litter size was not used as a measurement of reproductive investment or success 

durhg this study. Jweniles typicaily remain close to the natal burrow for the nrst weelc 

(Lacey 199 1) unless the mothers move their young immediately upon emergence to an 

adjacent bunow system @&Lean 198 1). However, in some cases, adult females share 

burrow systems or iive in close proximity with other adult females and mîxing of 

juveniles among litters c m  occur even before emergence (Lacey 199 1). Thus, 1 was not 

confident that jwdes could be assigned to a partinilm female in some cases. Although 

a litter could be assigned to an individuai fernale in many cases, 1 did not b i t  my 

analyses to these fernales since doing so would bias the sample to females that lived 

distantly nom othas and experienced Iess cornpetition for resources. Furthermore, litter 

size in arctic ground squUre1s was only modestly & i e d  by food resources (Hubbs and 

Boonstra 1997; Karels et ai. 2000) and was highly variable and independent of population 

density (Chapter 2). 

Reproductive parameters 

Factors associated with the probability of a f d e  lactating (Le. having given 

biah) were analyzed using logistic regression in program JMP-IN (SAS Institute hc. 



1997). 1 considered three variables as potentially king as-ated with a f-ey s 

probability of lactalng, These were: 

(1) age (a) of female which was known h m  trapping records h m  1990 to 1996 (Hubbs 

and Boonstra 1997; Karels et al. 2000)- Ali squineIs 2 3 y- (maximum was 5 

years) of age in 19% were pooled into the 3-year old category since squirre1s 2 3 

years old represented only 14% @ = 125) ofspMg breeding populations. Yearlings 

represented 51% and two-year olds represented 34% ofthe populations- 

(2) body condition (c) c)) was estimated as the residual mass nom a regression of 

spring mass on zygomatic arch breadth (mm) since body maps alone is mt good 

predictor of reproductive success in ground sqWrrels (Dobson and Michener 1995). 

(3) population densiîy (d) (squirrels per ha). 

1 used a backwards elimination stepwise model selection routine descn'bed by 

Christensen (1997) to detennine the effects that have the greatest contri'bution to the 

explanatory power of the model. The model notation that 1 used follows that of 

Christensen (1997). For exampIe, the model notation "ac,cd" refers to a model that 

contains the interaction tenns age*condition and condition*demity plus all nested main 

effects age, condition, and density. A model with notation "ac,d" differs fiom the 

previous model in that there is no condition*density interaction term. Haceforth, "*" 

wïil be used for only descriiing single interactive effects. 

The model selection method 1 used tests each tenn separately and sequentidy 

beginning with higher ordet ternis to detennine which tams can be dropped nom the 

initial model wiîhout the loss of explanatory power. The hi&& order term in the initial 

saturated mode1 (all possible terms) is (a*c*d) and its e E c t  on the explmtory power of 



the model is tested by removing it hmthe mode1 and comparing the fit ofthe resuitiag 

model (ac, ad, cd), estimated by maximum WEelihood, with that ofthe of the saturated 

model (ad) by a likelihood ratio test (@) (Christensen 1997). Ifthe thr-factor effect 

when removed does not sigdicantly d u c e  the fit of the model to the data, then it can be 

safely removed without loss of explanatory power. Once the three-factor effèct is 

removed, then the second step is to test each of the two-factor effects (a%, a*& c*d) 

separately against the reduced model (ac, a cd)- Only the term with the hïghest 

associated P-value is rernoved. This procedure continues removing effects one at a tirne 

fiom the model untii alî remai'iiing tcmis show a significant influence on the fit ofthe 

model. The steps for this analysis are shown in Table 3 1 .  Estimated odds ratios and 

95% confidence limits for each parameter were calculateci ushg equations in Hosmer and 

Lemeshow (1 989). 

Factors associated with the probabifity of a fernale weaning her Litter (i-e. age, 

condition, and density) der  she had @ven birth were anal- using the same procedure 

as for the probability of lactating with one exception. Condition was estimatexi nom the 

residuals of mess at parturition regressed on ygomatic arch breadth- 

Survival parameters 

I separated survival into two intervals, prehibernation and overwinter. 

Preh'bernation SuNival was m d  over an interval of 6 weeks h m  the date of 

juveniie emergence in the population (= 15 Jme in 1996) until the end of July Female 

squVrels that disappeared during this intervai and never recaptured were assumed to have 

died since f d e  arctic ground squiwls are extremely philopatrîc (juveniles, Bymm and 

Krebs 2000; adults, Chapter 2). For overwinter Survival, squUrels that were captured in 



August and neverrrcephued dirnng thenext spring were a s d  to have di& When 

fates were monitored by radio-telemetryy Kareis et aL (2000) found thaî death during 

hi'bematïon accounted for 94% of disappearances between August and the nrst spring 

trapping whüe 6% wuld be attri'buted to predatCon shortly before immergence or shortly 

after ernergence h m  hibernation. Squiuels were assigned a dichotomous survival 

outcome variable (O = SULYived time @od, 1 = âïsappeared and assumed dead). 

Factors associated with the pbability of dying in each time pi were analyzed 

with a similar procedure to that descntbed for analyzing the pbability of Iactaîïng. 1 

used the same three variables measuted at time of weaning forboth prehi'beniatîon and 

overwinter SUZVival: age (a); condition (c) as detennined fiom residuals of M y  mass 

during late June (rather than sprhg mass) regtesseci on zygomatic arch; and density (d). I 

used an additional variable, reproductive status (r) (non-reproductive, failed, and weaned) 

to test for effects of reproduction on the probability of Suntival. 1 did not include age in 

the initiai satmtted model because sample sizes (prehi'bemation d v a l  N = 67, 

overwinter SUlYival N = 46) were too smaü to estiinate the 22 parameters that would have 

resuited fiom its inclusion in the saturated models. I uicluded density, condition, and 

reproductive status in the saturated modeis for backward elimination to determine the 

best model fkom these variables for each survival intemal. 1 entered age and its possible 

interactions to the previous best model in a fornards stepwise appmach (Christensen 

1997). This method diners nom the backwards approach in that the procedure begins 

with adding the main effect and testing ifit significmtly (a = 0.05) improves the fit of 

the praceding model. Ifso, then more mmplex interactive effects are added and tested 

against the model h m  the pmcgding step to determine which sigdcantly improve the 



fit of the preceding mode1 The number of samples in each reproductive category 

changed with popdation density and no f d e s  at the highest d d t y  site weaned a litter 

and thus a survival probability wuld not be dirraIy estunated for that combination. 

Kence, log-linear models were fit using tEie Newton-Rapbson algorithm which can fit 

models to data when a combinations of factors are not present (Christensen 1997). 

Prior to conducting logistic re-on analyses, combinations of variables were 

examined for coliinearity. No correlations were greater than Tabachnick's and Fideil's 

(1996) conservative critexïa of r = 0-70 for exclusion of variables- AU other statistical 

tests were perfomed according to procedures in Solcal and Rohlf(1995). Prior to the 

ANCOVA, Kolmogorov-Smirwv tests for nomiality and F-tests for equality of variances 

were performed using StatView (SAS Lnstitute hc* 1998). Kolmogorov-Smirnov tests 

for nonnality were also perfiormed @or to linear regression. AU contùiuous variables 

satisfied these critena Linear regression and ANCOVA were performed with 

SuperANOVA (Gagnon et al. 1991). AU means are expressed as f 1 S.E. except where 

stated and binomial confidence limits were calculated using program Ewlogical 

Methodology (Krebs 1998)- 

Reproduction 

Probability of lactation in arctic ground quUrels (N = 125) was dependent on 

population density and spring body condition but was independent of age (Table 3.2). 

Probability of weaning a litter by a f d e  ground squirrel (N = 58) was dependent on 

population density cable 3.3) but was independent of both age and condition at 



parturition. Odds ratios in Table 3.4 show the magnitude of effect for each variable 

prd-cting lacîating or weauing. For the effect ofdensïîy on the probabiiity of not 

lactating, the odds ratio of 1 .O8 indicated that the probabiIity ofa female not Iactating 

(Le. not breeding or losing iittet in utero) ù i c d  by a factor of 1 .O8 (8%) for every 

additional adult squirreL per ha in the population Figure 3.2a)). Furtherm~re~ the odds of 

a fernale not lactating changed by a factor of099 (-1%) for every gram inclcea~e in body 

condition. For example, a squùrel with a residual mass of m g  was 0.82 times (099") 

as iikely to lactate (or 18% Iower probability of lactating) than was a female with a 

residual mass of +8Og. 

Once a female had given biah, the probability that she would successfbliy wean 

her litter deched with population density (Figure 3.2b). The odds of a fernale failing to 

wean her litter changed by a factor of 1.26 for every additionai s-1 per ha in the 

population (Table 3 -4b). Figure 3 . 2 ~  ilIustrates the realized reproduction of adult 

squirrels at the start of the brpeding season by combining the probabilities ofiacbüng 

and the probabilities of weaning a litter. 

ModeC cZ~stjTcation succas 

1 assessed the success of  the selected models for predicting lactation and weaning 

by applying the logistic equations ushg the parameters listed in Table 3 -4 that were 

derived h m  squirrels in 1996 to squUre1s with known reproductive fates in 1997. The 

iogistic equation for lactation oorrectly classified 79% (N = 92) of the squirrels in 1997. 

The fkequency of correct classification was a mer 25% greater than if assignment had 

been random. However, classification was based on a cutoff value of 0.5. That is, any 

animal that scored a probability greater than 0.5 was cladfïed as lactatingy the rest were 



classified as non-lactating. However, the eqyations were better at c o d y  c1assifjlng 

lactating females (98% corncf N = 60) than et correctly class@ing non-lactating 

females (44% c o m a  N = 32)- However, since each individuai animal is assignecl a 

probability of Iactaîhg the cutoff chosen to assign that animal to either category is critical 

uabachnick and Fideli 1996). As long as the fkpency of correct class~cation remaius 

better than random assignment, cutoff values other than O S  wiii better determine the 

success of the model to discriminate among categories while minhihg Type 1 and 

Type II errors. Figure 3.3 shows the percentage of classifications that w e n  correct when 

the cutoff value is increased- For predicting lactation, the percentage of correct 

classincations increased to 84% when the cutoff was 0.62, whkh was a 30% greater 

success than with random assignment. 

The equations predicting weaning success based on 1996 data were poor 

predictors of weaning success of ground squùrels in 1997 at a cutoff of05 Oniy 50% 

(N = 38) were correctly classifled which was 3% less tha.  ifassignment had been 

random. However, with a cutoff vaIue of0.78,87% of ground squirrels were comectly 

classined (Figure 3.3)- 

1 combineci the predicted probabilities of lactating with those of weaning to assess 

the model success for predicting the realized reproduction of the population. Overall, 

77% (N = 69) of the fernale population were correctiy classilied to their known 

reproductive fate which was 15% -ter h n  had assignment been random- All f&es 

who had weaned litters (N = 18) and 69% (N = 51) ofthose who did not wean iitters 







Table 3.4 Estimatted odds ratios and 95% confidence Iimits for estimated Iogistic 
regcession parametm. The odds ratios fot density are inmeses in pmbabillty of a 
female ground quine1 (a) not lactating or (b) not weaning h a  litter for every inmase of 
1 squirrel per ha The odds ratios for condition (residuals of spring body mass on 
structural size) are the increase in probability of a female not lactating for every increase 
of 1-g body condition. 

Term Parameter S.E. OddsRatio 95% CL. 

htercept -2.33 0.42 O. 10 0-04-0.22 

Density 0.08 0-02 1.08 1.04-1.13 

Condition -0.0 1 0.00 0.99 0.98- 1.00 

@) Failing to Wean Litter 

Term Parameter S.E. Odds Ratio 95% CL. 



Figure 3.2 Probability of adult female arctic ground squirrel a) gihg birth as deduced 
nom Lactation as a function of population density and body condition of 20g increments 
fiom -160g to + L60g residual spring body mas,  and b) weaning a Litter (for those who 
gave birth) as a hction ofpopdation densiiy- Probabilities were caldated fbm 
logistic regression equatiom with parameters h m  Table 3.4. The product of these 
probabilities are shown in c) the probability nom spruig emergence of a female 
successfully weaning a Iitter. 
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Figure 3.3 Percentage of female arctic ground squirrels correctly classified as lactating, 
successfidly weaning a litter, or both during 1997 as a hction of the probability cutoff 
for classification. Predicted probability was calculated ftom logistic equatios based on 
data fiom 1996 ui Table 3.4 and a probability was assignecl to individual squinels in 
1997. The logistic models were considered successfùl predictors i f  the percentage of 
correct classifications were greater than had assignment been random. For lactating, 
weaningy and combine& the percentage of correct classifications assignd randody was 
55%, 53%, and 62% respectively. 



(non-reproductive or failed) were comectly classüied, With a cutoff value of O.62,90% 

were c o d y  classifieci (Figure 3.3)- 

S u  rvival 

Femaie adult survival (N = 67) fkom late J'e (when litters were weaned) until 

mid- to lete August (hibernation) was dependent on both population density and on 

reproductive &tus (each operathg independentiy) but independent of body condition at 

late Jime flzible 3 -5; Figure 3-4). Age ofthe fernale as an independent variable 

significantly improved the fit of the logistic regcession mode1 (Table 3.5). Therefore 

survival was dependent on density, reproductive status, and age of the fernale. The odds 

of not d v u i g  the summer changed by a factor of 0.90 (Table 3.6a) for every additional 

squirrel per ha (Le. Survival improved by 11% per additional squirrel per ha), and hence 

suvival was inversely density dependent, Squirrels that were 2 and 3 years old were 

more than 2 and 5 times more likely to die by fd, respectively t h  were yearlings 

(Table 3.6a). The odds ratios for reproductive status (Table 3.6a) show that non- 

reproductive quUrels d squinels that M e d  to wean iitters were 1.2 and 3.4 times more 

Likely to die by fd, respectively than were squirrels that s u c c e s s ~ y  weaned litters. 

Mode1 selection for oveminter survival was complicated by the small sample size 

of females that survived to the end of summer @ = 46) and the extremely low overwinter 

survival of f'emales that fideci during lactation (7%, N = 14) and females that were non- 

reproductive (17%, N = 18). Oveminter survival of fernales that weaned young was 7 1% 

(N = 14). 





Squirrels per ha 

Figure 3.4 Probabiiity of &val h m  late June (weaning period) until entry into 
hibernation for fernale arctic ground q,ls over increasing population densities. 
Ground squirrels were classified as ages 1,2, or 2 3 years and as non.reprOductive, iitter 
failed during lactation, and successfhlly weaned litter, The survivd curve for fernales 3+ 
years old who weaned a iitter is hidden undemeath the survival nwe for non- 
reproductive fernales (age = 1). 



Tabb 3.6 Estimatted odds ratios and 95% confidence Limits for estimated 1o-c 
regression parameters. The odds ratios are the increase in probability of a female ground 
squirrel (a) not surviving the summer or (b) not SUIVlving oveminter for every unit 
increase in the tenn. For reproduction terms (non-reproductive and failed), the odds 
ratios are the increase in probability of not SUrYIving relative to a f d e  who was able to 
wean her young, 

Term Parameter S.E. OddsRatio 95% CL. 

Intercept -0.49 0.82 0.61 O. 12-3 -06 

Density -0.10 0.04 0-90 0.84-0.97 

Reproduction (n~~reproductive) 0.20 0.52 1.23 0 -44-3 -42 

Reproduction (failed) 1.21 0.49 3.36 1 -3 7-8.47 

A S  0.8 1 0.42 2.26 0.99-5-16 

(b) Oveminter mortality 

Term Parameter S.E. Odds Ratio 95% CL. 

Density 

Reproduction (non-reproductive) 

Reproduction (Md) 
Daisity*Reprdu& (non- 
reproductive) 
DensiwReproduction (failed) 



When categones are occupied by too few samples the data are Wcely to be overdispersed, 

and therefore low power ofthe andysis is expected (Christensen 1997). Xn these 

situations the fit becornes p e r f i  which causes the slope of the logistic equation to 

approach infinity (Sali and Lehman 1996). However, because parameter estimates are 

handled through likelihood rather than theoretically idbite values, hypotheses can s t i l l  

be tested (Sall and Lehman 1996) even though standard errors and confidence Wts can 

not be estimated- For smaii samples &es, the sampling distri'bution of the odds ratio 

tends to be skewed to the right nOm king bounded away h m  zao and wii l  approach 

nonnality only when sample sizes are large and beyond that of most studies (Hosrna and 

Lemeshow 1989); hence the high upper 95% confidence limits for most tenns in Table 

3.6. However, the sampling distriIbution associated with the original parameter for each 

odds ratio approximates normality even with small sample sizes (Hosmer and Lemeshow 

1989). 

Table 3.7 shows the model selection routine for overwinter sumival. Although 1 

conttinued the procedure to step 7, which elhinates single factor terms, there was no 

support for selecting any of the subsequent models beyond step 4 since they were nearly 

equaiiy poor (or e q d y  good if power is low) based on P-values. 1 therefore selected the 

1 s t  model with aU three variables (condition, density * reproductive status) that was 

known to contain at leastone simiificant tenn (density * reproductive status). 1 added age 

both independently and interactively to the model, fimm which only the independent 

effect of age improved the fit ofthe model (Table 3.7). Therefore oveminter SuNival 

was dependent on age, condition, density, and reproductive status. Howeva; age had 

independent e f f i  on survival h m  the effccts ofcondition and both terms wexe 



independent h an interactive effect on siirvival between density and reproductive 

stanis. 

The probability ofoverwinter mortality increased by a factor o f  seven for each 

additional year of age and by a factor of 1 .O1 for every gram increase in condition at time 

of weaning (Figure 3.4; Table 3 .6b). Mortality associated with reproductive status was 

wmplicated by an interaction with population densiîy. Figure 3.5 illustrates the 

interactive effects of densïty and reproduction on the probabitity of overwinter d v a l  

for different condition classes ' 55  g, 0, and + 55 g resïduai body mass at weaning) 

separated by age classe The figure iliustrates four main points. Fust, most f&es that 

failed during lactation died oveminter (13 of 14). Second, for females that were non- 

reproductive or weaned litters, SUlVival declined with increasing population density and 

age. Third, females that weaned theV litters had a greater probability of SuNival than 

fernales that were non-reproductive when d d t i e s  were less than 17 squinels per ha. 

Fourth, when densities were above 17 per ha, non-reproductive fernales had the greatest 

probability of  overwinter survival. This was associated with a large proportion of non- 

reproductive femaîes in the population that was denser than 17 per ha. In 1996,60% o f  

adult fernale population on the highest density site (30.1 per ha) showed no signs of 

lactation (Figure 3.6). This was approximately 2 - 4 times the percentage of non- 

reproductive females (1 6 - 32%) in lower density populations (1.6- 1 1.6 per ha) 

The logistic models for prebi'bernation sumival nom weaning to fa derived h m  

data in 1996 were able to c o d y  classi& survival for 58% (N = 67) of f d e s  in 1997, 

which is 8% greater than had a s s i m e n t  been random. NearIy all(96%, N = 28) females 



that died were co&y classificd while only 3 1% (N = 39) who d v e d  were conectly 

classifïed. The o v d  maximum success of themodel ranained at 58% despite changes 

in the cutoEvalues (Figure 3.7). 

The logistic models for overwinter survivai derived fkom data in 1996 were able 

to correctiy clas* survivai for 61% (N = 36) of the females in 1997 which was 1 1% 

greater than had assignment been random, Most (72%, N = 18) fernales that died were 

comctly classifiecl and 50% (N = 18) who survked were correctiy classSed. The 

overall maximum success of the mode1 remained at 61% despite changes in the cutoff 

values (Figure 3.7)- 

M i s  and condition before hibernation 

The mass of adult fernale ground squimls jüst priot to hibernation was not 

dependent on population density (lin- regression, 9 = 0.03, df = 63, P = 0.19) however, 

body condîtion (residuals h m  fdl body mass regressed on zygomatic arch) declined 

significantly with population density (linear regression, slope = -1 .63,9 = 0.08, df= 60, 

P = 0.03)- Therefore, I used density as a avariate in an ANCOVA to examine fall 

condition of females among the reproductive classes. Fall condition among the 

reproductive classes was mked non-reproductive > failed > weaned, but ciifferences 

were not significant (Table 3.8). The merm différence in fd condition (2.5g) between 

those who survived and those who died oveminter was also not simiificant Pable 3.9). 

Therefore, ththe was no evidence that the effects of reproductive status and population 

densiîy influence overwinter 6 v a l  tbrough changes in body condition pnor to entry 

into hibernation. 



Futute reprodirction 

To determine ifthere were any wsts of reprodnction on m e  fecuadity, 1 

examineci the reproductiction of squMeis in 1997 that had d v e d  h m  19% to 1997 by 

cornparhg those that weaned litters in 1996 with those tEmt were non-reprodactive in 

1996. Fernales who fded during lactation were not examjDed because only one of 25 

survivd h m  1996 to 1997. There was no evidence that reproduction in 1996 

compromised reproduction in 1997, For those femdes that weaned a litter in 1996 and 

surviveci to the next season, 9 1% (10 of 1 L) gave birth the following season, one of which 

later failed during lactation. Thus 90.3 (9 of 10) of the femaies that succesMy weaned 

a litter in 1996 also weaiieâ a Etter the followhg season. For those f d e s  that were 

non-reproductive in 1996,800h (4 of 5)  gave birth in 1997. Weaning rates were unknown 

for those f d e s ,  
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Figure 3.5 Probability of survival during hibernation for adult female arctic gmund squirrels as a function of age, condition, and 
population density. Oveminter survival i s  complicated by an interaction between condition at weaniiig (residuals of body mass on 
zygomatic mh) and age and an interaction between population density and reproductive status (non-rcpmductive, failed during 
lactation, weaned litter). Therefore, plots are separated by age of the squiml and survival is plotted for squirrels of condition of Og i 
1 standard deviation (55g) for each reproductive status. Survival curves of femaks who failed during lactation do not appear on tlic 
figures owing to nearly complete mortality (13 of 14). 



DensiQ (no.-pei ha) 

Figure 3.6 Percentage of female arctic ground squirrels that never gave birth during 1996 
in each population. The percentage of non-reproductive femaies in the highest densi* 
site was 2 - 4 times that of the test of the sites. 95% confidence limiîs and sample sizes 
are shown. 
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Figure 3.7 Percentage of female arctic gromd squirrels in 1997 correctly classifi.ed as 
surviving to fa11 or surviving overwinter as a hction of the probability cutoff for 
classification. Predicted probability was dculated k m  logistic equations based on data 
nom 1996 in Table 3.5 and a probabilïty was assigned to individual squirrels in 1997. 
The logistic models were considered successfbi predictors if the percentage of correct 
classifications was greater than had assignment been random. For survivai to fàll and 
overwinter survival, the percentage of correct classifications assigned randomly was 50% 
for both. 



Table 3m8 Cornparison of le- q m r e s  mean of fa condition 
(re~~*driaIs h m  faU body mass regressed on zygomatic arch) 
for addt fernale ground squineIs in 1996 among three 
reproductive classes (weaned young, Wed dming Iactation, 
and non-reproductive), 

ReproductnreStatus LS mean@) S.E. N 

Wmed -13 1.9 51-8 21 

one-way ANCOVA 

Reproductive Status 

Covariate: Density 

Density x Reproductive status 2.9 2 0.06 

Table 3 3  Compa&oa of least squares mean offd condition 
(residds h m  fd body mass regressed on zygomatic arch) 
for adult female arctic pund squinels who lived or died 
overwinter firom 1996. 

Overwinter Survival LS mean (g) S.E. N 

one-way ANCOVA 

Term F df P 

Siirvival 2.0 1 O. 16 

Covariate: Density 5.5 1 < 0.02 

Density x S&vd 2.3 1 O. 13 



Fernale arctic ground squirreIs that were in better condition in the spring were 

m o d y  likety to give bnth, however the probabiiity ofbir&h deched with increasing 

population density for al1 squinels (Figure 3.2a). For those females who did give birth, 

the probability of weaning their litter declineci with increashg population density (Figure 

3.2b). There was no evidence of reproductive senescence as older females were as  Likely 

to give biah and wean th& youag as were younger femaIes (Table 3.2, Table 3.3). 

Sumival nom late June (the time ofweaning) untii late August ïncreased with increashg 

population density but was poorer for older animais where SUIVival declined by w>re 

tha. half for every year ofage (Figure 3.4). However, reproduction inûuenced SUIlVivai 

such that females that had reprodud and weaned th& litter had the highest smvÏvaî 

(Figure 3.4). In cornparison with fernales who successfiilly weaned theV litter, f d e s  

who were non-reproductive had 1.2 times poorer d v a l  and fanales who fded to wean 

thei. litter had 3 4  times poorer sumival. Both reproductive statu and population density 

influenced overwioter Survival. Overwinter survivd generally declined with increasing 

population density but had a pa te r  effect on fernales who successfully weaned th& 

litter. Fernales that reproduced and weaned their Iitter had the highest SUlVival except at 

high densities (> 17 per ha) when non-reproductive females had higher Survival Figure 

3.5). Nearly aU (93%, N = 14) femdes who gave birth and failed to wean theh litter died 

over winter. Older animais were least Wrely to survive the winter, with d v a l  

decreasing by a factor ofseven for every year of age. 



Reproduction 

Female adult ground quiueis had higher reproduictve success with increasing 

maternai condition (measured by residuals of mass on zygomatic arch breadth) and 

decreasing popdation density (Figure 3.2~)  but was independent of m a t d  age. Birth 

rates (as indicated by presence of Iactation) declined as popdation density increased and 

as matemal condition declined- Weaning rates decüned as population ddty hcreased 

but were independent of changes in m a t 4  condition. The reproductive ability of 

fernales in many mrmimal species incIuding ground squinels has been demonstrated to be 

affected by physiological condition whenmeasured by msss, changes in mass, or fat 

reserves influenicing reproductive success [ r d  deer ( C m  e l a p h )  Clutton-Brock a al. 

1986; white fmted mouse (Pemmyscus Ieucopus) M e s  1992; cotton rats (Sigmodon 

lispulus) Campbell and Slade 1995; eg. water voles (Antiwu remest&) Bazhan et ai. 

1996; Soay Sheep Ovis ariës Clutton-Brock et al. 1996; bighom sheep ( M s  canadensik) 

Festa-Bianchet et aI. 1998; alpine matmots (Mannota mannota) HackEnder and Arnold 

1999; Richardon's ground squirrels (S. richmdsonii) Dobson and Michener 199% Uinta 

ground squirrels (S. armatus) Rieger 1996; Columbian ground squinels (S.. columbianus) 

Dobson and Kjelgaard 1985; Risch et al. 1995; Dobson et al. 19991 Therefore, condition- 

dependent reproductive success of arctic ground SqUineIs in my study is consistent with 

that of other mammal species. 

The density-dependent decüne in reproduction that I have show occurs in other 

mammal species as weU (reindeer (Rangtifer tarandics) Skogland 1983; Skogiard 1985; 

feral donlceys (Equur asinus) Choquenot 199 1; red squirrels (Sciurur wlgaa)  Wauters 

and Lens 1995; bighom sheep Festa-Bianchet et al. 1998; water voles Koskela et ai. 



1999). Densitydependent reduction in reproduction aiso exists in other species of 

ground SqUineIs. For example, following a drought, Van Home a al. (1997) found that 

in Townsend's ground sqnineIs (S. townsendii), higadensity populations in sagebruSb 

habitats had poorer reproductive success than Low-clemdy populations in grassland 

habitats. Dobson (1995), in an experïment similm to mine, showed that production of 

young in CoIumbian grouad squimls declined signifiixntly a&a the cessation of a two- 

year food supplementation experiment at two sites at différent elevations. Howeva, 

production of young at these sites did not decline below that of anunmanipdated control 

population at each elevation. Both of these studies point to the importance of 

intraspecific cornpetition for food resources influencing reproductive output, 

Early spring body condition, as measured by residuals of mass on structural size, 

was important in the early stages ofreproduction for female arctic ground squirrels. 

Fertility appears to be high in most years for arctic ground quirrels (= 80%) Cacey et al- 

1997; KareIs et al. 2000), but it is not known if fertility tesponds to changes in 

environmental conditions. It is not clear when the decision is made to either terminate or 

sustain the pregnancy between emergence and parturition. In most years, mating was 

completed before 1 &ved at the study site at a t h e  when the only cues available for 

squirrels to sustain pregnancy were population density and body condition. The effect 

that these cues have on squirrel reproduction codd be simultaneous or sequentid. 

Oestrus may be regulated by body condition at emergence since naturd food availabiüty 

cannot be assessed at this tirne. Density alone cannot be a cue for initial cornmitment to 

breed because approximately 88% of fernales will breed even at high densities -1s et 

al. 2000) and in one year (1997) on a highdensity food supplementd population, 94% of 



female arctic gmmd quirrels mve birth (Chapta 2) d@te the k t  that 1 was unable to 

supplanent food to that population until1-2 weeks a f k  th& sprïng emergence- 

Therefore ît  appeers that f d e s  may abort or resorb th& embryos laîer diaing gestation 

once intraspecific cornpetition for spring vegetation begins. Whether or not resorption or 

aboaion of embryos is adaptive or a consequence ofnutritional stress is unlcnown for 

arctic ground squinels. However, adaptive resorption is a possibility. Embryo 

resorption has been shown to occur in alpine marmots in order to rnaxhûze their long- 

tenn fitness (Hacklhder and Arnold 1999)- 

Popdation density had a strong, negative effect on weanjng success among arctic 

ground quine1 females that gave birh (Figure 3.2) but it is unclear why maternal 

condition at parturition was an unimportant factor. The importance ofmatemal body 

condition in peaaitting weaning of young has been shown in other mammalian studies 

(Clutton-Brock et al. 1986; McNamara 1995; Gerhart et al. 1997)- In an earlier study, 

female arctic ground squirrels in better condition were more Wrely to wean young (KareIs 

et al. 2000). However, in that study, non-reproductive females (i.e. those that never gave 

birth) were pooled with f d e s  who f'âiied during lactation and hence that analysis on 

weaning rate Uicluded the e f f i  of condition on birth rate, The index of condition that 1 

us& which was a good ptedictor of pre-weaning reproduction (Dobson and Michener 

1995), may not be a good predictor ofthe ability of f d e s  to wean litters, or it may be 

confounded by other pre-emergent juvenile mortality factors that mask the effects of 

matemal condition. 

Pre-mergent young may have died owing to direct causes such as predation or 

infanticide. Possible predators of neonatal ground squirreIs in my study inclde 



grizzly bears (Urstls -os) and weasels ( M i e l a  enninea and M. nivalis). Gtizzly bears 

have been reported to be important predators on arctic g r o d  squinels in tundra 

envkonments (Carl1971), but predation by gcizziy bears on ground squitrels in the 

boreal forest has not been detected in 8 years ofinvestigation in my study area. Weasels 

are the only predator smaii enoughto enter gtound squinel binrows, but they are too rare 

in my study area to account for the degree of variation of weaning rates among sites (see 

discussion in Karels et al. 2000). Only one suspectai weasel kill has been recorded in my 

study area and that was of a post-emergent juvde gmmd squirrel (Byrom and Krebs 

1999). Also, weasels pose îittle threat to a Iina in the presence of adult ground squhels, 

since adult arctic ground squirrels chase weasels (Simpson 1990; pers. obs.) perhaps to 

protect juveniies. Infanticide by females has been reported in Columbian ground 

squirrels (Dobson 1990; Hare 199 1) and in black-tailed prairie dogs (Hoogland 1995), 

but not in arctic p u n d  squirrels. Infanticide in arctic &n,und squirrels is reported to be 

committed ody by males (McLeaa 1983; Lacey 1991). Mclean (1983) foud that 

infanticide was rare and that males killed mostly pst-emergence juveniles. The 

infiequent occulTene of infiticide cannot account for the marked differences in 

weaning rate that 1 observed among sites. 

Another explanation why entire litters failed during lactation may be diTectly 

related to fernales' diet during lactation, which may &ect the qualiîy or quantity of mdk 

they provided to young. In a review of metabolism of adipose tissue and its mle in 

lactation, McNamara (1995) attriiuted the variation in milk production among animals of 

simüar body composition and geaotype to changes in di- fhts which produces 

fluctuation in rates of @ucose utilkation in adipose tissue* For example, die= studie~ 



on lactating cows and himians have shown that inçteasing the fktty acid content in diet 

quickly (c 6 hours in humans, Francois et al. 1998) alters the fatîy acid composition, fat 

content, and ~uantity ofmillt (Schingoethe et al. 1996; Francois et al. 1998; Sauer et al. 

1998; Chouinard et al. 1999). OffSpring born to lactating female rats that are fed a diet 

deficient in essential fàtty [Le. those fatty &ds obtained h m  plants that m o t  be 

synthesized by vertebrates but are metabolically indispensrihle (Pond 1998)] grow more 

slowly and are more than four times less Iürely to survive to weanùig compand wïth 

offspring h m  females on a control diet (Henry et ai. 1996). It is unclear whether the 

high mortality rate ofpre-w-ed offspring is dependent on a reduction ofmüL output of 

the mother or a reduction in traasfer of essential fatty acids. Dairy calves fed m .  

repiacers deficient in essential fàtty acids show increased red blood cell hgility (Je* 

and Kramer 1985). Furthemiore, reviews ofthe dietary requirements of essential fatty 

acids during pregnancy ancl lactation stress the importance of essential fatty acids (a- 

linolenic acid) and their metabolic derivatives (docosahexaenoic acid) in brain and 

possiily retinal development in inants (NeUsinger et al. 1988; Sanders 1999). 

The hypothesis that arctic -und squirrels failed to wean litters because of a lack 

of essential fatiy acids assumes that fatty acids are a potentialiy limiting resource in 

natural populations. The ~uantity offatty acids in plants v e e s  mong species and tissue 

type (Florant et al. 1990; Hill and Florant 1999) and are rare in some e n . n m e n t s  (Pond 

1998). However, there is no evidence to support the hypothesis that essential fhtty acids 

can be iimiting to natural populations. h contra* t h e  is strong evidence that arctic 

ground squirrel reproduction in the b o d  forest is food limited since reproductive 

parameters, such as lactating rate, weaaing rate, and litter size are improved when 



supplemented with food (commercial rabbit chow) that is nuûitionaliy optimized for 

rabbits (Hubbs and Boonstra 1997; Kareis et al. 2000, Chapter 2). Additionalty, 

herbivory on p r e f d  plant +es by arctic -und squinels during thïs study increased 

with popdation density and highly p r e f d  @es were mmpletely eliminated fiom 

the plant community at high densitties (Chapter 2)- However, herbivory, as measured by 

standing crop biomass, was measured several weeks af€er squirrels would have weaned 

their young. Nevertheles, the intensity ofhabivory on select plant @es does provide 

evidence that strong competition for p r e f d  plant species does occur* Strong 

competition would most Uely have also occmed during the lactation perïod such that 

dietary requirernents during lactation may not have been obtained at high density- 

Prehibemation survival 

Aduit SUIVival of female arctic p u n d  squinels between weaning and hi'bemation 

was dependent on previous reproductive status, on population density, and on age Pigure 

3.4) but not on body condition at time of weaning. In contrast to the prediction b m  the 

cost of reproduction hypothesis that females weaning th& litter would ~~mpromise their 

own SUTvivai, sumival was greatest for females that weaned a litter. Aithough survival 

for females who did not give birth was only 20% less than that of s u c c e s s ~  females, 

females who failed during lactation were 3 times more likely to die than were succasfbl 

fernales. Survïval for all reproductive classes declined with age but independently 

increased with population density Pigure 3 -4). 

Preûation is the ultirnate cause of mortality for arctic ground squimls in the 

boreal forest during thar active paiod (Hubbs and Boonstra 1997; Byrom and Krebs 

1999; Byrom et al. 2000), but ma. not be the proximate cause. Factors such as age and 



reproductive stafus may aiter the suscepb'bility ofsqairre1s to predatioa The resuit that 

survîval increased with population d d t y  suggests that predator deteetion may have 

been enhanced at high densities thos reducing the rate ofmortsliiy as has been found in 

SIIncates (Sm'catzz srnikatta) (Clutton-Bmck et al, 1999). Condition at weaning was not 

important in predicting pre-hiition &val; therefore it is unlikely that starvation 

was the proximal cause of mortality unless squinels declined q i d l y  in condition after 

the wean.ingperiod, Ben-David et al- (1999) conducted a study of condition indices in 

arctic pund squirrels several weeks after the weaning perioâ and concurrently with this 

study on the same sites. They found that in 20 feaiales taken h m  a range of population 

densities, evidence of severe nutritional stress occutred in only one female that was living 

on a moderate density (5.9 per ha) site withnatural food resources. They dso showed 

that water was not limiting because f d e s  were not water-stressed despite the marked 

différences in population density. 

Females who failed during lactation might have had a diet deficient in essential 

fatty acids owing to intraspecific cornpetition and I propose that this deficiency may have 

also negatively affected survival. Hü1 and Florant (1999) measured fatty acid 

composition in fne mging yellow-beKed marmots and found that fernales were unable 

to increase the qmtity of essentiai fatty acids (a-linolenic) in th& adipose tissue during 

reproduction. Females that are deficient in essential fatty acids and that attempt 

reproduction may be unable to cornpensate for thek deficiency imtü a f k  lactation 

ceases. Therefore, they may stiU be deficient lata in the season. Rodents fed a diet 

deficient in essential fatty acids show poora protein retention efficiency and increases up 

to 30% in metabolic rate independent oftemperature @W&el et al. 1984; RafW et al. 



1988; Yazbeck et al. 1989; Henry et al. 1996)- Henry et al, (1996) found that rats fed a 

diet deficient in essential fatty &ds compensated for the negative eEits by coosmning 

more food However, metabolic rates of normothennic (not in torpor) yellow-bellied 

marmots (Thorp et al. 1994) and deer mice (Peromyscus rnanicuIatrcs) (Geiser 1991) are 

unaffected by changes in fatty acîd content in theV diet Egromd squirrels deficient in 

essential fatty acids increase theh foraging rate to compensate for a higher metabolic 

demand, or to obtain the quantities ofstored fat@ acids necessary for efficient hibernation 

(Florant 1998), they may increase their vulnerability to predators and thus suffer higher 

rates of mortality. 

Overwinter d v a l  decreased with age but increasd with declining condition 

which is opposite to what has been shown for Columbian &round squirrels (Murie and 

Boag 1984) and yeiiow-beUied marmots Marmotufi&en~ (Lenihan and Van Vimn 

1996) where body mass and condition are positiveIy associated with increased oveminter 

smvïval. Reproductive status had a strong impact on overwinter Sunnval, but it was 

complicated by an interaction with population daisity (Table 3.1, Figure 3.5). Nearly all 

fernales that fded during lactation died overwinter (13 of 14). The rate of overwinter 

SuNival for females that weaned litters declined with population density at a greater rate 

than for non-reproductive f d e s  (Figure 3.9, such that the logistic regression predicted 

non-reproductive females wodd have a greater probability of overwinter survival than 

those which weaned litters at densities greater than 17 per ha. Howwer, the d v a l  of 

fernales that wesaed litters at densities greater than 17 per ha is an extrapolation of the 

data h m  smaller populations since them were no females in the population of 30.1 per 



ha that weaned a litm Thedore that combination was not included in the mode1 fittmg, 

and as a result, caution must be taken when considering the predicîive abîlity of the 

logistic regession eqpaîions at high densities for that category. 

The high overwinter survivorship o f f d e s  that weaned iïtters (TL%, N = 14) 

combined with their low index of condition (Table 3.8) may have generated the pecuiiar 

negative relationship between condition and SUlJMval. However, when f d  condition of 

aIl survivors was compared with non-dvors,  average indices were nearly identical 

(Table 3.9)- Condition may be insuflicient to accurately predict overwinter suwïval. For 

exampIe, manipulations supplementing food and/or excluding predators fnnn grotmd 

squirrel populations had signifiant influences on mass and condition but failed to 

generate any differences in their overwinter sumival rates (Hubbs and Boonstra 1997; 

KareIs et al- 2000; Chapter 2). Factors other than the accumulation of body mass must 

play a major role in the oveminter srirvival of arctic ground sqigmls. 

It is unlikely that the low overwinter sumival of females that had failed during 

lactation is related to a difference in their hiberrmting environment compared with the 

hibemating environment of females who were non-reproductive or weaned thek litter. 

DHerences in energy expenditure among hi'beniating individuals may be iaauenced by 

the thermal environment of th& hibernadm owing to ambient above g m d  air 

temperatures, physical soi1 properties, hi'bemada depth (Young 1990), snow cover 

(King et al. 199 1; Bryant 1998), sociality (Arnold 1990; Arnold 1995; Blumsfein and 

Arnold 1998), nesting material (Young 1988), or composition of diet prior to hibernation 

(Frank 1992; Thoq et al. 1994; Frank and Storey 1995; FIorant 1998). Food cachbg 

before hibernation may also infiuence oveminter &val but only male groimd quirrels 



cache food (McLean and Towns 198 1; Michener 1993). Grouud squirrels are solitary 

hi'bemators and thus do not sociaiiy thetmoreplate d&g hibernation (Arnold 1993). 

H i d a  nesting material, which is composed primarily of grasses (Mayer 1953; 

pemonal observation), was abundant on all my study sites, -ally on high4ensit.y 

sites where overwinter mortality was the greatest Ambient above gmmd air 

temperatures were most likely simila. mong h r i t i n g  Squvrels because study sites 

were within 150-m efevation and 2û-k~n distance of one another- However, locations 

where individual SqUirreIs h i e  may Mer in snowpack, hibernada depth, and soi1 

characteristics depending on age (jwemie or adalt) and sex ofthe squirrel (Shaw 1926; 

Buck and Barnes 1999b). However, this does not explain the diffimmces in SUTvival 

among the different reproductive classes of females in my study since a l l  squirrels were 

aduit females. 1 have no evidence to suggest that fernales with diffiemt reproductive 

histories wouId select different quality hi'bernacda. 

Diet induced changes in h i i t i o n  pattenis, metabolic rates, and body 

temperature have been demonsirated in several species o f h i i t i n g  rodents. Snidies 

that have increased the essential fatty acid content off& for hi'bernating rodents show 

decreased total energy expenditure during h'bernation thugh increased duration of 

torpor bouts, reduced metabolic rates, and lowered minimum body temperature (Geïser 

and Kenagy 1987; Geiser 1991; Franlc 1992; Florant et al. 1993; Geiser and Kenagy 

1993; Thorp et al. 1994), all of which increase survival (Frank 1992). Furthemiore, 

experiments have shown that dia selaction by golden-mantled -und squinels S. 

lateralis is based on fàtty acid content (Frank 1994; Frank et al. 1998). Inc~ie8sing 

concentrations of essentiel f q  acids in nit depots later in the season just @or to 



hibernation have been shom for fke ranging d e n t s  @rank 1994; E U  and FIorant 

1999). including SiMan arctic gromd squineIs (SheiLiaa and Serdiuk 1978). Thus, it 

seems Iikely that the role ofessentiai faay acids in h i i o n  also applies to the arctic 

ground squVreI but this hypothesis remains to be investigatedt 

uitraspecific competition for essentid fàtty acids may be the undedying 

mechanian that generated the negative relationship of popdation density and overwinter 

SUINival in naturaL popidations. Because fat qgmtity alone appears to be unimportant in 

ensuring oveminter &val, fat quality seems a pIausibIe expIanatïon to explain how 

sumival codd be negatively associateâ with body condition. However, cornpetition for 

fatty acids as an explanation for the diffèrences in sumival among teproductive classes, 

implies that there is d i f f i t i a l  access to resources among individuals within 

populations. Diaerential access to resources among fernales in a population may result 

fiom social dominance, differences in home range habitat, distance to closest neighbour 

(e-g. related individuals sharing a burrow system), or local interspecific competition (e.g. 

snowshoe hares Lepus amerkanus). 1 did not measure these fine s d e  individual 

Werences and t6us m o t  test these hypotheses. This mains an important area for 

fuhne studies in the d e  of microhabitat differences in population dynamics of arctic 

ground squirrels, 

Positive and negadhre associations of life history traits 

Arctic ground squirrels showed positive associations of life history traits sirnilar 

to those shown in Columbian ground squimls that Dobson et al. (1999) believed were 

indicative of 'inaeasing retums' where small initial investments are rapidy 

compounded. Female arctic ground quirrels in g d  spling condition were more likely 



to give bïrth, wean th& lina. smvive to the next breecüng season, and breed a g h  It is 

st i l l  unknown if the explanation is simpIy that these females simply had more access to 

resources than the rest. Positive phenoîypic correlations may be generated by Merences 

among indivîduals where those that have greater eccess to resoarces are able to docate 

more energy to ofEpring and d v l  relative to others living in pooter habitats; thus 

these correlations are not &dence against costs of reproduction (Reznick 1985). 

In my study, as population density increased, the probabiüty ofoverwinter 

survival of females that weaned litters declined at a greater rate than that ofnon- 

reproductive fernales, suggesting a cost ofreprcxiuction Costs of reproduction have been 

used to explain senescence in mimals where fecu~ldity and mmival decrease with age 

after nrSt reproduction (WiiIliarns 1957; Steams 1992) such as in this study where squinel 

d v a l  durhg the summer declined by a factor of 2.3 and SuNival during the winter 

declined by a factor of7 for every year beyond the first year ofreproduction. Shce most 

of the non-reproductive f d e s  that d v e d  for a year, attempted to breed the following 

season, it appeam that not breeding or aborting th& litter prior to lactation could be a 

strategy to increase long- reproductive fitness, On the highest density site, the 

percentage of females that were non-reproductive was 2 - 4 times that on lower density 

sites (Figure 3.6). Neuhaus' et al. (1999) conducted a shidy of Columbian ground 

squhels ovex three years with consecutively poorer environmmtal conditions. Ln their 

study, they showed that during the best and worst years, similar proportions of females in 

the population faüed during lactation (1 5 and 16%), however, over the same period the 

proportion of non-reproductive f d e s  (fernales that did not give biah) ïncreased h m  

8.3% to 65.7%. However, there was w evidence indicating an individual strategic effort 



to survive to the next breodnlg peBod, It may be that the population was simply below a 

resource per capita threshold necessary for f d e s  to alIocate enough energy to a nù1 

tenn of gestation, 

Expression of phenotypic corn at high densities was also discovered in a long- 

term study of bighom ewes (&& caItQCjèIISI;S)). Festa-Bianchet et al. (1998) found 

reproduction was affectecl by an interaction between population density and ewe mess, 

where heavier ewes were more success£bl and experienced lower somatic ancl fitness 

costs than Iighter ewes but only at high densities whm food resources were limiting. For 

ground squimls, costs of reproduction have been descri'bed for female Einopean ground 

s q e e l s  (S. citeiliu) (Huber et al. 1999), male arctic pund squirrels (Boonstra and 

McCoU 2000) and in f d e  Columbian pund squirreIs @esta-Bianchet and King 

1991), yet, other studies on Columbiaa groimd squùrels have not detected such costs 

(Murie and Dobson 1987; Hate and Murie 1992; Risch et al. 1995). However, Dobson et 

al. (1999) admit that to m y  understand the evolution of life histories, an understanding 

of both positive and negative associations in life history traits is required. 

Diffaental access to food resources may be the underlying factor detemiining the 

life history patterns of p m d  squirrels. However, increasing returns or reproductive 

costs do not hlly explain the phenornenon where fernales who fai. during lactation are 

the least likely to survive. TheV spring condition is better but survîval is poorer than that 

of non-reproductive fernales. Reproduction does not appear to be the cause of th& 

mortality as they are in similar condition at the time of juvenile weaning and prior to 

hibernation as compared with fernales who are non-reproductive. In presenting possible 

explanatiom for the variation in d B i t  weaning success, survivd to fa and 



overwinter &val, there was cornmon mdedying factor, which provides one possible 

explanaîion The actual expIanation may lie within the Quality of food. Essential fhtîy 

acids (linoleic, a linolenic) are important for p p e r  lactation, milk quality, oftkprhg 

growth and development (Jenkins and Kramer 1985; Henry et al. 1996; Francois et al. 

1998; Chouimird et al. L999; Sanders 1999) ancl are indispendle for hibernation in 

hibemating d e n t s  (Florant 1998). Pond (1998) claims that in some ~Vvonments the 

rarity and requirement for essential fatty acids may be a very important factor, more so 

than protein or carbohydrates, that determines the habits and habitats of animals. There is 

a need for shidies to detemine whether or not essential fatty acids are lirniting 

reproduction and SUIVival in natural ecosystems. They may prove to be an important 

factor determining the lûehstory strategies ofbi'bernating dents.  



Chapter 4 

HISERNACULA SELECTION BY ARCTIC GROUND SQUIRRELS: THE IMPACT OF 

VEGETATION AND SNOW ON SOlC TEMPERATURES, MASS LOSS, AND 

Introduction 

Animals that undergo long periods of winter h i i t i o n  have only one 

opportunity to select the location that WU easrne their sumival to sptiag, For hi'bemating 

fossofial rodents such as ground squirrels (Spern>phiIus sp.) this means constructing an 

underground hi'beniaculum that offérs protection h m  predators and weather, md that 

minimues theV energy expenditure- AarrmuIated fat resmes are necessary for Survival 

during hibernation (Michener 1974; Slade and Balph 1974; Murie and Boag 1984) but 

the rate at which fit reserves are consumed depends on a number ofother factors. FKst, 

the composition of k t  reserves (Florant 1998) and the presence and size of caches 

(Michener 1993) can alter the net loss of fat reserves overwinter. Second, factors that 

influence the thermal envin,nment of the hiôemaculm (Chappel 1981; Anufnev and 

Akhremenko 1990; Arnold et al- 1991; Arnold 1993) have direct impacts on energy 

expenditure during hibernation, Ground squixrels can minimize their exposure to extreme 

low temperatures by adjuthg the quality and quanti@ of insulation in their hi'bemacula 

(Young 1988) or by varying the depth at which the hiaemacula is constructed Woug 

1990; Buck and Barnes 1999b). However, on the ground d a c e ,  mow depth positively 

Muences soi1 temperanites by acting as a layer of insulation (Buck and Barnes 1999b). 



Some habitats accumulate more snow (Young 1990; Buck and Bames 1999b) and hence 

are warmer than others (Buck and Barnes 1999b)- Ifthere are fitness benefits for ground 

squUrels hiiemaatig under these wanner habitats then nahwl seledon shotdd have 

f a v o d  those squimls chaosuig hi'beniscula ih habitats that are likely to accumulate the 

most snow, 

Arctic ground squinels (Spennoph i lusp~~i )  are found throughout the mainland 

arctic tundra and the northem b o r d  forests of Canada and Alaska W0wel.i 1938) and 

spend approximately 7-8 mon& in winter hibernation (McLean and Towns 198 1; Buck 

and Bames 1999a). Minimum soii temperatures where sgullrrls h i k a t e  in the boreal 

forest are unknown but Li the arctic, minimum soi1 temperatures surroundhg h i i c u l a  

can range h m  -8.9'C (Mayer 1955) to -23.4'C (Buck and Bames 1999b). Although, 

arctic gromd squirrels can maintain core body temperatures as low as -2g°C, thqr begi. 

to thennoregdate at temperatures c O°C, the lowesî head and neck temperature they can 

sustain (Barnes 1989). Anu6iev and Akhremenko (1990) measured average energy 

expendinire of arctic p u n d  squimls diàng hi'beniation and found that energy 

expenditure of pund squirrels kept at -5% was 1.7 times that ofground squinels kept at 

0% (93.6 Id/day vs. 55.7 kJ/day rrspectively). The total differeclce in energy 

consumption was entirely attributed to changes in energy consimiption within torpor 

periods where energy consumption differed 15-fold between squîrre1s kept at -SOC (48.2 

kJ/day) and squirrels kept at O°C (3.1 Wday). Based on then estimate of 35.9 H/g, 

squirrels hiemathg at -Soc would lose 1 ,lg/day of mass. Such differences in the rate of 

mass loss could uitimately detennine whether or not an individuai Sunzves the sinter, or 

more subtly inauence their ability to reproduce in the spring. 



I tested the hypothesis thet b o d  foresî d c  gnnmd squirreis (S- parry~ïplesiiï) 

locate theV hiiemacula preferentiay in habitat types that minimhe their energy 

expenditure during h i o n .  To test this hypothesis 1 had four major objectives 

during this study. First, I determined where ground squirrels hiemate and quantified the 

habitat to determinehabitat preference- Second, 1 measured how saow depth varies 

among habitat types. Third, 1 measured how habitat influences soil temperatures during 

winter- Fourth, I determined how choice of h i d a  influences mass loss and &val. 

Study area 

This study was conducted dong the Alaska Highway within the Shahuak Trench 

east of KIuane Lake in the southwestem Yukon Territory, Canada (61 'N, 138OW; elev. 

600 - 1000rn). The Shakwak trench is a broad valley (3 - 8 km wide) d e s d e d  as a 

morainic plain @ampton 198 1) underlain with basal till, lacustrine deposits, dead-ice 

morainey and alluvial deposits (Department of Public Works and U.S. Deparûnent of 

Transportation, FederaL Highway Administrationl977). Permahst is ran and restncted 

to north facing dopes (Department of Public Works and U.S. Department of 

Transportation, Federal Highway A-strationl977) as the ana lies approximately 50 

km south of the 'widespread discontinuous permafirosty region descri'bed by Brown 

(1 967). 

The area experiences a megn a ~ u a l  temperature of -3.9 I0 .2 OC and receives an 

average of 284 i 10 mm total annuai precipitation (data fiom Burwash Laeding 

Climatological Station 1967-1995). The climate is classified as cold continental and snow 

cover exists fiom October to early May (Boutin et al. 1995) with an average depth of 55 



c m  (Mümy and Boutin 199 1). There are four major vegetation types in this valley: 

white spruce forests (Picea glarca) cover 50% of the area and have anunderstory of 

d o w  (Solùc W.) and birch (Betula gIandUioso); sshnib meadows ofwillow and birch 

cover 33%; grass meadows cover 7% @ontin et al, 1995); and trembling aspen (Poplus 

tremuioides) stands (10%) are sparsefy distn'buted among the three odier vegetation types 

(C. J. Krebs pers. comm_). 

Live trapping 

Arctic gromd Squinels were Iive trapped hm 1993-1 9%. Trapping commenced 

in early April to early May and ended in late August in aii years. Study sites were 

trapped on average every two weeks with the exception of inteosive census trapping ( 3 4  

consecutive &YS per site) wnducted in early May, in late June at juvenile emergence, 

and in late July to early August prior to adult f d e  immexgence into hibernation. 

Squirrels were captured using Tomahawk live traps (14 x 14 x 40 cm; Tomahawk Live 

Trap Co., Tomahawk Wisconsin, USA) baited with peanut butter. Traps were 

permanently placed at burrow openings and set at 0700 and checked at 1-1 .5-h 

intervals. Each s-el was removed fimm the trap into a netted bag and madred in each 

ear with uniquely numbered metal eartags. At each capture 1 recorded eartag number, 

sex, weight, and zygomatic arch breadth. 

Arctic ground squirrels (N = 88) were fitted with radio transmitters (Mode1 # PD- 

2C, Holohil System~~ -¶ Ontario) eadi August (24 in 1993,34 in 1994,30 in 1995) on 

one 10 ha control and on three 8-1Oàa experimental sites ail rnarked in an x - y grid with 

wooden stakes spaced 30 m apart. The experimental sites are bnefly described as follows 

in order of increashg gmund squinl density (details in Karels et al. 2000): 

1. Predator ExcJosutee A 1-km2 area was enclosecl within a 2.2-m high 8600 V electric to 

keep out large memmalian predators (lynx [Lynx canadensis] and ooyotes [CanU 

latram]). Within the f e n d  area and over the pund s-1 trapping area, a 9 ha area 



was covered with a b e e r  ofnylon monoflament (2 m above gtound spaced 20 cm 

apart) to exclude avian predators. 

2. Food Adfition, From 1988 fo March 1996 supplemental food (comrn-al rabbit 

chow; 16% p r o t e  Shur-Gain, MapIe LeafFoods Inc. Edmonton, Albexta) was pvided 

ad libitum over a 36-ha area 

3. PrecEator Erclo-e + Food The above two treatments were combined on a 1-km2 area 

in 1988 using the same protocols descrî'bed above. A monofilament barrier was not 

erected and thus this treatment was &ctly a mammfian predator excIosme- 

Summer burrow and hibemacula locations 

Sleeping b n w s  used during the sumrna were located in order to detemllne if in 

winter, squirrels use the same burrows or construct diffèrent burrows for hi'bernation. 

The location of summer burrows for males and juvedes were idenaed by live-trapping 

where squirrels captured 2 3 times at one location at h t  daily capture from July to 

A u p t  were assigned that location as theV summer burrow- Adult females were radio- 

collared and the location of summer burrows identified while the females were sleeping 

(Karels et al. 2000). The locations of h i i a  for every radio-collared squirrel were 

located once during one week in mid-Febniery in 1994,1995, 1996 via radio-telemetry- 

The position (x - y coordinate), snow depth (cm), and habitat structure (open, shrub, 

spruce) directly over hiemacula were recorded. 

Habitat availability 

To relate hi'bernacda locations to habitat at ground level, 1 assessed the ground 

area covered by shnibs, -ce tnes, and open habitats in the m e r  of 1994. The 

following criteria were used to iden* each habitat. For shnibs, only those taller than 50 



cm with multiple branches covering an area ofat least O25 m2 were d Multiple 

s h b s  that had branches that overlapped one another were measilred as a single shnib. 

For spruce trees, only those with the lowest branches greater tban 50 cm above the 

ground were included. Open habitats included all  those areas greater than 0.25 m2 with 

bare ground or herb vegetation. Shmbs, d d a l l ,  or sprue seedlings that were shorter 

than 50 cm were dso included withïn open areas. For each habitat type, 1 considered the 

total available to ground sphels as king the product oftwo parameters; the number 

(e-g. number of trees) and area covered by the habitat (e-g. mean ptmd area covered by 

a tree). The density of each habitat type was estimated using T-sqyare sampling 

procedure descn'bed in Krebs (1999). For each site 1 randomly selected 30 x - y 

coordinates within the 8-1û-ha squirrel-trapping area using a random number generator. 

To detennine the density of sprue trees, 1 took two distance measufements: the distance 

(m) h m  the each random location to the main stem of the closesî spruce tree and the 

distance fiom tâat tree to the stem of the closest neighbouring spruce tree that was within 

a 90' angle of the first point to tree ihe. Population density was estimated using the 

robust estimator of Byth (1982) implemented in program Ecological Methodology (Krebs 

1998). I wed the same protocol for shrubs and open areas with the exception that the 

center of the shrub (or open ana) was considered the closest point The location of the 

center of shmbs and open areas was estimated by laying out a measuring tape aaoss the 

maximum diameter and locating the halfiivay point then laying another measuring tape 

perpendicular to the first tape on that point. The point on the second tape that represented 

the half-way distance acnws the habitat type in that orientation was considerd the center. 



The relative contn'bution ofeach habitat type to atea of gromd covered 

ïndependently of d-tywas caicnfated k m  the average area c o v d  by each (N = 60)- 

During T-scpm sarnplin& 1 rneasmed the radius ofeach spruce tree (=ter of stem to 

outer most branches) and caldated the area as  a circle. For open habitat and shrubs, 1 

mea~u~ed the longest diameter and the perpendicular diameter to that and caiculated the 

area as an ellipse. 

The relative availabüity of habitat for each site was determined by multiplying the 

relative average area for each habitat type with the relative density of each habitat type. 

Snow depth 

1 determined the average snow depth during mid-February on each site for each o f  

the three winters by measining snow depth with a 1 m metal d e r  at a total of 30 stations 

at 30 m intervals dong three paralleI 300- transects that were separated by 120 m. 

1 used the same transects d e s c n i  above to determine the influence of habitat on 

snow accumulation. At each station, 1 measured snow depth at the center of the closest 

shmb, the center of the closest clearing, and under the closest spnice tree at half the 

distance k m  trunk to edge ofbranches. Habitat types were identifiai with the same 

criteria previously descri'bed for habitat availability measurementsts Snow measurements 

were taken during Febniary 1994 only, but were measured at four additional sites over a 

30-km section of the Alaska highway for a total of 240 stations. 

Soil temperatures 

To determine the influence of above -und habitat on soil temperatures during 

winter, 1 measured soi1 temperatures under shrubs, open areas, and spce trees @tifthe 



distance betwem~ stem and outer branches) at a depth of l m. Eighteen temperature data 

logpas (Hobo-Temp, Onset Cornputer Corporation, Pocasset, MA) were setto record 

temperature every 3.2 hours h m  7 Septemk 19% to 3 May L 997, and d e d  in plastic 

to be burÎed bebelow groimd To mhimize the effect of possible confounding factors such 

as slope of the teirain, s d  type, and geographic location, ali data loggers were located 

along a 150 m transect on one of the study areas Food Addition)- The closest shrub, 

open area, and spruce tree at every 30m inteml almg the transect were selected (i-e. N = 

6 for each habitat type). The organic layer, including above ground vegetation, was 

removed intact (3û-cm diameter) at each location and a 3 k m  diameter hole dug to a 

depth of 1 m. Before the data 10- was placed in the hole, it was fsstened to a stainfess 

steel wke that was attached at the other end to a 3Gcm wooden stake located 50 cm fkom 

the hole. Wire was used instead of more hgile materials to anchor the data logger for 

three reasons. It m e d  as an aid to retrieve the data logger, it was resistant to damage 

while excavating the hole during the spRng, and it was resistant to damage by animals. 

Temperature conductance along the wire was assumeci to be minimal. The hole was 

filied in with the same soi1 and the organic layer was replaced intact and level with the 

surrounding terrain. Two additional temperature data loggers were set to record 

temperature at the same intervals as for the below ground data loggers but were 

positioned to measure ambient air temperatures. These two data loggers were sealed in a 

1 1 x 7.5-cm diameter metal can to prevent damage by animals, seaied in plastic to keep 

out moisttm, wrapped in white fiberglass tape to reflect solar radiation, and suspended 2 

m above -und at each end of the transect- 



For each data logger 1 calcuiated the nimiber of accpmuiaîed degree hours below 

three reference tempecatures: O0C-the lowest neck and head temperatures ofhibemating 

arctic ground squirrels (Barnes 1989); -2.9'C-h Iowest core body temperature of a 

hibemating arctic ground squlaei @ames 1989); and -S.l°C-the soi1 temperature at 1 m 

soi1 depth where Bames and Ritter (1993) found arctic -und SquirreIs reached Cheu 

minimum core body temperature. Degree ho- were calculaid as the total accumuiated 

departure of degree hours las  than the reference temperatures where temperatures above 

the reference temperature were considered as zero (Boyd 1979). 

Statisticai Analysis 

AU statistical tests were performed accurding to procedures in Zar (1984) and Sokal and 

Rohlf (1995). Rior to ali parametric statistics, all continuous variables were tested for 

the assumptions of paraxnetric statistics using an F-test for equality of variances, and 

Kolmogorov-Smimov goodness of fit test for normality. Data for calculating the mean 

- snow depth per site per year and for snow over hi'be~18cula were log-transfomied and 

estimated means and 95% confidence limits were calculated using eqyations ptovided by 

Sokal and Rohlf (1995). AU proportion data were arcsine transformed @or to parametric 

tests. Linear regression analyses were perfomied usîng program StatView 

(SAS Institute Inc. 1998), log-linear analyses were perfomed using program JMP-IN 

(SAS Iastitute Inc. 1997). and ANOVA and Tulcey-Kramer pst-hoc tests were 

perfonned using program SuperANOVA (Gagnon et al. 1991). AU means are expresscd 

with t 1 S.E. unless otherwise indicated- 



Hibemacula habitat preference 

The relative average atea of an individual habitat patch Cïable 4.1) and relative 

density (Table 42) of habitat patches were used to calailate the relative amount of 

habitat available (Table 4.3) to arctic gound squirrels when d&&g where to Iocate 

their hi'bemacula Individual -ce trees had a greater ground coverage than shmbs or 

open areas (Table 4.1) but because of the low numbers of spntce trees pable 4.2) they 

ranked lowest in proportion habitat available fiable 4.3). The habitats wexe ranked as 

follows: open > shrub > spruce. The relative density ofeach habitat (Table 4 4  as 

estimateci by T-square sampling differed among the sites ($ = 450, d.E = 6, P < 0.00 1). 

Therefore, habitat preference was andyzed separately by site. 

Of the 88 squirrels equipped with transmitters during late f d ,  78 were located 

during the following mid-Febniary, nine u i e t t e r s  failed, and one sqyirrel was lrilled 

by a predator prior to immergence into hiiematîon. Arctic ground squinels were not 

found to hi'bemate togaher as only one radio-collared squirrel was found per location. 

More than half (56%) of the squimls hi"bernated under open areas, 28% under shnibs, 

and 8% under s p c e  trees. Manly's a index ofhabitat preference (Table 4.3) was 

caiculated to determine whether ground squimls located tbeïrhi%anacula randomly 

relative to habitat On three of the four sites, ground squirrels strongly avoided 

h'bernating unda spruce trees. Only on the predator exclosme site did ground squinels 

show a preference for spnice (N = 3) wbile avoiding shbs .  There was no clear 

preference of open habitat over shmb habitat among the sites. Ground squinels showed 



strong prefmces for open areas on two ofthe sites (Maiily's a > 0.40) and strong 

preferences for shnibs on the other two sites (Manly's a > 0.45). 

Selection ofbi'beraacuia was not dependent on the location of prior summer 

burrows since only 4% (N = 70) ofgrouud squirrels h'bemated wïthin 5 m oftheir 

summer bmmw systern. The distance b e e n  the summer b m w  and the hi'beniacuium 

averaged 24 m (range O m - 11 1 m) but Hered among the trwitments with distance being 

signiscantly less on the predator exclosure + food site (Table 4.4 and Table 4.5). The 

average distance fhm summer burrow to winter h i i a  for each site and year 

decined signincantly with increasing population densiîy (8 = 0.53, dE = 9, P = 0.01) 

(Figure 4.1). 



Table 4.1 Average area of an individual habitat patch (m2) and relative area of 
ground coverage by an individuai habitat patch (open areas, shrubs, and spruce 
trees, N = 60 per site) on four sites in the boreal forest ofKluane, Ydcon. For 
spnica, an individuai tree represents a patch. 

Site open 

3.05 I 0.45 0.35 Exclosure 

Food 
Addition 4.52i0.92 0.40 

Predator 
Exclosuret 6.18I0.95 0.37 

0.92 f 0.18 0.1 1 7-72 & 0.45 0.54 

1.38I0.21 0.12 

1.50I0.21 0.09 

5.28&0.66 0.47 

9.17+1.05 0.54 





Table 4.3 Manly's a index o f  arctic gtound sq@mI pref~mce of habitat type for 
location of h i b d a  in the b o r d  forest of Kluaae, Yukon, Proportion of habitat 
available was caldated h m  the relative area of ground average (Table 4.1) and 
relative density (number per ha) (Table 4.2) of each habitat type. Ground sq@rreIs were 
fitted with transmltters in fa prior to hi'bernation and located by radio-telemetry durhg 
mid February- Manly's a > .33 = preference, Manly's a < 3 3  = avoidance 

Control .33 9 -72 

Predator Exclosure Open .50 I l  -40 

Shmb -36 4 20 

sprue 14 3 -40 

Food Addition Open .57 16 -36 

Shmb -23 8 -45 

Spnice .20 3 -19 

Predator Exdosure Open .53 8 -19 

+ Food Shnib -17 12 -8 1 

SP- .29 O O 



Table 4.4 Four-way ANOVA ofdistance fiom m e r  
burrow to hibernacula of arctic ground squirre1s (N = 73) 
in the b o r d  forest of KIuane, Yukon. 

Ef fect d.f. F P 
Year 2 1 -0 0.38 

Treatment 

Sex 

Age 

Year x Treatment 5 0.8 0.58 

Year x Sex 2 2.0 O. 14 

Year x Age 

Treatmentx Sex 3 2.1 0.12 

Age x Treatment 3 0.2 0.89 

Age x Sex 1 0.8 0.38 



Table 4.5 Mean and 95% confidence limits of distance between summer burrow and 
winter hiiernacula of arctic ground quirrels on four sites within the b o r d  forests of 
muane, Yukon. 

N Distance(m)* 95% Confidence Site LImiQ 

Predator Exclosure 17 39.3' 28.4 - 54.2 

+ Food 23 23.7* 16.0 - 35.1 

Predator Exclosure 18 1 1 .gb 7.6 - 18.8 + Food 

AU Sites 70 23 -6 18.9 - 29.5 

*I&nticai supe-pîs indicate no sigai6:cant diefince @IIc~~ Kramer pst-hoc)- 



Density (No. per ha) 

Figure 4.1 Regression of average distance (m) fiom Suznmer b m w  to winter 
bibeniacula of arctic ground squirrels on four sites h m  1994 to 1996, Nonlinear 
regression equation is y = -20.3 Log (x) x)+ 5 1 .O, f i  = 0.53, P = 0.0 1. 



Snow depth 

The average mow depth over hr'bemacula was neither significantly nor 

consistently greater than that over systematic samphg locations (Figure 42, Table 4.6). 

Only on the control site in 1995 and the predator exclosure + food site in 1996 was snow 

depth over hr'bemada signifÏcantly greater than each site's average snow depth, 

Average hibernada snow depth was never signiscantly l e s  thaa the site average flable 

4.6). Average snow depth tendd to mer among the four sites (two-way ANOVA: F,. 

= 2.6, P = 0.05) and differed significantly among years (two-way ANOVA- F,, = 50.07 

P < 0.00 1) but in an interactive manner (two-way ANOVA site x year: F , ,  = 3.4, P = 

0.003). Similarly7 the snow depth over hibernada differed signiscantly among years 

and sites (Table 4.7). Furthennore, it diffacd significantly among habitat types (Table 

4.7), where there was signifïcantly l a s  snow over hiemacula under spruce trees (27 f 

4.6 cm, N = 6) than oves hi'beniacula under shmbs (58 1 2.9 cm, N = 28) or under open 

cIearhgs (54 I 2.2 cm, N = 44) (Tukey-Kramer pst-hoc, P c 0.05). Snow depth over 

hibernada under shrubs did not differ h m  that under open clearings (Tukey-Kramer 

post-hoc, P > 0.05). Snow depth in the K1uane area differeà significantly by site but 

interactively with habitat type uable 4.8). At systematic sampling locations at eight 

sites, habitats were ranked by decreashg snow depth as follows: opening = s b b s  > 

spruce (Figure 4.3). However, because of the greater sample sin7 1 detected a s m d  (6%) 

but significant difference between snow depth in shrubs and open clearings where the 

latter had 3 cm less snow cova (Tukey-Kramer post-hoc, P < 0*05). Snow depth under 

spruce trees was approximately 60% less than that under shrubs and open clearings 



Control 

Sie Hibernacula 

Food Addition Predator , Predator 
Exclosi Exclosi 

ire 1 1 +Food 

Figure 4.2 Estimated mean snow depths (cm) with 95% confidence Iimits ofeach site in 
systernatic locations (N = 30 per site per year) and ova the hi'bemada of squirrels (see 
Table 4.3 for squirrel sample sizes). 



Table 4.6 Mann-Whitney U-test pairWise analysis of snow depth over arctic p m d  
squirrel hiiieniacula and sm>w depth over systematic sampliag locations among 
treatrnents and years. SquVrrls were radio-coilared in fd @or to hi'bemation in 
three years on four Mirent sites at KImue, Yukon, 

Grid Y e u  HBern.cda Site Z P 
- 

Control 1994 3 30 0-12 0.9 

1995 6 30 3.00 0.003* 

1996 4 30 0.96 0.34 

Predator 1994 5 30 1.56 0-12 
Exclosure 

1995 7 30 O, 14 0.89 

L996 6 30 0.57 0.57 

+ Food 1994 8 30 2.56 0.01 

1995 7 30 0.35 0.73 

1996 10 30 0.58 0.56 

Predator 1994 O 30 - - 
Exclosure 
+ Food 

1996 9 30 3.68 0.0002* 

*snow depth pater over h'bemada t h  over systematic sampiing sites at 
significance level a = 0 . 0 4  



Table 4.7 Three-way ANOVA ofmid-February snow depth 
over arctic ground squirrel hi'bemacula (N = 78) among four 
treatments, three years 94 - 96, and three habitats (open, 
shrub, spmce) in the b o d  forest of Kîuane, Yukon. 

Effèct d.F. F P 
Year 2 20.5 ~ 0 . 0 0 1  

Treatment 3 4.4 0.007 

Habitat 2 20.4 c 0.001 

Year x Treatment 5 1.5 0.21 

Year x Habitat 3 2.6 0.15 

Treatment x Habitat 4 0.63 0.64 

Year x Treatment x Habitat 4 0.50 0.74 



Table 4.8 Two-ktor ANOVA of snow depth 
measurements (N = 698) talcen during mid-Febn;rary 
1994 in three habitat types (open, shnib, spruce) among 
eight sites located dong a 30 k m  section of the Alaska 
Highway in the boreai forest of Kiuane, Yukon. 

E f f i  dl, f. F P 
Site 7 65.5 <O,ûûl 

Habitat 2 1024 <O,ûû1 

Site x Habitat 14 2.5 0.002 



Habitat 

Figure 4.3 Mean snow depth taken h m  698 measurements in three habitat types during 
mid-Febniary, 1994. Samples were divideci among eight sites located dong a 30 km 
section of the Alaska Highway in the b o d  forest ofKluane, Yukon. 



(Figure 4.3). Snow depth over h i i a  was simüar among male and f d e  squia:eis 

(two-way ANOVA: = 0.04, P = 0.84) and among adults and juveniles (two-way 

ANOVA: F,. , = 2.1, P = O. 16) and did not dii%er intemCti.vely (two-way ANOVA sex x 

age: F,, = 0.12, P = 0.73). 

Soi l tempe ratures 

Two ternperature data loggers at one sampling station failed d m g  winter and 

thus ody the temperatures h the other five stations (i.e N = 5 per habitat type) are 

presented. Mean ambient air temperature and mean mil temperetures unda open meas, 

shrubs, and spruce trees are shown in Figure 4.4. The nmber ofdegree hours less than 

-2.9'C differed significantly among the three habitat types habitat types @Crusical- 

Wallace, d.f. = 2, H= 6.3, P = 0.04) with soil temperatures under spnice accumulating 

approximately 100 degree hours more than soil temperatures under shmbs or open 

clearings (Table 4.9). There were no temperatures recordeci below -5.1'C underneath 

s h b s  and open clearings. Soi1 temperatures under spruce trees accumulated 15.7 degree 

hours below -5.1 'C. Minimum soil temperatures aiso différed significantly among 

habitat types (Kruskal-Wallace, dd. f. = 2, H= 7.1, P = 0.03) with minimum temperatures 

under spruce trees being 2.5'C less than the minimum temperatures under shrubs and 

open areas. 

Survival and mass changes 

Because only male ground Squirrels cache food prior to h i t i o n  (McLean and 

Towns 198 l), 1 excluded them from the following analyses of mass loss and su17nval 

over winter. Over the course of the study, five adult fernales and six juvenile fernales 



died overwinterC Sumival was independent ofage, site, snow depth, and habitat fiable 

4- 10)- Survival diffkred signiscantly among years flable 4.1 O), with the most morhfity 

occurring over the winter of 1995/1996 (50% of radio-coUared quinels, N = 16). The 

small number of mortalities prevented testing for Interactions among factors influencing 

&val. 

The amount ofmass losî by femaie ground squirrels was positively related to f d  

pre-hibernation mass mear regession: 3 = 0.26, &£ = 34, P = 0.002) whereas the 

proportion of mass lost was not e e a r  regresion: 9 = 0.03, df. = 34, P = 0.34). 

Therefore poportion mass lost shodd be a betta index of energy expemditure. However, 

1 perfonned analyses of both absolute mass loss and proportion of mass lost so that 

cornparisons owld be made with other studics. Absolute and proportion of mass lost 

over winter were simiiar arnong the sites (one-way ANOVA: absolute F311 = 1.54, P = 

0.26; proportion F,), = 1-14, P = 35). Femaies were 154 f 1 1g lighter in spring than 

before fd immergence cozresponding to a 27% (95% CL = 3 - 60%3 loss of mess over 

winter. Absolute and proportion mas lost differed intetactively among age and year 

(two-way ANOVA age x year: absolute F, = 6.47, P = 0.005; proportion F, = 5.05, P 

= 0.01)- 

When over winter mass loss was analysed separately for each age class and year, 

absolute and proportion of mass lost declined non-signific8tltly as accumulated snow 

depth over the h'bernacula increased for all years and age classes except for 1996 (Table 

4.1 1). In that y-, mass lost uicreased non-signiscmtly as snow depth increased for 

three juveniles W l e  4.1 1). When age classes were pooled, the relatiomhip between 

mass lost and snow depth was stronger (T'able 4.1 1). In 1994 and 1995, the ptoportion of 
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Figure 4.4 Mean ambient temperature (upper graph, N = 2 locations) and mean soi1 
temperature at 1 m depth under shrubs, open clearings, and spruce trees (Iowa graph, all 
N = 5 per habitat type) h m  Septemba 7, 1995 to May 3,1996 in the b o r d  forest of 
Kiuane, Yukon. Ambient temperatures < -37'C are not shown as this was below the 
minimum temperature recordable by the data loggers. 



mass lost over winter declined as snow depth iacreased- However, in 1996, the 

proportion of mass lost tended to increase as slow depth inaeased owing to two juvede 

fernales who lost little mass while b i i g  under low snow depth Vigure 4.5). Whai 

these two indivldds were excluded h m  the analysis the reIationship was barely 

negative (slope of -0.0 1 per IO-cm snow depth, 8 = 0.03, N = 6, P = O.74), but tbere is no 

s&ïcient explanation to justify them as outliers and thps they are Included in the analysis 

in Table 4.1 1 and Figure 4.5, 



Tabk 4.9 Mean and minimum ambient air temperatures and soi1 temperatures at 1 m depth in three habitats shown as accumulated 
degree hours less than reference temperatures. Reference temperatures were: O'C - the lowest head and neck tempemtures of 
hibemating arctic ground squirrels (Barnes 1989); -2.9% - the lowest core body temperature of a hibemating arctic ground squiml 
(Bames 1989); and < -5. 1°C - the temperature at 1 m soi1 depth where Bames and Ritter (1993) found that hibemsting arctic gmund 
squirrels reached their minimum core body temperatun. 

Ambient 

Shmb 

open 

Spruce 

Degree boum < O°C 

Mean Range 

Degree hours < =2.9*C 

Mean Range 

Degree hours < -5.1% 

Mean Range 

Minimum 
Temperature 

Mean Range 

*minimum temperature recordablc by data logscr 



Table 4.10 Log-hear analysis of overwinter &val of radio- 
coiiared female arctic ground squirreIs at Kluane, Yukon, 1993 - 
1996. 

Year 48 20.39 12.41 0.002 

> 

Site 47 26.02 0.77 0.78 

Snow depth 50 25.02 2-79 0.09 

Habitat 48 25.55 2.09 0-35 



Table 4.11 Mean absolute (jg i SE) and mean propoaion (95% confidence iimits) of mass 
lost over winter duringhiiation for juvenile and adult female amtic -und squinels a) 
separately, and b) ages pooled. Lïnear -on analyses was perfiied for both absolute 
and proportion mass l o s  with accumulated snow depthover hibemacula of fnnale arctic 
ground squirrels in the b o r d  forest of Kluane, Yukon (1994 - 1996). The rate of mass lost 
is presented as the amount (or proportion) ofmass chauge for every lO-cm increase h 
snow depth. Negative values represent d e c r h g  mass l o s  with increasing snow depth 
and positive values represent iweasing mass loss with increasing snow depthc 

-- pp - - -- 

1994 
Adult Absolute 262 I 62 -156.2+- 2 - - 

Propotion 0.41 (0.05 - 1.00) -0.17 f - 2 - - 
Juvenile Absolute 92+ 11 4 .6  +2.3 5 0.0 1 0.86 

Proportion 0.20 (O. 13 - 0.26) -0.02 *O-05 5 0.08 0.66 
1995 

Absolute 154 +20 -23.8IlO.l 11 0.34 0.06 
Proportion 0.25 (O. 17 - 0.3 1) -0.03 f 0.02 1 1 0.26 0.1 1 

lnea 
Aduk Absolute 193 134 -2.lk27.2 5 cO.01 0.94 

Proportion 0.29 (O. 18 - 0.36) -0.0 1 f 0.03 5 0.0 1 0.87 

Absolute Juvenile 95 + 28 t20.5 19.7 3 0.82 0.28 
0.21 (0.0 1 - 0.51) W.05 4 0.0 1 3 0.99 0.06 

Yesr Measure Mean Rate N r) P 
- -- -- - - - - 

Absolute 141 +35 -85.0 k8.2 7 0.67 0.02 
lgg4 Proportion 0.26 (0.15 - 0.34) -0.09 f .O3 7 0.65 0.03 

Absolute 157 I 12 -19.6 & 7.6 20 0.26 0.02 
lgg5 Proportion 0.28 (0.22 - 0.30) -0.03 f .O 1 20 0.20 0.05 

Absolute 156 I29  + 19.4I 11.5 8 0.32 0.14 
lgg6 Proportion 0.26 (0.17 - 0.32) +0.02 f -01 8 0.36 0.11 
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Figure 4.5 Propor&ion ofmass lost (arcsine transfod) during hiemation by adult and 
juvenile fernale arctic ground squirrels h m  1994 - 1996. Linear regression line shown 
for each year was caiculated for both age classes pooled. Table 4.1 1 shows regression 
statistics for age classes separately and poold 



Discussion 

Arctic p u n d  squirrels in the boreal forest located their hi'beniacula with respect 

to above gound habitat in a pattern that would mînimize their overwinter energy 

expenditure- Ground squirrels hi'beniated under shmbs and open areas where snow 

accumulations were greater and soil temperatures were warmer and avoided hibemating 

under spnice ttees where snow accumulations were 40% of that in the other habitats and 

soi1 temperatures were colder. h two ofthree winters, f d e  ground squirrels tended to 

lose less mass with increasîng sww depth over their hiber~cula Therefore by selecting 

habitats with the pmbabiîity ofaccumdating the most snow, gromd squîrrels may 

increase theV chances of oveminter survival and complete h i i a t i o n  with greater 

residual fat stores for invesûnent in reproduction. 

Before discussing the results, there is one caveat that needs to be addressed. Over 

winter survival as measured by telemetry did not detect a ditact cost of hiiemating under 

F o r  conditions in survival and may be a poor indicator of overwinter &val. kt fact, 

only three female squirrels (9% N = 35) were found to have died over the winters of 

1993/94 and 1994/95 when trapping records indicated that overwinter mvival averaged 

56.7% and 73.2% respectively (Karels a al. 2000). Therefore radio-telemetry severely 

over estimated survival during these two years. During 1995/96, radio-telemetry 

estimated 50% @I = 16) of squirrels to have died overwinter which underestimated the 

average survïvai according to trapping records (67.6%) but was consistent with 

overwinter survival on the controls (51.6%) and on the predator exclosure (51 -5%). 

Radio failure was greater in 1993/94 (2 1 %) m d  1994/95 (6%) than in in 9W96 (3 %) and 

coincided with the degree of bias in the d v a l  estimate. This suggests tbat squirrel 



SuNival and radio SUrYivai may be correlateci possibly owhg to the th- influence ofa 

living squirrel on the transmitter- A dead squiml wodd mean colder operating 

temperatures for the radio transmitter and may incnsse the rate at which the battery is 

exhausteci. Therefore 1 a d .  caution in the use ofradio-transniittters formeasuring ova 

winter survival ofhi'bernating animals in cold climates. AIthough the majority ofmy 

transmitters operated > 8 months, they were rated as 6-month longewiîytY Therefore 1 

suggest that for these types of shidies, ttansrnitter longewity should exceed the duration of 

the hibernation period to d u c e  the possibility of anmial and radio survivd comlations. 

Arctic pund squirrels in the b o r d  forest rarely located their h i ï c u l a  near 

their summer b m w  (< 5%). Thtead they located their hi'bemacula distantly h m  thei. 

summer bunows by approximately 24 m, which strongly suggests that cliffinent q - t i e s  

of burrows are required for winter than for summa. Michener (1992) showed that 

Richardson's ground sqaUrels used their hi'beraacuia only for hi'bemation. Excavators of 

Columbian ground sqiiirrel (Spermophilus columbianus) hibemacula in Washington 

(Shaw 1926) and Alberta (Young 1990) distinguished the hiiemaculum as a distinct 

chamber fiom the summer bum>w system although they were sometimes connected 

Hoary marmots ( M m a  caligata) were found ta have distinct hiemacula which they 

abandoned der snowmelt (Barash 1974; Holmes 1979). Svendsen (1976) estimated 

contuiued use of the hibeniacula by yellow-bellied mamots (MannotaflmivennZs) in 

Colorado during the summer as infi.equent (< 8%) and suggested that subtle fatures of 

burrows make some more attractive than others in différent situations. However, at 

higher elevations in Colorado, Andersen et al. (1976) fond that most yellow-bellied 

marmots used th& hr'bernadum all  year long. For arctic p u n d  squirrels north of the 



Arctic &le near Atkasookk, Alaska, Batzii and Sobasri (1980) descriibed b m w s  that 

served both as hi'beniacula in winter and as nurseries in ~ ~ ~ ~ l ~ l l e r .  Buck and Bames 

(19990) also impiied that hi'beniacula buuows are used throughout the yeer when they 

suggested that the location o f h i i a  may be p a r t î y  dependent on f8ctors other 

than thermal Quality mch as food, visïôility ofsu~zou~~ding temin, and cover h m  

predators. Suitable habitat for burrowing in arctic regions has been desctl'bed as limited 

and restrjcted to eskers, Iake and rivet banks, or any raised area where the p e m m h s t  

table is relatively low Mayer 1953; Car1 1971; Batzü and SobasLi 1980; Mallory and 

J3eEerna.n 1987). Because of this limitation, arctic p m d  Squirrels in arctic 

environments may be forced to hibernate in the same bunows where they also Iive during 

the ~ ~ ~ ~ l l l l e r .  

Arctic ground squirrels ùi their southem range within the b o r d  forest appeared 

not to be limited by bumwing habitat in contrast to arctic ground squinels in northern 

Alaska (Mayer 1953; Carl 1971). Carl (1971) claimed that the availability ofhibemacda 

in that environment was the ultimate resource by which their populations were reguiated. 

However, diiring my study when ground sqoinels were giva food and protected fkom 

predators, their populations reached densities nearly 6-fold (30.1 pa ha) that found in 

Cari's (1971) study (5.5 per ha) without any reduction in overwinter d v a l  when 

compared with controls (KareIs et al. 2000). Therefore, hi'beniacula couid not be limiting 

at lower densities in m y  study ana. in oontrast to the southan Y d o q  the presence of 

permafkost and depth of thaw in northern Alaska are aitical factors determining the depth 

and hence the thermal environment ofh'beniacula for arctic p n d  q e l s  (Buck and 

Barns 1999b). 



Exclusion ofpredators, addition o f f 4  or the combination of both treatments 

did not influence which habitat gromd spkrels hi'beniatetmder Cïable 4=1, Figure 42), 

th& m a s  Ioss overwinter PabIe 410), or th& oveminter samival -1s et al. 2000, 

this study). However, the distance h m  the summer burrow to the winter hibernada 

was affecteci by treatment (T'able 4.5) in such a m m e r  that distance was negatively 

related to population d d t y  (Figure 4.1). High densities rnay force individuals to 

hiernate closer to home ifthere is increased aggtession among individuah settkg up 

hiemacula Car1 (197 1) reported increased temitorialty among both sexes and age 

classes of arctic ground squirreIs in the f d  on the north coasi of Alaska But near my 

study area, only males were reporteci to defend hiieznacula (Lacey 1991), thus it is 

unclear if tenitoriality influences the distance that quiœels wiil go to constmct 

hiemacula. The area in which a ground squinel chooses a place to hiemate may be 

directly related to && home range during the summer. Hubbs and Boonstra (1998) 

found that the size of the home range of arctic ground squürels on the same experinientd 

treatments was negatively correlatecl with population density but suggested that 

différences in home range sues were a result of treatment rather than density. Because 

nearly al l  activities except for h'beniation are associated with the summer bunow it is 

unclear how food addition and ptedator exclusion influence the placement ofthe 

hibernadum. A possible explanation is that the hiemaculum is constructed w i t b  the 

area that is most f d a r  to the squirrel-the Summer home range. 

Arctic gromd squirrels in the b o r d  forest face seasonal changes in habitat 

suitability owing to conflichg pressures ofpredation and thennoregulation. Presence of 

predators and visibility through the habitat are important factors d e t d g  where arctic 



gound squirrels live in the b o r d  forest during their active season -1s and B o o ~  

1999) but not during the winter- f detectd no effect of predator exclusion on location of 

hibernada, which suggests that other &tors such as those that influence the t h e n d  

environment of the hi'beniacula are more important. hrring the summer, arctic gromd 

squîrrels avoid coIlStNcthg bunows in areas with poor visibility, such as sbrubby 

habitats (Karels and Boonstra 1999). D-g the wintery shmbby habitats offer increased 

protection h m  cold ambient temperatures owing to likelihood of deeper insulating snow 

(Buck and Bmes 1999b, this study). When constructïng hi'bernacula, pund squirrels 

avoid those habitats with the poorest possible thermal environmentsy such as under p u c e  

trees whae there is 57 - 59% less mow. But during the summery preàator detection near 

th& burrows under the spruce canopy is high (Kzmls and Boonsîra 1999) owing to 

exclusion of s h b s  undermath the tree canopy. 

North of the boreai forest and concurrent with my studyy Buck and Bames 

(1999b) measured winter soi1 temperatures at a maximum depth of thaw of 97 cm amund 

arctic ground squirrel hi'bernacula. They found that hi%eniacuIa temperature diffRed 

among age and sex classes of squirrels and that bunows used exclusively by fanales (N 

= 7) were in shnibby areas where snow was deeper and burrows are warmer. However, 

they did not the amount ofhabitat that was available for hiemation. 

Nevertheless their study does suggest that squirrels may have been able ?O discriminate 

among habitats for suitable hibernada Similmly, Young (1990) found sex and age 

specific hibemacuia construction for Columbian ground squimls and that at high 

elevations all Columbian gmmd s e e l  hibemacula were found under shmbs or in 

shallow depressions which collected drifts. Pmferences for locating hibernada UI 



habitats that are most 1iLely to accumulate the most snow imply that there arr costs when 

SquirreIs h i i t e  in suboptlmaf habitat 

Detedion of costs of hr'beroating in poor habitats is drf f idt  as few squinels 

hibernate in poor environmentS. Furthemore, variion in energy expenditure of a 

hibernakg SqWrceI owing to differaces in quality and ~uantity of insulation in the nest 

('Young 1988), depth of the hi'bernacula (Buck and Barnes 1999b) or the quality of diet 

prhr to h%emation (Florant 1998) may a h  confound detecting such costs, Buck and 

Barnes (1999b) found that minimum soil temperatures were comiderably colder (-23.4 to 

-8 .O*C) and female squinels lost a greater proportion of their mass (3 5%) in northern 

Alaska than 1 found at my study site where minimum mil temperatures were wemier 

(-8.5 to -2.3'C) and female squifiels lost approxjrnately 27% of their mass. But despite 

the colder conditions of the hibernada in noah Alaska, Buck and Banies (1999b) dicl 

not fïnd any relationship of absolute: lean, fa5 or total body mass loss with soi1 

temperature. 1 did not measuse mil temperatures around hiiemacula but rather snow 

depth, which is conrelated with soil temperatures owing to its insulative properties 

(Marchand 1991; Buck and Barnes 1999b). Snow depth over h'bemacula did not differ 

arnong age classes. However, mass loss of h i t i n g  fernales, whether calculated as 

absolute mass lost (Table 4.1 1) or proportion of f d  mass lost (Table 4.1 1, Figure 4.5) 

increased as snow depth decreased in my study in two of three years. 1 did not detect any 

direct cost of redud snow depth over the hiie~18cula to survival flable 4. IO), however, 

mass loss during the *ter influences the condition of squirrels at spring. Squimls in 

better condition are more Iikely to produce a litter (Chapter 3) and hence have greater 

fitness. Habitat dependent mass loss that influences SurYival and reproduction may be a 



mechanism that has selected for the ability of -und squimls to iden* habitais that 

minimize th& energy expenditure during hibernation @or to winter conditions- 



Chapter S 

CONCLUSION: POPULATION REGULATION, REPROûUCT1ON AND 

HlBERNATlON IN ARCTIC GROUND SQUlRRELS 

Summary 

The objectives of my research were (1) to determine the mechanîsms that reguiate 

arctic g m d  squirrel populations in the bonal f o ~  (2) to determine how variation 

among individuah and their environment influe~1ces arctic -und squirrel reproduction 

and survivd, and (3) to detennine how variation in habitat influences hi'beniating 

strategies of arctic ground squirre1s. 

Arctic grouad squirreIs responded to population density with major changes in 

reproduction and SucYival such that popuiations, when expetimentally perturbed fkom 

n o d  densities, converged in density to those of control populations within 2 years after 

removd of the Kiuane Pmject's experimental manipulations. 1 I outhe the main 

conclusions of  my research, discuss briefly the role o f  density dependence in the 10-y- 

cycle of arctic ground squirrels, and recommend fbrther research to resolve unanswered 

questiom. 

Major findings: 

(1) Arctic ground @el populations showed strong evidence of population regdation. 

Population densities on experimental sites declined at a demitydependent rate such 



that densities on experimental sites approrùmated control population densities within 

two yeaR afta the errperimenbl manipulations offood and prexîators tenninated, 

(2) Arctic ground squirrel popuiatiom showed strong dd tydepeoden t declines in 

weaning rate and in overwinter &val. Both ofthese operated through cornpetition 

for food resources. For both parameters, the strength in density dependence 

remained simüar h m  one year to the ne- However, overwinter survivai was the 

dominant m e c s  reducing expimental populations back to control population 

densities. 

(3) Density-dependent changes in weaning rate occurred simultaneously with density- 

independent changes in weaning rate. Whereas density-dependent changes in 

weaning rate were detembed by intraspecinc cornpetition for food resources, 

density-independent changes in weaning rate appeared to be detennined by winter 

sww depth acting through m a t d  condition. 

(4) The pmbability of adult female sqigrrels giving birth increased with body condition 

but decreased with population dmity.  Age of the female had no effect on birth rate. 

Weaning rate was strictly density-dependent and not infiuenced by condition or age. 

(5) Survival during sumrner was ùiversely density dependent and demeased with age. 

However, fernales that lost their littas dirring lactation had a greater rate of mortality 

than females that never gave birth or that weaned thek litter. 

(6) Overwinter d v a l  declined with increasing population density, increasing age, and 

inaeasing prehi'bemation M y  condition. For females that weaned a litta, 

mortality increased at a greater rate with population density in cornparison with 



fernales that never gave bIrth, Howeveer, nedy alï f d e s  who Iost theV Iitter 

during lactation died overwinter. 

(7) Arctic ground squirrels displayed a posïtîve association among We-history traits 

such that fernales in better condition were more likely to give birth, wean their 

young, survive to the next breeding season, and reproduce once again. 

(8) Hefbivory increased with population density of pund squirreis and increased 

differentially among plant species. Legumes were highly preferred and were 

eliminated h m  sites with high quiml demsities when the f d  supplementation 

ceased- 

(9) Arctic ground sqrllnels in the boreal forest select different bmrow sites for 

hibernation than they do for their summer q.rters. Their hi'bemacuia occur in open 

areas and shrubby areas, bo t '  of which have greater snow wver and higher 

minimum soi1 temperahnes, 

(10) Overwinter mass loss of adult and juvenile squirrels decreased as snow depth over 

their hibernaCula increased in two ofthree years. However, sumival was unrelated 

to snow depth, 

Discussion 

Population dynamics of arctic ground squinels in the boreal forest 

Arctic ground squirrels in the b o r d  forest fluctuated 3-fold over the duration of 

the snowshoe hare cycle h m  1990 to 1998 (Figure 5.1). Changes in population density 

were driven by density-dependent and density-independent f8Ctors that changed 

throughout the hare cycle. Figure 5.1 illustrates the dominant mechanisms of population 



change in four phases @ to O) of changes in arctic pund s-1 numbers draiag one 

complete snowshoe hare cycle. 

O Decïine. At Klrieae, snowshoe hare numbers peaked in 1990 and declined h m  1991 

to 1993 @outin et al. 1995; Krebs et al. 1995)- Ground squirrel numbers peaked one 

year later and declined sharply by 48 to 56% by 1992 (Hubbs and Boonstra 1997). 

Predation on grouud qukeIs was intense during this paiod (32 - 49% of radio-tracked 

individuals killed over a 3.5-monh @od) (Hubbs and Boomira 1997) as both 

mammaiim and avïan predoitors were abundant and their main prey, snowshoe hares, 

were becorniag scarce @outin et al. 1995). The experitnents of the Kluane B o r d  Forest 

Ecosystem Projectdemonstrated that both food and predators were limiting pund 

squirrel populations during this paiod (Hubbs and Boonstra 1997). Hubbs and Boonstra 

(1997) suggested that these two factors interacted to Mt ground Squinel populations, 

but their evidence was not very strong as densities on the predators exclosme + food site 

surpassecl those ofthe other treatments only in 1992, the last year of th& 3-year study. It 

was not clear that predators were affecting ground squinels in a density-dependent 

marner. My evidence (chapter 2) suggests that predators exert primarily density- 

independent influences on ground Sqpurel numbers. Therefore, I suggest that the decline 

phase in ground squimls numbers was driva primarily by the effects of densitp 

independent predation and possibly by density-independent subletha1 effeds of predators 

on squirrel reproduction. 

e Low. By 1994, avian predators had declined by 50% and mammalian predato~ had 

declineâ by approximately 85% fiom peak numbers h 1990 -1992 (Boutin et al. 

1995). Conseqiently, p u n d  squinelsurvival improved nOm 71% to 97% per 28-day 



p d  h m  1993 to 1994 @ p m  et ai. 2000)- From 1993 to 1995 it was clear that 

ground squhreIs were limited by an interaction between food and predators -Is et al, 

2000) and that direct predation had a declinifig influence on p u n d  sqghel numbers 

(Byrom et al. 2000). Kowever, althoughpredatotors were las  abundant at the low phase 

than during the decline phase, they stïli exerted subIethaL e f f e  on reproductiï in 

ground squinels. In the absence of predation, 16 to 37% more femaie ground spuirre1s 

weaned litters (Karels et al 2000)- Thaefore, during the Iow phase in the hare cycle, 

ground squimels are pzimady M t e d  by an interaction between food and predators 

operathg through reproduction. 

8 Increase. Fmm 1994, ground squine1 populations were essentidy released h m  the 

limitïng effects ofdirecî predation as predator populations were low and snowshoe hare 

populations increased (Krebs et ai. 1995). From 1994 to 1996, survivd rates of ground 

squinels were greater than 88% per 28 days Cl994 = 88%, 1995 = 97% Byrom et al. 

(2000); 1996 = 97% (Chapter 2)]. However,, predators stîii imposed sublethal effets 

that interacted with food availability to limit the maximum rate of reproduction WareIs et 

al. 2ûûO). Thus during the Increase phase of the hare cycle, ground sqiiinel popdations 

responded to a new Mt determined by both density-dependent reproduction (Chapters 2 

and 3) and densïtydependent overwinter survival (Chapters 2 and 3). 

O Peak. Ground squirrels peaLd in numbers in 19%)-199 1 and again in 19974998 after 

the near absence of predation after 1994. Density-dependmt reproduction and density- 

dependent overwinter survival continued to determine the p m d  s q b l  population 

density during the peak phase ofthe bere cycle (Chapters 2 d 3). Howeva, 

reproduction was susceptiile to density-independent fluctuations that appeared to be 



influenced by changing snowpack conditions (Chapter 2), which may have influenced 

energy expenditure overwinter deteimining the residd fareserves in spring (Chapter 4). 

Survival during the active season declined h m  97% in 1996 to 91% per 28 days ia 1997 

(Chapter 2), perhaps owing to increases Ïn predator populations (C. J. Krebs pers. 

comm-). However, it is &own whether predators sîiîf negatively influenced 

reprodwîion rates since acre was no treatment that excluded predators h m  ground 

m e 1  populations. 



Figure 5.1 A schanatic summary of the changes in arctic p t m d  squinel populations 
during a wmplete snowshoe ban cycle h m  1990 to 1998. Decllne Phase (O): As 
snowshoe hares declined, arctic ground sqWrreI populations declined because of intense, 
density-independent predation and possiby because of by density-independent sublethal 
eE&s of predators on reproduction. These effeds reduced the population b i t  towards 
the low. Low Phue (a): Populations were limited by an interaction between food and 
predators. Inerease Phase (e): When h m  increased, predation on ground squinels was 
nearly absent, and populations i n d  through derisity-dependent reproduction and 
decreased through ddty-dependent oveminter mortality. Kowever, the sublethal 
effects of predators were stül operating to Lunit reproductive rate and thus to reduce the 
maximum rate of increase. Peak Phase (8): The maximum density of gromd squirrel 
was limiteci primarily by density-dependeat overwinter mortaEty through cornpetition for 
food resources. 



A mode1 combining density dependence and density independence 

The popdation dynamics of the arctic grormd quine1 are presented in Figure 5.2 

as a model of density-dependent and d-ty-independent rates adapted h m  theoretical 

models presented in Sinclair and Pech (19%). Production rate P, represents the number 

of young produced per capita. This parameter represents weaning rate in my model and 

declines as population density increases. This modeL assumes that lîtter size, pre- or post- 

prnhim, is constant across dl densÏties- Howeva, there is variation in P shown by shaded 

areas that represent density-independent fluctuations in P. For arctic ground squimls, 

this variation could be caused by the interactive effects of f d  and ptedators on weaning 

rates (Karels et al. 2000) or possibly by the effects of winter snowpack influencing the 

body condition of squirrels emerging in spring which in tum infiuences reproduction. 

There are two sources ofmortality, predation (mJ and de& during hiemation (m,). 

Predation mortality (m,) occurs at constant rate across ail densities and effectively lowers 

the production curve by removing a CO-t proportion of individuals h m  the 

population. hiring a cyclic fluctuation ofswwshoe hares and th& predators, m, 

fluctuates h m  a low rate during the increase and peak phases of the han cycle, 

producing the upper production m e ,  to a high rate during the decline and early low 

phases of the hare cycle, thus produchg the lower production m e .  

Hibernation mortality (M is represented by the solid line in Figure 5.2 and 

occurs at a rate that increases as fd population density increases. During the increase 

and high phases of the hare cycle, when the rate of predation on ground -1s is 

lowest, m, intemects the upper production curve. During the decLine and low phases of 

the hare cycle, when the rate of predation on p u n d  quimls is -test, nr, intersects the 



Iowa production nwe. In a simpler modei, these points would represent the equili'brIum 

densities at the increasehigh phase (i.e k,) and at deche-low phases (i.e b) whwh bbirths 

equal deaths and the population is stable. However, because there is variation inP, there 

is also vm-ation in k that becornes a 'range of K. This range represents the possible range 

of densities during the cyclic peak ofground quine1 numbers k, and the cyclic Iow of 

ground m e l s  numbers b. However, mi dodoes not spontaneously jump fiom one 

extreme to another but changes gradually h m  weak to strong and back to weak rates of 

predation thus produchg a range of kthat slides h m  k, to R, and back to R,.during an 

entire hare cycle h m  the increase phase to the decline phape and back to the increase 

phase. 



Density t 

Figure 5.2 Conceptual mode1 of densitydependent productionP and ddtydependent 
overwinter mortality m2 for arctic gound q,ls (adapted Sinclair and Pech 1996). 
Mortality ml @dation) is density independent and d u c e s  net production during the ~ ~ l l l ~ l l e r -  
ml fluctuates duriDg the course of the snowshoe harr cycle with low predation during the hcrrase 
phase of snowsha harrs produchg the upper production m e  and intense piedation during the 
decline phase of snowshoe harcs produchg the lower production m e e  Values kI and kz 
representing the range of equili'bnum densïties where production equals deaths duruig low 
predation dnring the in- ofhares and during the intense predatïon during the decline phase 
of hares, rrspeetively. Ranges mthia k-vaius are produced by density-independent variation in 
weaning rates (grey area) owing to fluctuation in subiethal effeets ofpredators and/or variation in 
*ter conditions (snow depth). In this mode1 Lis essentiztlly a range ofeqyili'bnum densitics that 
continuousty slides Mm the uppa range &) ofdensitits diaing the increase phase of the hare 
cycle when predation on grouad squitrels is low to the lower range ( ,  of densities at the dedine 
phase ofhares when predation on p u n d  SqUirreIs is intense. 



Questions and hnure research directions 

M y  research has answered a number of key questions in the population ecology of 

arctic grouad squinels, but it has also served to raise others and these 1 outline below: 

The role o fprd tor s  in popufatrbn regutation 

It is plausile that had the termination of the K1uane projecî been timed to 

coincide with the decrease phase in bares rather than with the increase phase, the LeSults 

presented in Chepter 2 would have been different, Ifmy study wss conducted during the 

decline phase, predators may have played a more important role in rehrming gromd 

squirrel populations back to contml deasities than during the uicrease phase. The high 

densitties of squirrels on the experimental tteatments may have attracted more predators 

or encouraged individual predators to concentrate their efforts on that site. Rohner and 

Krebs (1998) experimentdy tested the response of great homed owls (Bubo mnimus) 

to 'hot spots' of high snowshoe hare densities created by the experimental manipulations 

of food and mammalian predators at Kluane. 'Hot spots' within owl territories did not 

alter the space use of those owls and 'hot spots' did not attract taritonal and non- 

territonal owls. They concluded that territorial behaviour limits growth and aggregation 

of predators at intermediate spatial scales. However, mammalimnmmalian predators may react 

differently to 'hot spots'. O'Donoghw et al. (1998) fond that lynx (Lynx canadensis) 

and coyotes (Cana lutram) concenttated their hunting in areas of higha hare abundance. 

During the naal -ter of the Kluaae Projecg Hodges et al. (1999) fomd that a single 

coyote, which found its way into the predator exclosure + food trament, accounted for 

at least 39.3% ofthe total predation on that site in cornparison to control areas where 

coyotes accounted for 22% ofthe total predation in that same winter. Therefore, 



mammalian predaîors may be capable of regdating gromd @xreIs if they respond in a 

densitydependent mariner- 

Ifmy study had coincided with the hare decline, it wodd have been possible to 

detennine the role of  sublethal effects of predators on ground squùrel popuiation 

regdation. Wouid sub1ethal effects of predaiors on reproducti01.1 in squirrels be density- 

dependent or would subletha1 effects be constant across alL densities? Density 

perturbation studies codd be designed with manipulation of predators to test how 

squinels at Mirent  population densities respond to the presence and absence of 

predators. 

O v m n r e r  survival 

1 found that strength of density dependence in overwinter d v a i  remaineci 

similas over two winters. However, it is too early to assume thet this reIationship is 

constant at all times but rather that there is variation in ddty-dependent overwinter 

survival in the same way as there is variation in the densitydependent weaning rate. 

Changes in snowpack or oveminter temperatures wuld change the relationship between 

overwinter survt'val and population density. 

The role of essential fatty acids in d a t i o n  dyMmcs 

Although food has major limiting and regulating e f f i  on ground squirre1 

populations, it is unknown what obmponent of the di- requitements ofgromd 

squizrels limits both th& reproduction in Summer and th& Suncival over winter. Are 

essential fatty acids limiting in the food supplies of grotmd squirrels in natural 



populations? Ifthey are Lumting, what are the implications for We-history strategies of 

organisms attempthg to obtain the quired q-titis? Do fatty acids limit the rate of 

reproduction and of oveminter SUlYivaî? 1s there a direct relationship betwee~l 

reproduction and oveminter d v a l  mediad  through essential fatîy acids? These 

questions wuld be easily addressed with carefbl food supplementation experiments as 

have been conducted in laboratory experiments (Geiser and Kenagy 1987; Fra& 1992; 

Geiser et al. 1992; Thorp et al, 1994; Franlc and Storey 1995). Factoriai designs 

consistuig of high and low be l s  of essentid fatty acids and high and low levels of 

proteins could tease out the relative contri'buîion of these nuîrients to reproduction and 

survival in nahnal populations ofground squirrels to address these Important issues. 

Snowpack a d  reprhction 

Snow accumulation over winter hibernada appeaeed to infiuence the rate of 

mass loss in ground squirrels which may impact the residual fat stores in spring that are 

supplementai to reproduction. What would be reqyired to test this is a direct 

manipulation of snow depth over hi'beraacula during winter. Snow codd be rexnoved or 

added over hiiemating ground squirrels to test the relationship between snow depth and 

reproductive performance during the subsequent breeding season. 

MechanLrm of d e t h a l  effectir ofpredatom 

It is unknown how predators negativcly inauence reproductionin ground 

squirrels. Predatoni may cause changes in the foraging behaviour of theV prey such that 

foraging rate is reduced when predators are abundant and this d t s  in declines in 



sq-1 condition and f d t y  as pposed for swwshoe hmes by Hïk (1995). 

Altematively, preâators may influence their prey through e f f i  of chronic stress as 

shown for snowshoe hares by Boonstra et al. (1998)- Booiistra et aL (1998) showed that 

during the decline phase ofthe snowshoe hare cycle when predaîors were abundarit; hares 

experienced severe stress e f f i  that were assOaated with poor reproduction- It is 

possible that both mechanisms operate simultaneousIy, but this rem- to be tested. 
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