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ABSTRACT

Collared lemmings (Dicrostonyx groenlandicus) fluctuate periodically in abundance on
the Kent Peninsula, Northwest Territories, Canada. I tested whether predation was necessary to
(1) limit the lemming population during a peak and decline summer (1996 and 1997), and (2)
cause the population decline. The nesting success of geese also fluctuates at this location. I
tested whether the relative number of goose nests lost could be predicted from functional and
numerical responses of nest predators to lemming density.

I reduced predation on lemmings with a fence and an overhead mesh of monofilament
line over 11 ha, completed during the lemming increase (summer 1995). I used mark-recapture
and radio-telemetry to investigate demography in this “Exclosure” and three Control areas, and
estimated winter predation from droppings and abundance of predators.

Dfansity increased in Exclosure relative to Control§ in both summers. Survival was
signific;ar‘itly higher within Exclosure during the lemming d:acline only. Neither proportions of
reproductive animals nor net movements differed significantly between treatments. I conclude
that predation was a necessary limiting factor in the peak and decline summeré, but that the
magnitude of limitation was greater in the decline.

Density declined over winter on all sites. The next summer (1997), the decline
accelerated on controls but was reversed within Exclosure. Summer survival was lower in the
decline than in the peak. Lemmings stopped reproducing early in the peak summer. If there was
no winter breeding, winter survival was high. The contribution of predation to the winter dec]ine'
depends on the extent to which mortality factors were compensatory. I conclude that predation

may not have been necessary to cause the decline; instead the decline was initiated by cessation

of reproduction. However, predation accelerated and extended the decline the next summer.



iii
From observed responses of nest predators to lemming density, I predicted that the
number of i‘goose nests depredated should be lowest during lemming peaks. . This was not true in
past lemming cycles in this region (1989 — 1994). 1 conclude that nest loss cannot be predicted

from the phase of the lemming cycle alone, and make testable predictions of how other factors

should affect nest loss.
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PREFACE

Chapters 2 and 4 of this thesis have been submitted for publication as follows:

Chapter 2:
Wilson, D.J., Krebs, C.J., and Sinclair, A.R.E.. Limitation of collared lemming populations
during a population cycle. Oikos, accepted February 12, 1999.
I conducted the field research for this paper, analysed the data, and wrote the manuscript. My

co-authors acted as advisors.

Chapter 4:

Wilson, D.J. and Bromley, R.G. Functional and numerical responses of predators to cyclic
lemming abundance: effects on loss of goose nests. Oikos, submitted September 2, 1998.
The manuscript was not accepted, but we were invited to submit a revised version and we
will do so in 1999.

Dr. Bromley acted as my advisor for the part of my research reported in this paper. He first

noticed a possible link between goose nesting success and lemming abundance on the Kent

Peninsula. The paper incorporates his long-term data of nesting success (1987 — 1997) and

annual surveys of relative lemming abundance (1990 — 1997), as well as a helicopter survey

of territorial pairs of pomarine jaegers in 1996 and several observations of the behaviour of
geese and predators. I designed and conducted field research (1995 — 1997) to quantify the

relative abundance and behaviour of predators and their interest in artificial goose eggs. 1

analysed the data and wrote the paper, with advice from Dr. Bromley.
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- CHAPTER ONE

INTRODUCTION |

Lemmings fluctuate periodically in abundance throughout rnost'of the Arctic. The causes of this
intriguing phenomenon have been sought for 75 years since it was first recognised by Elton
(1924). Understanding was initially slow because the results of observational and correlational
studies, of both lemmings and related species, were perplexingly inconsistent. More recent
experimental studies of small mammal ecology, most on vole popnlations, nave led to faster
advances (Stenseth and Ims'1993a). As well, the technology of radio-telemetry has made it
possible to study the movements and survivai of individuals. Still,‘ few experiments have been
conducted on wild populations of lemmings because-«in the far north such research is costly and.
arduous. o
Lemmings are small rodents broadly distributed through the Holarctic. Known as

microtines, in the family Muridae and subfamily Arvicolinae (formerly Microtinae), lemmings’
closest relatives are voles and muskrats. Two genera of lemmiings are almost circumpolar —
collared lemmings (Dicrostonyx) in arctic North America, Greenland, and vSiberia, and brown
~ and Norwegian lemmings (Lemmus) in Siberia, all but the eastern regions of northern North
America, and Fennoscandia (Jarrell and Fiedga 1993). Although the two are often sympatric,
. Lemmus is generally found in moist tundra habitat dominated by grasses and sedges, and
Dicrostonyx often on drier tundra dominated ny shrubs (Fuller er al. 1975a, Rodgers and Lewis

1986a, b).




Characteristics of lemming cycles

Patterns of lemmljng.éycles have been 'révie_wed by Krebs and Myers (1974) and more
recenﬂy by Krebs (1993)" and Stenseth and Ims (1993b), and several long-term data sets have
been pubhshed (e.g. Pitelka 1973; Fuller et al. 1977 Framstad et al. 1993a, 1993b). Lemrmng
cycles typically have a perlod of 3 to 4 years and amphtudes between 25:1 and 200:1 (Krebs
1993). Cycles are often synchronous over large geographic areas and among sympatric species.
Growth to the peak 'd.e}lsity‘is explosive, uslu,a'llly lwithin one year. A rapid decline follows; it is
often more variable in raie than the increase, ;md may occur in any season and last one or more
years. The low phaée is usuvélly the longest and may last more thén two years.

Although the data are sparse, several characteristics of lemmings and their environment

_seem’to vary cohsisteﬁtly within a cycle. During the peak phase, body size may be greater than

at other times'(Krebs 1964a). The maturation rate and length of thq breeding season are loWest
at the peak, but pregnancy rates and litter sizes are relatively invariant throuéh the cycle (Krebs
and Myers 1974). Winter reproduction is thought to be common in the year before the peak but
uncommon at other timés (Kaikusalo and Tast 1984}). The rate of winter mortality seems to bé
low, except during certain declines (Krebs 1993). Damage to vegetation is sometimes, but nbt
always, evident during or after a peak phase (Krébs and‘Myers 1974). It is well known that
prédators increase in numbers during lemming peaks; theif per capita consumption of lemmings

also increases when these preyvare abundant (Reid et al. 1995, and see Batzli et al. 1980).

Hypotheses for the causes of lemming cycles B

;Many hypotheses have been advanced to explain rodent population cycles: Batzli (19§2)
liSfed twenty-two. The rapid increase phasé of ‘microtine cycles is not surprising given the
fecundity of these animals. Most research has focussed on causes of the decline. Hypothetical -

mechanisms causing cycles are traditionally separated into intrinsic and extrinsic factors; both




fypes are proposed to result in cycles owiﬁg to .delayed density depehdence. In the following
‘paragraphs I summarise the major categories of hypotheses. P
Intrinsic hypotheses. emphasise the imporfaﬁce of differences among individuals.
Proportions of individuals of different genotypes or phenotypes may vary dufing the cyclg asa
result of differential selection, maternal effects, or social interactions (Chitty 1952, 1996; Krebs
1978, 1996). Demographics may vary not only in résponse to changing density, but as a result of
fluctuation in the composition of the population. ‘4’[;here is a growing body of work (;n the social
structure of voies, but apart from a few studies of aggréésion (Semb-Johansson et al. 1979,
Heske and Jensen 1993, Heske et al. 1993), home range, and dispersal (Brooks 1993, Reid et al.
1995, Blackburn et al. in press), little ‘is'known about'thié aspect of lemming behaviour (Krebs
1993, 1996). | |
Fluctﬁétioﬁs in ex';rinsig: factors'f digeaéc, foovdbqu‘antity or quality (nutrients and
secondary plant{compounds), énd predation — could .‘hyprothetically cause microtine cycles. Few
studies hav.e been able to associate population cycles with pathogens, although levels of virus
were higher in voles (M. penn&ylvanicus) ina declinihg population (Desicoteaux and Mihok
1986). Little is known about lemming pathogens or their population effects. Although
supplementél feeding of voles affects reprodﬁctidh, growth, énd.survival, the addition of food
has never prevented a decline (Stenseth And Ims 1993b) unless pfedators were excluded (Ford
and Pite_]k’a 1984). However, because voles (M icrotus agrestis) showed poor growth and
reproduction when introduced into habitats ihat had previously supported high vole densities,
Agrell et al.»(1995) suggested thgt food quality might have been impacted by the abundant voles
in the previous year. | | | o
Most experimental removals of vole pre_dato}r'sv haVé been on a small scale and'résulted in
increased densities but- did ﬁot affect populatipn dynarnicS (Erlinge 1987, Desy and Batzli 1989).

More recently, the exclusion of predators from an 11.2 ha area prevented seasonal declines in-a




_ non¥cyclic population of collared lemmings, and resulted in enhanced recruitment and adult

survival (Reid et al. 1995). When Norrdahl and Korpiméki (1995b) :r'emoved either avian

predators or least weasels from large areas, the density of voles did not increase, but when they

removed avian predators, least weasels, and ermine, vole densities increased Withip the removal
areas while they continued to decline elsewhere (Korpimiikli and Norrdahl 1998). It has also
been recognised that predation may interact with prey behaviour to affect factors o£her than
mortality — growth and reproduction may be'impacte'd if animals alter their foraging patt'erns in
response to a high risk of predation (Lima and Dill 1989, Korpimiki and Krebs 1996).

: y
The consistent cyclic changes that have been observed in reproduction, body size, and the

_abundance of predators suggest that multiple factors interact to generate microtine cycles (Batzli

1992). There is a growing consensus that predation and intrinsic factors may both be necessary

to generate declines (e.g. Krebs 1996, Stenseth et al. 1996).

Indirect effects of lemming abundance on other prey species

The swings in predator numbers and diets in response to chariging lemming density affect
other prey species. Roselaar (1979) suggested that the numbers of migrating shorebirds would
fluctuate if predatprs até their eggs and young in years when lemming numbers were low.
Sumrﬁers (1986) later associated regular fluctuations in the abundance of young brent geese
(Branta bernicla) in Britain with published observations of lemming abundance on the Taymyr
Peninsula in Siberia, where the geese breed. More rapid reproduction by predators during
lemming peaks might lead to particularly severe loss of goose nests the following year (Dhondt

1987, Summérs and Underhill 1987). Until lately, field research to test these hypotheses has

"been absent or short-term, and the reality of the relationships has been controversial. Recently,

in a 6-year study on the western Taymyr, Spaans et al. (1998) found that the system was not as

simple as had been supposed. They observed a delayed numerical response of arctic foxes after




one lemming peak, but not after another, when even though no nests were taken, most goslings

" were killed by gulls.

' Lemmings and geese on the Kent Peninsula, N.W.T.

Populations of collared lemmings (Dicrostonyx groenlandicus) and brown lemmings
(Lemmus triniucronatus) have peaked every three years since 1984 on the Kent Peninsula,
N.W.T., Canada (Poole and Boag 1988, Cotter 1991, Chapter 4). The rates of nest success of
white-fronted geese (Anser albifrons) and Cahada geese (Branta canadensis) on the Kent
Peninsula have fluctuated widely since 1987 (Bromley et al. 1995). Nesting success was
synchronous between the two species of geese and most nest failures were due to predation by

arctic foxes and avian predators.

Thesis questions

The research reported in this thesis focussed on two main questions: (1) How does
predation affect the population dynamics of lemmings, and (2) How do fluctuations in lemming
abundance affect the loss of goose nests? I used a combination of experiments and observations
to study collared lemmings and their predators during four summers on the Kent Peninsula. To
test experimentally the population effeéts of predation, I built a predator exclosure: conéisting of
a fence and an overhead mesh of monofilament, over 11 ha of tundra. The structure was
completed late in summer 1995, a lemming increase year. I live-trapped lemmings td estimate
their abundance and reproductive condition (Tables 1-1, 1—2), and estimated their survival with
radio-telemetry in the summers of 1994 - 1997. 1 monitored the reproductive success of
predators and estimated their summer and winter ciiets from pellets and scats. Finally, I built
simple simulation models to test whether the estimated demographic parameters could cause the

* observed population decline (1996 — 1997).



To test for possible indirect interactions between le‘mmihg abu_ndance and the loss of

.' goose nests, I assessed ‘nu_merical énd functional.responses of nest predator'sl to lemming density.

" I recorded sightingslof predators and observed them foféging in prime goose nesting areas. 1

supplemented nest predéﬁon data collected by -the N.W.T. government (Bro‘mle'y et al. 1995) by

. recording attacks on artificial plaster goose eggs, as an index of the total respohs'e of predators to

' lemming abundance.

. The structure of this thesis is.as follows:

Chapter 1. Intr(')d.uet‘ion.'
. Ini this chapter I re{/iew the background leading to the questions asked.in this thesis, and

list the main hypOtheses tested.

Chapter 2. Limitation of c‘ollahtred lemming populations during a population cycle.

: Thi.s chapter deseribes tests of the hypothesis that predation is necessary to limit lemming

populations during the peak and decline phases of the cycle. I report comparisons of density and

: demogféphy betweeri a population of cellared lemmings that was experimentally proteeted from

predation, and three control populatiehs..

:Chapter 3. Predation and the decliﬁe of eollared lemming populations.

In this chapter I describe tests of the hypothesis that predation is a necessary cause of the

* decline of lemming pepu'lations‘-: I compared rates of survival between the peak (1996) and

) ' dec'line'('1997)' sumimers, examined evidence of winter predatien (1996 f»1'997), and compared

rates of decline between the protected and control populafio’ns. In addition, I compared

reproductive parameters among years and used simple population models to test whether the

- estimated-demographic rates could cause the observed decline in winter and summer.



Chapter 4. Functional and numerical responses of predators to cyclic lemming abundance:

effects on loss of goose nests.

This chapter describes a test of the hypothesis that the pattern of predation on goose nests
(nests lost péf km?) during a three-year lemming cycle can be predicted frém (1) functional
r¢sponsés of nest predators to lemming density, and (2) tifning of numerical responses. I
compared the relative abundance of predators on goose eggs and indices of their functional and
total responses among three years of the lemming cycle. ‘ The pattern of nest losses during a
cycle predicted from these results is then compared with data from previous lemming cycles at

this location.

Chabter 5. Conclusion.

This chapter summarises the main results reported in this thesis and recommendations for

further research.



Table 1-1. Trapping dates in 1994, 1995, 1996, and 1997. Trapping sessions used for MARK

analyses in 1996 and 1997 are noted (e.g. Session 1, 96; see Chapter 2).

Trap cleaning

Trapping

Grid 1994 1995 1996 1997
Control 1 May 30 June 10-11 May 30, June 3 June 13-14
Control 2 May 30 June 8-9 May 31, June 4 June 13
Control 3 May 30 June 14 June 2 ~ June 14
Exclosure -- June 13 June 1 June 13
(Session 1, 97)
Control 1 June 8 June 20 June 14 June 15-16
Control 2 June 8 June 22 June 20 June 15-16
Control 3 June 8 June 23 June 10 June 17-18
Exclosure — June 24 June 7 June 17-18
Control 1 June 29 June 28
Control 2 June 28 June 30
Control 3 June 29 —
Exclosure —_ July 1
- (Session 1, 96) (Session 2, 97)
Control 1 July 9 July 9 July 15-16 June 28-29
Control 2 July 9 — July 20-21 June 28-29
Control 3 July 11 — July 7-8 July 4-5
Exclosure — July 15 July 3-4 July 1-2
(Session 2, 96) (Session 3, 97)
Control 1 July 23 August 2 August 3-4 July 19-20
Control 2 July 22 August 2 August 7-8 July 23-24
Control 3 — — July 29-30 —
Exclosure — July 29 July 25-26 July 25-26
(Session 3, 96) (Session 4, 97)
Control 1 August 11 August 23 August 14-15  August 10-11
Control 2 August 11 August 25 August 17-18  August 12-13
Control 3 August 13 — August 20-21 —
Exclosure — August 22 August 11-12 August 15-16
Control 1 September 1
Control 2 August 30
Control 3 August 30
Exclosure —_ August 24-25



Table 1-2. Trapping sessions used in analyses of reprodlictive and age structure data (Chapters 2

and 3). Each season was divided into four periods, as similar as possible among years. Trapping

sessions on Control 3 grid were excluded from the analyses requiring comparisons among years.

Period ' Grid

1995 1996 1997

June . : . .
Control 1 June 20 June 14 June 15-16
Control 2 June 22 June 4 June 15-16
Control 3 June 23 June 10 June 17-18
Exclosure June 24 June 7 June 17-18

Late June — mid July _ :
Control1  July9 July 15-16 June 28-29
Control 2 June 30 June 20 ' June 28-29
Control 3 — July 7-8 - July 4-5
Exclosure July 15 July 3-4 July 1-2

Late July — early August , : -

5 : " Control 1 August 2 August 3-4 July 19-20 -
Control 2 * August 2 August 7-8 July 23-24
Control 3 — July 29-30 —
“Exclosure  July 29 July 25-26 July 25-26

August '

Control 1 August 23 August 14-15 August 10-11
" Control2  August 25 August 17-18 August 12-13 -

Control 3 — August 20-21 ‘ —_
Exclosure  August 22 August 11-12 August 15-16
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CHAPTER TWO

LIMITATION OF COLLARED LEMMING POPULATIONS

DURING A POPULATION CYCLE

INTRODUCTION

Populations of collared lemmings (Dicrostonyx spp.) exhibit mu.lti—annual ﬂuctuatioﬁg in
many circumpolar regions. This pattern has been documented. ifo'r ‘D. torquatus on the Taymyrv ‘
Peninsula (Dorogov 1983) and Wrangel Island (Chernyavski 1979), D hudsonius in Ungava
(Elton 1942), D. richardsoni in northern Manitoba (Shelford 1943, Mallory et al. 1981, Scott
1993), and D. groenlandicus near Baker Lake (Krebs 1964a), near Igloélik (Rodgers and Lewis "
1986b), on Devon Island (Fuller et al. 1975b), on the north slope of Alaska (Batzli et al. 198(‘))',
in the Central Northwest Territories (Poole and Boag 1988, Cotter 1991, Chapter 4), and iﬁ
Greenland (Sittler 1995). An exception is the population of D. g kilangmiutak at Pearce Point in
the Northwest Territories (Krebs et al. 1995, Reid et al. 1995’) that maintains persistent low
densities. Wheré other sympatric microtines occur, including Sibérian lemrﬁings (L;emmqs *
sibiricus), brown lemmings (L. trimucronatus), red-backed voles (Clethrionomys rutilus), and
tundra voles (Microtus oeconomus), they tend to cycle synchronously with Dicrostonyx. |

Predators reépdnd (Solomon 1949) numerically (Maher 1967, 1970, Pitelka 1973,
MacLean et al. 1974_, Batzli et'al. 1980, Henttonen et al. 1987, Underhill et al. 1993) and
functionally (Reid et al. 1997 and see Batzli et al. 19‘80) to increases in lemming 'numbers’.
Because the increase in numbers of predators may lag the increase in lemming density, delayed
density-dependent predatioﬁ is on'e4 of many hypbthesised causes of population cycles in
lemmings (Stenseth and Ims 1993b), as in oth;::f microtines (Taitt and Kreb; 1985). Even if

predation does not cause the cycle, it may limit (reviewed by Sinclair 1989) prey density,
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resulting in reduced peak densities, accelerated declines, and extended periods of lbw density
(Taitt and Krebs 1985). However, if other causes of ﬁortality compensate sufficiently
(Errington 1946) predation may not be limiting. Also, if the population is limited by food or by
spacing behaviour then any reducﬁon in pfedation may be offset by changeslin reproduction or
emigration. On the other hand, predation may be limiting in only certain phases of the cycle — in
the decline phase, for example, wheh the predation rate is expected to rise owing to a délayed
numeriéal response Qf‘ predators.

Radio-telemetry studies of Iﬁicrqtines have revealed that a large propOrtion die
proximafely of Iﬁredation (Brovlo-k's‘and Banks 1971, Heske et al. 1993, Krebs et al. 1995,’
Norrdahl and Korpimiki 19955,’ Reid et al. 1995, Steen 1995, and see Steen et al. 1997). When
predators have been experimentally excluded or removed, micr;)tine numbers have usually, but
not always, increased relgtive to control populations (Erlinge 1987, Desy and Batzli 1989, Reid
et al. 1995, Korpimiki and Norrdahl 1998; cf. Marcstrom et al. 1988, Norrdahl and Korpiméiki-
1995b). ‘The sole experiment o.f fhis type on lemmings was that of Reid ez al. (1995), who
concluded that predation curtailed summer growth of a non-cyclic population of Dicrostonyx.
Limitation by predation of a cyclic lemming population has not previously been studied
experiméntally. | | |

| By experimentally reducing predation on 11 ha of tundra and using radio-telemetry to
determine the fates of collared lemmings (D. g. kilangmiutak Anderson and Rand), we tested
whether and to what extent predation was necessary to limit the lemming populapion in the
summer during the peak and decline phéses of acycle. A necessary condition is .a prerequisite, a
condition that must prevail for another to occur. Hence if predation is necessary to limit the
population then reducing predation will causé density to increase. We tested the following
predictions. If predation is a necessary limiting factor in summer, then (1) some mortélitieé must

be due proximately to predation, and when predators are removed (2) density‘v.{/ill increase, (3)
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survival will increase, (4) reduced predation will not be compensated for by increases in other
sources of mortality, and (5) increased survival will not be negated by changes in other

demographic factors such as emigration or reproduction.

STUDY SITE
This study took place at the Walker Bay field station on the Kent Peninsula, Northwest

Territorigs, Canada (68° 21'N, 108° 05'W). The region is characterised by shallow tundra ponds
and lékes éeparated by low-lying flat grassy areas, mud ﬂat‘s, sedge meadows, or moist broad
hummocks (less thaﬁ 20»m above sea level). Several ridges of higher land (less than 40 m a.s.].)
risé above the wet tundra; dens of arctic foxes and nésts of owls and raptors are commonly '
situated on this high ground. Collared le'rr-lmings are most abundant in the hﬁmmocky habitats,
where the predominant vegetation is Saliég lanata, S. arctica, S. reticulata, Dryas integrifolia, and
Carex bigeléwii. Brown lemmings pr:e.fer‘ wetter habitats dominated by sedges and grassés
including Carex bigelbwii, C. salina, Eriophorum angustifolium, and Duponz;ia fisheri.

| lsredators on lemnﬂngé in this région include arctic foxes (Alopex lagopus), ermine
(short-tailed weasels or stoats) (Mustela érminea), arctic ground squirrels (Spermophilus parryi),
parasitic, pdmarine, and long-tailed jaegers (skuas) (Stercorarius parasiti;:us, S. pomarinus and
S. longiéaudqs), short-eared owls (A&io flammeus), snowy éwls,(Nyctea scandiaca),

rough-legged hawks (Buteo lagopus), glaucous gulls (Larus hyperboreus), sandhill cranes (Grus \

canadensis), common ravens (Corvus corax), and peregrine falcons (Falco peregrinus).

METHODS
We trapped lemmings on four plots, each 300 m x 300 m (9 ha), in predominantly

hummocky habitat (Fig. 2-1). The sites were at least 0.5 km apart and largely vseparated by



- Fig. 2-1. Map of Frapping grids. at the Walkef_Bay field station, Kent Pehinsulé, N.W.T.kused in
1994 through 1997. Contrbl_ grids are indicated as Cl, C2, vand»Cé; ‘t.hé(p‘redat(‘)r exclosure is
labelled E énd the surrounding fe;ﬁcé is shoWn. .D‘arkj.s‘héding répresents fﬁe largest lakes.-and-
ponds; light shading show_;: the approximate extent of mud ﬂéts. Ijnsha_ded cohtoﬁrs represent

ridges of high ground (< 20 m above sea level).
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ridges,ponds? or Inud flats. We protected one plot from pre_dators‘by bullding la predator
e)rclosure (approximately 11 ha) consisting of a chicken wireffence“to deter large rnamrnalian' L
predators and a cover of parallel lines of tautmonofilarne’nt fishing ll_ne to deter ayian pr'edators;
Lernrnings could pass through the chicken wire (2.5 cm mesh si'z'e). blT‘he fence stood 1.5 m high;

the monoﬁlament was spaced approximately 45 cm apart, about 2 m above the ground. Reid ,ét '

al. (1995) descrrbed a s1m1lar construct1on The monoﬁlament was completed by 27 July 1995

B The fence was erected by 25 July 1995 and the 50-cm apron of chrcken wire at 1ts base was

buried in soil by 8 August. It acted as a predator exclosure durlng the snow-free period.
The protected area was not designed to exclude ermine, but we!have few records of these
animals within the exclosure. We found an apparently starved ermine. in the e'xclosure in July

1995 when it was under construction. In August 1996 we trapped and removed two ernﬁne,-and ,

in August 1997 we saw one ermine in the exclosure Arctrc ground squrrrels could have .-

burrowed under the fence, but they tended to use drrer habltats and were not observed on any of

our plots. ‘The structure effectively excluded avran predators 1n.sumni1er, but predatron by ar_ctrc :
foxes occurred inside in August l996 and June and August l99.7;_t_he' foxes jumped the fe‘nce‘or S
sornetimes(cheWed through it. We estimate that the risk of predation was reduced by about 50% |
within the protective structure. The ve"xclosure was less effeCtlye in winter '._:—,"s.n'}owﬂéoyered'the .
fence and signs of arctic fo'xes and snowy owls were'found within: the area each spring.

On each plot we surveyed ‘a trapping grid of 10 rows and 10 columnsvof wooden- stakes' o
30 m apart A Longworth trap was placed near an active burrow or in a runway near each grid’
pomt The traps were left locked open on the grlds during winter ts1nce 1993 on Control plots '
and since- 1994 on the Exclosure plot) Throughout the summers of 1994 and 1995 we trapped B
on each grid in one- day sessions (trapprng in the Exclosure began in 1995 Table l l) In 1996
and. 1997 we trapped in two day sessrons whenever poss1ble (Table 1-1); on the second day traps '

were moved to a new location. We also caught lemmmgs that were shelterrng in open traps when
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we cleaned traps during snowmelt eaéh spring. Traps were baited with apple, shaded with
wooden boa;ds', and c'hecked every five hours. We marked both collared and brown lemmings
with numbered metal ear tags (fingerling tags). Of more than 1200 lemmings tagged in 1995 and
1996, only a few were recaptured in the subsequent year — all Dicrostonyx, two on Controi grids.

and five in the Exclosure.

Estimatioﬁ of density and survival |

We estimated the abundénce and survival of Dicrostonyx in 1995 by means of the Jolly-
Seber method (program JOLLY, Krebs 1989, p. 485). For thé equivalent estimates in 1996 and
1997 we used the robust design method (Pollock.1982, Pollock et al. 1990) in prograrﬁ MARK
(White 1998). (In 1995 our trapping sessions did not follow the robust design; the analyses
performed by program JOLLY were equivalent to those now available in MARK for sﬁch data).

MARK computes maximum likelihood estimates of the parameters of models that predict the

“encounter histories of animals. The robust design model combines the Cormack-Jolly-Seber

(CJS) (Cormack 1964, Jolly 1965, Seber 1965) open population mark-recapture model and
models developed for closed populations (Otis et al. 1978). The robust design requires a
sampling protocol in which primary trapping sessions each consist of multiple secondary
sampling sessions close together in time. It is assumed that the population isvclosed within each
primary trapping session (i.e. among secondary sessions within each primary session), énd
therefore data from each primary session are analysed with cl'osed—capvture models. Unlike the
Jolly-Seber method, some of the closed-capture models allow unequal catchability among -
indiViduals; therefore they can provid¢ improved estimates of capture probability and hence
populétion size. Survival between the‘primary sessions can then be estimated with greatér

precision than is possible with the Jolly-Seber method alone. Tt is also possible to estimate

probabilities of temporary emigration from, and re-immigration to, the study area.
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Closed-capture models with orily two secondary trapping sessions, as we had, cannot
allow for a behavioural trap responso (Otis et al. 1978). However, with a series of closed-
capture sessions, MARK allows estimation of a temporary trap response. For each primary
trapping session comprising two secondary sessions, MARK estimates three parameters: the
probability of capture in the first secondary béssion (p1), the probability of capturo of an
unmarked animal in the second secondary session (p2), and the probability of recaprure (c). Only
two of these are estimable for one primary session, but they all can be estimated with multiple |
primary sessions under the realistic assumption of an additive relationship among the paraineters
over time — that is, that differences between p,, p;, and ¢ are constant among the primary
sessions. This model accommodates both a temporary trap responsc‘and time variation. It is
) possible to determine whether these parameters are needed by testing for differences among p;, |
P2, and .c,vas Well as among prirnary sessions. Differences in trappability among groups of
animals — among trapping grids in our case — can also be modelled. Other hetérogeneity among
individuals cannot be accourited for with only two secondary trapping sessio.ns and can lead to
underostimation of density; however, survival estimates are relatively insensitive to such
variation (Pollock ef al. 1990). A permanent trap response can bias density estimates in either
direction, but does not affect s_urvival e_stimates (Pollook et al. 1990). | We assumed that any
heterogeneity in the trappability of lemmings was consistent among grids, thereby introducing a
constant bias.v |

From the probabilities of capture and recépfure described above, the robust design model
estimates a capture probability parameter (p*) for each primary trapping session. Other
parameters estimated are N;, the population density at the beginning of the i primary session,
and S;, the probability of survival between primary sessioris iand 1+ 1. Eachvparaimetér can be

estimated separately for identified groups of animals (trapping grids in our case, next paragraph).

We set the emigration and re-immigration parameters, Y " and Y ', to 0 so that the surVival
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" parameters represented the same apparent surviv'al estimated by the Jolly-Seber model — that is, -
the survival parameters included effects of emigration. ‘

We used MARK to fit a series of-increasingly parsimonious‘ hypothetiCal,models to the
data of 1nd1v1dual encounter histories (Table 2 l) From these we.selected a model by
minimising Akaike S 1nformation criterlon (AIC) (Akaike 1974) AIC is, calculated as AIC ="

: —2ln(L) + 2p, Where L represents the maximised hkehhood of the model and p the number of
parameters in the model. (MARK actually computes AIC,, Wthh corrects the bias 1ntroduced

| when the sample s1ze’is small relative to the number of parameters 'est1mated,l AIC attempts to

~ trade off bias:against variability of estimates. As the number .of’.parametersl-in-a model increases,

both the 'bias and precision‘ of estimates ten’d“to 'decrease. Therefore AIC penalises the increased |

. likelihood of a better-fitting model by the number of additional parameters requir'ed. Examples |

of successwely simpler models of trappab1l1ty in the first secondary sessron (pl) are (1) non-

N additive (1nteract1ve) effects of time and trappmg grid abbrev1ated pl(t * g); (2) additive effects

of time and grid, p,(t +g); (3) atime effect only, pi(t). In model pi(t * g)a separate trappabihty o

' parameter is estimated for each grid and time period; | therefore the'number of parameters 1S ng X

ng, where n; is the number of primary trapping sessions and ng the number of grlds In model

pi(t + g) the differences between parameters for each grid are constant at each time step, only

ne + ng -1 parameters are required, one for e_ach trappingrse_ssion .andbOne each;for the difference’
between the first and each other grid.-,' In model pl(t). the'parameters for all grids ‘are equal but

vary through' time; only n; parameters “are needed. -Similar sets offmodels can be' built for other

| trappability (p2, ©) and survival (S) parameters (Table 2-1). We found that likelihood ratio tests -

(Whlte and Bennetts 1996) led to selection of the same model as d1d AIC In these tests the ﬁts

of two nested models are compared by means of the ratio of their lrkehhoods which follows a




Table 2-1. Procedure for testing increasingly parsimonious models of density and survival in

MARK. If any step caused AIC. (see text) to increase, it was omitted.

(1) Start with full model:

(2)  Setpr=pi:

3) Set ¢ = py:

€)) Remove (t *

c=x+pr=y+pi(t* g N(t*g) S(t*g)
c=x+pa=pi(t* g) N(t * g) S(t * g)

c=p2=pi(t * g N(t*g)S(t* g

g) interaction from C,PLp2 c=p2=pit+g) N(t *g) S(t* g)

(5) Remove ¢ and then t effects onc, pi, p2: ¢ =p2=p1() N(t * g) S(t * g)

(6) Removet * g interaction from S: c=p=pi()N(t*g) St+g)

(1997 model only)

Notation is as follows:

N
S
|4

P2
C

population density estimates

survival estimates -

probability of capture in first secondary trapping session

probability of capture in second secondary trapping se,ssioh

probability of recapture: the probability that an animal caught in the first
secondary trapping session is recaptured in the second secondary session
a time effect ’

a trapping grid effect

an interactive effect: (t * g) includes effects of t, g, and the interaction
between t and g ‘

an additive effect: (t + g) includes effects of t and g but no interaction

. a constant parameter; i.e. no variation among grids or times

C:pzzpl‘
C=X+D2=pP1

C=X+p2=y+D1

pi, P2, and c all equal

p1 and p; équal; the difference between these parameters and ¢ constant

among grids or times

differences between py, p2, and ¢ constant among grids or times. '
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X2d distributiéﬁ Where the degrees of freedcl)'rlrvl., d, is the difference-in thé number of pafameters :
between the two models.

In 1996 we trapped_on two consecutive déys oﬁ three occasions on each _C,ontfol grid and
on four occasions on the Exclosure grid. In ordér to comp,are among grids we grouped sessions
- on the four grids that were as close as possible iﬁ time. Hoyvever, to avoid coﬁfou_ndjng density
with time as the populations increased owing to summer reproduction; we ignored the last
trapping session in the Exclosure (24 — 25 August) because it was léter thah séssidns on the other |
- grids. Our conciusions from this conservative procedure were the same as those reached if the :
last three rather than the first three sessions on the Exclosure were included. In 1997 we trapped
on two consecutive days on four occasions on two Control grids and in the Exclosure. As in
1996, we grouped occasions for each of these three grids that were closé in time. On tﬁe third
Control grid there were only‘ two trapping sessions, each of two consecﬁtive days,--ir.l i997. We
estimatgd thé densities on that grid by means of a ciosed-capture model uqder the sarﬁe
assumptions (p; = p» = ¢) made for the other grids in 1997. We used the adjusted tfteét for N
comparing a single observapilon to the mean of a sample tSokal and Rohlf 1995, p. 228) to”
compare an estimate fof tﬁe Exclosure with the .mean-of’ the corr'e‘spb-ndih;g es£irﬁat§s"for fhe |

Control grids at a particular time.

Sﬁrvival estimation from mark-recapture data

In 1997 the time intervals between primary trapping sessions were similar among grids
(Control 1: 13, 21, 22 days; Control 2: 13, 25, 20 days; Exclosure 1:4, 24, 21 days). Therefore we
tested the null hypothesis that the survival rates in the Exclosure'.were equal to the survival rates
of animals on the Control grids by comparing models generated in M‘ARK, by rﬁeans of
likelihood ratio fests (White and Bennetts 1996). We compared the fits of three nésted models

all with survival (S) varying among the different time periods (t) between primary trapping
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sessions: (1) separate survival parameters for each grid (S(t +g)), (2) separate survival
parameters for the Controls and the Exclosure (S(t + Excl)), (3) equal survival on all grids (S(t)).

In 1996 the time intervals between primary sessions differed too much among trapping
grids for us to be able to compare models. Instead we arithmetically converted the survival

estimates from MARK into 14-day survival rates and 95% confidence intervals and compared

them graphically among grids.

Survival estimation from radio-telemetry

‘We used radio-telemetry to obtain iﬁdependent estimates of actual survival, by fitting a
total of 214 adult and subadﬁlt lemmings with transmitters. We used Biotrack radio collars (SS1,
SS2, and TW4) weighing approximately 3 g. No lemming received a radio weighing more than
1_0% of its weight. The position of each radio (a "fix") was recorded approximately every three
days. If an animal could not be located, we searched extensively on and around the trapping grid
and at known predator dens, nests and perches. When a dead lemming was found, the type of
predator responsible was inferred from a necropsy, from the location of the radio, and from
damage to the radio. Lemmings killed by arctic foxes had massive haemorrhaging under the skin
or large puncture wounds, and were often found cached under moss or leaf litter. Foxes
sometimes left only the stomach and radio but often dug up burrows or chewed collars. Ermine
* skinned their prey or ate the brain. Avian predators often left only the stomach and radio or a
regurgitatéd casting containing the radio. We found transmitters and the remains of lemmings in
fox dens, in ermine dens and near the nests of pomarine jaegers. Occasionally a dead lemming
was found on or under the ground with no apparent injuries; we classified these as “non-
predation mortalities”. When possible, we removed or changed radios during the summer when
Batteries were .due to fail. Most radio-collared animalsbthat were alive at the end of the s&udy

were recaptured and their collars were removed.
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We estimated‘s,urvival rates from the r’adioftelemetry dat_a by rneans of Kaplan-Meier
analyses with beth .singly—eensored and progressively—censored (staggered-'entry) data (Pollock et
al. 1989) We plotted the surv1vorsh1p functron of animals 1n two groups Control and
Exclosure, in 1995 1996, and 1997, and estimated their survrval in June July and August of
eaeh summer.' Data from four animals that dred within the first two days after radios were fitted

were deleted because collars may compromise survival in the shortterrn (Reid er al. 1995). Log-

lrank tests (Pollock et al. 1989; equivalent to Mantel and. Haenszel’s XZ‘ test, Lee 1980, P 136) .

were used to compare estimates between the Control and the Exclosure groups.

Reproductive activity
we weighed lemmings to' the nearest 1 g and recorded theirv reproductive :condition. We
assigned them to weight classes aecerding to their mass as follows: small (< 25g), medium (25 -

49g), and large (= 50g). They were additionally assigned to age classes based on their weight

kand‘ pelage at first capture. Animals weighing <40 g at first vcapture were classified as born that -

season, 'either under the snow (“spring born”) or in the first, -second or third summer litters,

dependrng on the date of capture Anlmals in juvenile or subadult pelage in May or June were

classrfred as spring born regardless of therr werght (usually <40 g). All other lemmrngs

Weighing more than 40 g at first capture were consrdered adults.
A male was considered reproductive if his testes were scrotal, a female if her pubic
symphysis was at least slightly open, her nipples enlarged,' or she was obviously pregnant. To

compare reproductive status among years, we chose four periods within each season that

.included, whenever possible, a trapping session from each year on the three main grids (Table

1-2). We ignored data from the few trapping sessions outside these peridds and from Control

grid 3, where trapping was infrequent in 1995 and 1997. The relationship between reproductive
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condition and year, sampling period, and trapping grid was modelled by means of logistic
regression (a generalised linear model for binoﬁﬁal data). This method uses an iterativé weighted
least-squares algorithm to estimate a maximum likelihood coefficient for each level of eéléh
factor (Statistical Sciéhces v1995, p- 8-27). Th¢ céefﬁcient represents a transformation of the
incremental prc.)babilityithat an animal at that factor level was in reproductive condition.
Separate modeis were fitted for large, medium and small males and for large and medium
females (no small feinales were/classified as reproductive). In egéh ca's.'e‘a parsimoniéus model
\;vas Sélected by elirhinating terms that did.not explain much variation in the response variable,
according to an approximation ‘of Akaike’s information criterion (AIC) (Akaike 1974). Planned
Helmert contrasts (Statistical Sciences 1995, p. 2-13) were used to compare the.coefficient for
the Exclosure with the mean of the coefficients for the Control grids. 'Planned “treatment”
\‘contrasts were used to compare other coefficients of interest: the peak yeér versus other years,
and August versus other time périods. Functions “glm” and “step” in S-Plus (Statistical Sciences
1995) @ere used for these analyses.

Beginning in July 1996 wé recorded oestrus (perforate vagina) as a separate indicator of
female reproductive condition, but because of differences in assessments among field workers
we could. not compare rétes of oestrus between years. Because the proportion of la;ge animals in -
oestrus declined linearly throughout the 1996 season, the logistic regression for 1996 was
modelled with trapping date as a c‘ontinuous‘variable and grid as a discrete fécto'r. A separate
slope could therefore be fitted for éach grid. We included in this regression the data frorﬂ the last

trapping session in the Exclosure in 1996 (August 24-25).

Sex ratio and age structure

We compared the proportion of male lemmings, and the proportion of lemmings

classified as adults when first captured, among years, sampling periods, weight classes and grids
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by means of logistic regressions similar to those described above. We grouped the trapping

sessions in the same way as for analyses of reproductive condition.

Mass of adult and juvenile lemmings

We used a general linear model to compare the weights of adult animals of both sexes
among years, sampling periods, and grids. A logio transformation was applied to the data to
normalise distributions and equalise variances. As above, AIC was used to identify a
parsimonious model. We grouped the trapping sessions in the same way as for the analyses
described above.

We wanted to compare weights of juvenile lemmings among grids after the juveniles had
grown to adult size; the only cohort large enough for such a comparison was the first summer-
born litter in 1996. We used models similar to those described above to compare the mass of

these animals among grids in late July — early August when most were below 40 g and in August

v
€. b3

when most were above 40 g.

Movements of lemmings

As an index of distances moved by the lemmings on the different trapping grids, we
calculated the net displacement between primary trapping sessions of lemmings caught in two
successive sessions. The same trapping sessions were used for this analysis as for the above
analyses. A logo transformation was applied to the data to normalise the distributions and the
95% confidence intervals for the mean displacements of males and females in each year were
compared graphically. Most of the data were for large animals and none for animals weighing

less than 25 g. The distances moved by animals of medium weight were similar to those moved

by large animals, so we combined the two groups for these analyses. We also recorded the
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numbers of telemetered lemmings that moved away from the grid‘ on which they were .ﬁrst

captured.

RESULTS

Abundance

In 1994 the density of lemmings wasvvery low and we caught orily two — a male Lemmus
on 9 June and a female Dicrostonyx onl September.f Nor were any lemmings trapped in 1994 in
a snap-trapping survey conducted anﬁually m July at Walker Bay (Chapter 4). We display
estimates of 0.11 ha’! (1 animal per gfid) throe‘gheut 1994 (Fig. 2-2); othersze data from the
animals caught in 1994 are not included in the analyses reported below.

J olly-Seber estimates of Dicrostonyx density in 1995 were approximately 2 ha'!
throughout the summer on all grids (Fig. 2-2) glthough 95% conﬁdenee intervals were large.
Because the predator exclosure was not completed until late July, We did not expect to detect
differences in density or survival between the Exclosure and the Control Zg'rids.

In all our robust design models of density and surviVal, AIC, was reduced (AAIC. < -1.4)
by equating the probabilities of capture during the first secondary sessioﬁ (pl)A, t.he second
secondary session (p), and the probability of recapture (c) (Table 2-2, models 2, 4, 5).

Therefore we assumed these parameters to be equal. In models of the 1996 data it was possible
to assume that these parameters were also equal among grids (AAIC, = -3.2, Table 2-2, models 1
- 3). Because the time intervals between primary sessions differed among trapping grids in
1996, we did not tfy to equvate survivél parameters afnong grids. In models of the 1997 data we

were able to assume no interaction between grids and time in the case of survival estimates

(AAIC, =-1.8).
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Table 2-2. Successively parsimonious f_nodels from pfbgram MARK of 1996 Dicrostonyx
density and survival. Models are sorted in increasing order of AIC, (therefore the bést model is
first). Only the change in AIC, (AAIC,) relative to the best model is shown. Models are

described using the notation shown in Table 2-1.

Model ’ AAIC, Parameters -

. c=pr=pi() N(t*g) St*g) 0.0 23
2. Cc=p=pit* NG*g St*g) 32 32
3. C=p2=pi (t+g5 N(t* g) S(t*g) , 4.0 26
4. c=x+p=pit*g Nt*g) St*g 44 33
S c=x+p=y+pit*g Nit*g s(t*g) 47 34

6. c=p=pi() N(t*g St*g 7.8 21
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~ In early July 1996 the estimated density of Dicrostonyx was 8 — 11 hé'l on all grids (Fig.
2-2). In late July the estimated density in the Exc_losure was nearly double the mean of the
estimated densities on the Control'grjds (one-‘tailed t-test, t, = 3.2, p>< 0.05). By mid-August the
estimé’_[ed density in the Exclosure was 34.1 ha™! (95% c.i. 26.5 —46.2), more than double the
mean of the estimates for the Control grids (16.4 ha‘l; one—tailéd t-test, t, = 2.5, p < 0.07).

During the winter of 1996 — 1997 the density of lemmings declined on all trapping grids.
In mid-June 1997 the estimated density of Dicfostonyx was approximately 1 ~2 ha on two
Control grids and 7 ha" on Control 1 grid and within the Exclosure (Fig. 2-2). On the Control
grids the densities declined throughout the summer. The estimated densities on Cohtrol grids 1
and 2 in August, and on Control grid 3 in our last trapping session there in early July, were
approximately 1 ha or less (the largest 95% c.i. was 1.0 -2.5). vWi.thin the Exclosure;, the
density declined to aboﬁt 3 ha' (95% c.i. 2.3 - 5.2) by 1 July, but by August it. rose to
“approximately 7.2 ha'! (95% c.i. 4.4 — 14.7). Thisestimated density in the Exclosure in August
1997 was 10 times that on the Control grids (0.7 hal; one-tailed t-test, t, = 7.7, p=0.04). Hence,
the decline was reverlsed in the experimentally treated area in summer 1997. The rate of change |
of density (r) was -0.19 per week on Control grids in summer 1997 and +0.002 per week in the
Exclosure. !

We caught few Lemmus except in 1996; in that year we caught few until July but they
then increased in abundance on all grids. Tn 1996 there tended to be fewer Lemmus in the
Exclosure. than on the other grids (Fig. 2-3a); indeed there seemed to be an inverse relationship
between the densities 6f the two species. The dehSity of Lemmus remained lower than that of
Dicrostonyx excépt that in mid—AljguSt on Control 1" grid the de;lsitieé of the two species were
no_t>significantly different (Figs.} 2-2, 2-3a). Becaﬁse the grids wére not chosen to include
Lemmus habitat, it may be inappropriaté to estimate total lémming density. We were not able to

:

do so formally in any case because we could not assume probabilities of capture were equal in
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Fig. 2-3. (a) Estimates and 95% confidence intervals of the population density of Lemmus
trimucronatus on Control (diamonds, circles and triangles) and Exclosure (squares) grids, in
1996, obtained by means of the robust design. (b) Estimates of densities of both species of

lemmings on the four grids, obtained by summing data from corresponding trapping sessions in

Figs. 2-2 and 2-3a.
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the two species (AAIC, = 4.2). Nonetheless, because the question of how total lemming
abundance differed among the grids was interesting, we summed the estimated densities of thé
two species (Fig. 2-3b). The estimated density of all lemmings in the Exclosure in 1996
exceeded the meaﬁ of the estimates for Control grids by 45% at the end of July and by 56% in

mid- August (one-tailed t-tests, to=4.0, p < 0.03 and t, = 2.7, p < 0.06).

Survival estimates from mark-recapture data

During the period from late July to mid-August 1996, the 14-day survival rate Qf
Dicrostonyx estimated from mark-recapture data was 50% higher in the Exclosure than the mean
of the estimates on Control grids (Fig. 2-4). The difference approached statistical significance
(one-tailed t-test, t3 = 2.0, p < 0.09), but the 95% confidence intervals overlapped considerably.
Earlier in 1996 the survival rate in the Exclosure did not differ greatly from those on Control
gridws (Fig. 2-4). Throughout the summer of 1997, the sprvival rate of Dicrostonyx in {he
Exclosuré, estimated with MARK, was roughly double the mean survival on Control grids in the
three periods between primary trapping sessions. We rejected the null hypothesis that in 1997
survival in the Exclosure equalled that on Control grids because model S(t), in which survival
varied through time but was equal among grids, fitted the data far less well than model S(t +

Excl), in which survival varied through time and differed between the Exclosure and Control

grids (le = 8.8, p < 0.005). Model S(t + Excl) fitted the data less well than model S(t + g), in

which survival differed among all grids (X21 = 3.8, p < 0.06), showing that only part of the

variation among grids was explained by the difference between the Exclosure and Controls.
Survival estimates in 1995 from Jolly-Seber models are not reported here because these

estimates had 95% confidence intervals spanning most of the range from 0 to 1. Survival rates of
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Fig. 2-4. Estimates and 95% confidence intervals from the robust design of the survival of
Dicrostonyx groenlandicus on Control (diamonds, circles and triangles) and Exclosure (Squares)

grids, in 1996 and 1997. Survival was measured between the primary trapping sessions for

which density estimates are plotted in Fig. 2-2.
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Lemmus could be estimated only in 1996 and were quite imprecise; the estimated survival of

Lemmus within the Exclosure did not differ significantly from that on Control grids (Fig. 2-5).

Survival estimates from radio-telemetry

We fitted 38 adult and subadult Dicrostonyx (weighing at least 28 g) with radio collars in
1995, 114 in 1996, and 62 in 1997 (Table 2-3). The lemmings were killed by arctic foxes in all
three years, by ermine in 1995 and 1997, and by various avian predators (Table 2-3). We knew
of five active natal fox dens within 5 km of our trapping grids in 1995, 10 in 1996, but none in
1994 or 1997. Predation by pomarine jaégers occurred only in 1996, when many bred in the
study area (Chapter 4). Predation on juvenile lemmings (reported below) by ermine occurred in
1996 on Control grid 1; a female ermine with seven young denned on the ridge nearby.
Predation by ermine was heavy on the Control grids in 1997 but no known ermine predation
occurred in the ]:Exclosure in that year. This difference was most lik¢1y due to a patchy
distribution of ermine, rather than an Exclosure effect, since these a1(1imals could pass through the
fence. We‘knew of a male ermine and a female with four offspring denning on the ridge
between Control grids 1 and 2, but we were not aware of ermine in the Exclosure until August.

We recorded a lemming as “lost” when neither the individual nor its transmitter were
ever found. Some of these losses may have been due to radio failure but probably most were due
to predation, since the proportion lost was lower in the Exclosure by an amount similar to the
reduction in the proportion killed by predators (next paragraph and Table 2-3).

In the three years respectively, 23%, 23%, and 49% of the telemetered lemfnings were
killed by predators on Control grids, compared with 9%, 16%, and 22% in the Exclosure (Table
2-3). The proportions of animals depredated, lost, and either alive or dead of unknown (‘“non-

predation”) causes (alive animals and non-predation mortalities were pooled because of small

expected values for the latter) differed significantly between the Exclosure and Control grids
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Fig. 2-5. Estimates and 95% confidence intervals from the robust design of the survival of
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grids, in 1996. Survival was measured between the primary trapping sessions for which density

estimates are plotted in Fig. 2-3.
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Table 2-3. Natural mortalities of adult and subadult radio-tagged Dicrostonyx (weighing at least
28 g) from the Control (C) grids and the Exclosure (E) in 1995, 1996, and 1997. Animals “alive
when battery failed” were those that we were unable to recapture but were known to be alive and
moving from radio fixes. “Lost” means both the radio and the lemming were never found. Not

included are 1 animal in 1995 and 3 in 1996 that died within 2 days of being radio-collared.

1995 1996 1997
C E C E C E

Animals radio-tagged 26 11 79 32 39 23
Still alive when radio removed 14 9 40 20 11 12

or when battery failed
Lost 5 1 20 4 9 4
Mortalities due to predation 6 1 18 5 19 5

Fox or suspected fox 2 0 11 5% 7 5°

\ Pomarine jacger : 3 0

Short-eared owl 3 0

Unknown or suspected avian 4 0 1 0

Ermine or suspected ermine 1 1 10

Unknown predator 1
Non-predation mortalities 1 0 1 3 0 2
% depredated 23 9 23 16 49 22
% non-predation mortalities 4 0 1 9 0 9
% total mortalities 27 9 24 25 49 30
% lost 19 9 25 13 23 17

a

all in August ® 4 on 28 June and 1 on 17 August
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only in 1997 (1995: %% = 2.0, p > 0.3; 1996: %= 3.9, p > 0.1; 1997: %= 6.8, p < 0.05). In
1996 and 1997 only about 9% of the telemetered animals in the Exclosure died of causes other
than predation, compared with less than 2% of Control animals. In 1996 the proportions of
animals known to have died of all causes combined were approximately equal within (25%) and
outside (24%) the Exclosure.

Although survivorship of adult and subadult Dicrostonyx (at least 28 g) estimated with
Kaplan-Meier analyses of radio-telemetry data (Fig. 2-6) was generally higher within the
Exclosure than on Control grids, the difference was significant in 1997 only (log-rank tests,

1995: %*1= 0.4, p >0.5; 1996: X*1 = 0.3, p > 0.5; 1997: (>, = 3.7, p < 0.054). Even while the

predator exclosure was under construction in 1995, it probably afforded some protection to the
lemmings within. Predation events within the Exclosure are clearly apparent in Fig. 2-6, in July
1995 (by ermine), August 1996, and June and August 1997 (all by fox). Without the fox

predation events, the difference in survival between the treatments in 1996 approaches
significance (le =3.3, p<0.071). Fourteen-day survival estimates were high (> 0.8) in each
month of 1995 and 1996 in both treatments (Fig. 2-7). The estimated survival of animéls on
Control grids in 1996 exceeded that in 1997 by 14% (log-rank test, le =5.2, p<0.025). The
estimated survival of Exclosure animals significantly exceeded that of Control animals (by 25%,
log-rank test, le = 5.2, p <0.025) only in July 1997, when no predation occurred within the

protected area.

Comparison of results from the two methods
Analysis of our mark-recapture and radio-telemetry data led to different estimates of

survival rates (Figs. 2-4, 2-7). The estimates from mark-recapture were generally lower and less

precise than those from radio-telemetry, but mark-recapture estimates showed improved survival
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Fig. 2-6. Kaplan-Meier survivorship functions for telemetered adult and subadult Dicrostonyx
(weighing at least 28 g) on Control (open circles) and Exclosure (filled squares) grids in (a)

1995, (b) 1996, and (c) 1997. In 1995, the first Exclosure lemming was telemetered on 6 July.

The Exclosure was completed late in July 1995.
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in the Exclosure more consistently. All the instances when radio-telemetry estimates showed
lower survival in the Exclosure than on Controls were associated with known predation events in
the Exclosure. The differences between the estimates can be attributed to three main factors.
First, the age classes of the two gfoups differed since we included all animals in mark-recapture
estimates and only those at least 28 g in Kaplan-Meier estimates. Second, mortalities that
occurred when few animals were telemetered had a large effect on the Kaplan-Meier estimates.
For example, on 17 August 1997 one of the two remaining telemetered lemmings in the
Exclosure was killed by a fox, resulting in a low, imprecise survival estimate even though it was
the only mortality that month. Finally, as mentioned earlier we incorporated emigration into our
mark-recapture survival estimates. In 1996 we observed little long-range emigration, but many
animals caught early in the season were not recaptured later. At the high densities during the
peak year our traps sampled only a small fraction of the population; therefore small-scale shifts
in animals’ home ranges, combined with our practice of moving traps to ensure random

sampling, may have led to apparent emigration.

Reproductive condition — males

The factor “trapping grid” was not retained in the logistic models of reproductive
condition for either large or medium-sized males (AAIC = -1.7 and -3.7 respectively); the only
significant factors in these models were year and period. Further results of these analyses are
presented in Chapter 3. So few small males were in reproductive condition that we did not try to
incorporate grid into the model for these males. Of 14 small males in 1996, five were caught in

the Exclosure and one of these was reproductive. Of four small males in 1997, two were caught

in the Exclosure and one of these was reproductive.
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Reproductive condition — females

In the models of large and medium-sized female reproductive condition, the trapping grid
term was retained. An example of the interpretation of such models is given under Age Structure
below. In the case of large females, differences among trapping grids in the proportion of
females in reproductive condition were neither statistically significant (ts2 < 1.2, p > 0.2) nor
consistent among years or periods. The proportion of medium sized females in reproductive
condition in the Exclosure exceeded the mean proportion on the other two trapping grids but the
difference was not significant (t;s3 = 1.6, p > 0.1). We confirmed the lack of significance with a
model incorporating all three Control grids in 1996 and 1997; the equivalent statistic was togs =
0.7, p > 0.4. No small females were classified as reproductive.

Trapping grid was not retained in the models of female oestrus (AAIC < -2.5) in either
1996 or 1997. Few medium-sized females were observed in oestrus: of 151 animals in 1996,
four were in oestrus (two in the Exclosure and two on Control grids) and of 21 animals in 1997,

one was in oestrus. No small females in oestrus were seen in any year.

Sex ratio
Trapping grid was not retained in the model rélating sex ratio to year, period, and grid
(AAIC = -0.18); we conclude that the proportions of males and females did not differ

significantly between the Exclosure and Control grids.

Mass of adults and juveniles
The average mass of animals classified as adults when first caught (weighing > 40 g) was
greater in the Exclosure than on Control grids across all years (Fig. 2-8, teo7 = 9.9, p < 0.0001)

(see also Fig. 2-9). This pattern was true of both males and females (t59 = 5.4 and t43; = 8.9, p <

0.0001). The mean mass of males and females in the Exclosure across all years and periods was
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Fig. 2-8. Mass of adult Dicrostonyx éaught in (a) 1995, (b) 1996, and (c) 1997 on Control
(diamonds and circles) and Exclosure (squares) grids. Points (diamonds, circles, and squares)
show the mean body weights of adults (i.e. weighed at least 40 g when first captured) estimated
with a general linear model. Error bars represent 95% confidence intervals. Horizontal lines
show the actual mean weights of adults captured during each time period on each grid. Triangle
symbols show the actual mean weights of adults captured on Control grid 3 in 1996 and 1997,

which were not included in the model but were plotted to provide additional information about

adults on Control grids. Means were calculated based on log;o transformed data.
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68.9 g and 78.5 g, 12.6% and 19.1% higher than the corresponding mean weights on Control
grids 1 and 2, 61.2 g and 66.0 g (calculated based on logo transformed data). The model fitted
the data well except that in June and early July 1995, before the protective structure was
completed, observed mean weights of animals in the Exclosure were similar to the observed
means on the Control grids and lower than the values predicted for the Exclosure (Fig. 2-8a).
The mass of juveniles from the first summer litter of 1996 did not differ significantly
between the Control and Exclosure grids (t;;3 = 0.95, p > 0.3) nor between sexes (t;;3 =0.13, p >
0.8) in July — August. In August females were heavier in the Exclosure than on Control grids (t7
= 2.5, p < 0.02), but there was no significant difference among grids in the mass of males (t;3 =
0.45, p > 0.6). Females weighed on average 50.8 g in the Exclosure, 13.7% above their mean

weight on Control grids, 44.7 g. Males weighed on average 43.9 g on all grids combined.

Age structure of the pbpulations

Histograms of the frequencies of animals of different mass (Fig. 2-9) show clearly that
once the predator exclosure was completed in late July 1995, thgre was a higher proportion of
heavy animals within the protected area than on Control grids. There was also a smaller
proportion of juvenile animals (< 40 g) within the Exclosure than on Control grids throughout
1996 and in June and early July 1997. For example, in August 1996 55 of 176 (31%) animals on
Control grids weighed < 40 g, whereas only 15 of 145 (10%) animals in the Exclosure did so.
This effect was not apparent in 1995 nor in late July or August 1997. In August 1997 there was
a higher frequency of juveniles within the Exclosure than outside (see also following paragraph).

In the model of proportions of adults as a function of year, period, and grid, there were
interactions between year and grid. Therefore we analysed the data from the three years
separately, and included the third Control grid in models of the data from 1996 and 1997. Table

2-4 shows the coefficients of the model fitted to the 1996 data. The interaction between grid and
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Fig. 2-9. Histograms of the frequency of Dicrostonyx of different mass, on the Exclosure grid
and all Control grids combined, in August 1995, June 1996, August 1996, June 1997, and August
1997. The label below each bar represents the midpoint of the range; e.g. the bar labelled 35
includes animals of mass > 30 g and <40 g. Numerals above each histogram indicate the sample

size.
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Table 2-4. Coefficients of the logistic regression model of the proportion of Dicrostonyx

classified as adult when first caught, in 1996. Coefficients for time periods are compared by

means of t-tests to that for August (treatment contrasts). Grids were compared with Helmert

contrasts; hence the t-test for the Exclosure coefficient compares it with the mean of the

coefficients for the 3 Control grids.

Intercept

Period: June
Period: June-July
Period: July-August
Grid: Control 2
Grid: Control 3

Grid: Exclosure

Value SE t p<
0.32 0.12 2.63
0.46 0.23 2.00 0.05
0.93 0.22 4.18 0.0001

-0.49 0.17 -2.98 0.005
0.37 0.11 3.43 0.001
0.08 0.07 1.25 0.3
0.18 0.04 4.94 0.0001

Null Deviance: 1244 on 935 degrees of freedom

Residual Deviance: 1165 on 929 degrees of freedom
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period did not remain in the model. The value of each coefficient is the estimated difference in
the probability, q (on a logit scale: logit(q) = In[q/(1-q)] ), of a Dicrostonyx being an adult,
relative to a reference grid and sampling period. The coefficient for each period was calculated
relative to August (treatment contrasts). For example, the logit(probability) of an animal caught
in late June to early July being an adult was 0.93 greater than that of an animal caught in August
being an adult. This difference was significantly different from O (tgy9 = 4.2, p < 0.0001). The
parameter for each grid was fitted relative to the mean of the grids previously entered into the
model (Helmert contrasts). Thus, the logit(probability) of an animal caught in the Exclosure
being an adult was 0.18 greater than the mean probability on the other three grids (tox9 = 4.9, p <
0.0001). The residual deviance approximately corresponded with the degrees of freedom, which
suggests a satisfactory fit (Venables and Ripley 1997, p. 235). The actual proportion of adults
across all periods in 1996 was 70% in the Exclosure, compared with 56% on all Control grids
(Fig. 2-10a).

In 1995 the difference between the Exclosure and the Control grids was in the other
direction and was not statistically significant (ts; =-0.23, p > 0.8). In 1997 there was a
significant interaction between period and grid; as the season progressed the proportion of adults
in the Exclosure declined whereas the proportions on fhe other grids stayed relatively constant
(Fig. 2-10b). Relative to August, the differgnce in the probability of being an adult between the
Exclosure and Control grids 1 and 2 was greater (more positive) in both June (tx4 =2.16, p <
0.05) and June-July (tz24 = 1.99, p < 0.05). (Control grid 3 was not included in these
comparisons because of missing data late in the season.) In August 1997 there was a higher
proportion of juveniles in the Exclosure than on the Control grids although the difference was
not statistically significant (tss = -1.65, p = 0.11). In the last trapping session of 1997 only 2 of
16 Dicrostonyx caught on the two Control grids, but 12 of 23 caught in the Exclosure, weighed

less than 40 g.
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Fig. 2-10. Age structure of populations of Dicrostonyx groenlandicus in (a) 1996 and (b) 1997
on Control (diamonds, circles and triangles) and Exclosure (squares) grids. Points show the
proportions of adult animals (> 40 g when first captured) estimated with logistic regression
models. Error bars represent 95% confidence intervals. Horizontal lines in (a) show the actual
proportions of adults captured during each time period on each grid. Lines are not shown in (b)

because the predicted means matched the observed proportions exactly, owing to an interaction

term in the model.
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| The proportions of adults capturedv fell within the 95% confidence inter\;als of the
probabilitiés estimated by the models in all instances except Control grid 3 in August 1996 (Fig.
2-10a, b). Because the interaction term was retained in the model of the data from 1997, the
fitted means matched the observed proportions exactly. The greater ;roportion of adults in the
-Exclosure than on Control grids in 1996 is evident both from the data and from the model’s
estimates. The same pattern was apparent early in 1997 until the proportion of adults began to

decline in the Exclosure.

Movements of lemmings

In 1996, both male and female Dicrostonyx weighing at least 25 g showed net
displacements of less than 1 m day™', on average, between trap sessions. There were no
significant differences among trapping grids (Fig. 2-11a). In 1997, males showed net
displacements of an average of about 5 m day™ between trap sessions, and females about 2 m
day’. Again, there were no significant differences among grids (Fig. 2-11b). The mean net
displacements in 1995 Weré similar to those in 1997, but since sample sizes were small and
confidence intervals large they are not shown.

The fence around the Exclosure was permeable to lemmings and we observed runways
crossing it. In 1996 and 1997 some telemetered lemmings moved outside the Exclosure although
the fence was a minimum of 25 m from the edge of the trapping grid. In 1995 no telemetered
animals left the Exclosure even though the fence was not finished until August. In 1996 only
one animal, a male, did so, compared with 3 Control animals (2 females and 1 male) that moved
more than 25 m from the edges of their grids. In 1997, one male and one female moved outside
the Exclosure, compared with 5 males that left Control grids. Since 2.5 and 1.7 times as many

Control lemmings as Exclosure lemmings were radio-collared in 1996 and 1997 respectively

(Table 2-3), the number of Exclosure animals that crossed the fence was not lower than expected
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Fig. 2-11. Means and 95% confidence intervals of net displacement distances between
successive primary trapping sessions of large and medium-sized Dicrostonyx in 1996 and 1997,
on Control (C1, C2, C3) and Exclosure (E) grids. Males are indicated by open diamonds and

females by filled triangles. Means were calculated based on log)o transformed data. Note the

different scales in (a) and (b).
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relative to the movements of Control animals (log-linear analysis of 3-dimensional 2 X 2 X 2
contingency table, X22 =0.18, p> 0.9). The female that left the protected area in 1997 later re-

entered and then went back outside.

Dispersal and survival of juveniles

In a simultaneous study of juvenile dispersal at this location in 1996, sexually immature
Dicrostonyx weighing 11 — 40 g in the Exclosure and on one Control grid were fitted with small
glue-on radio transmitters or with radio-collars (Blackburn ez al. in press). There was no
significant difference between treatments in home range size or mean or maximum distance
between fixes, and no juveniles dispersed from the small home ranges (95% c.i. of mean area 69
— 145 m?) where they were initially caught. We have a few observations of juvenile movements
in other years. In 1995 an 18-g female moved 248 m from where she was initially caught in 9
days and a 20-g male moved 41 m in 5 days. In 1997 a sexually mature 35-g male moved 250 m
in 12 days, and a 17-g male tagged at the research camp was trapped 21 days later, 800 m away
on Control 2 grid.

The fates of the 14 Dicrostonyx with radio-collars from the above study are included in
our results presented here (Table 2-3). Of the juveniles with glue-on radios, which fell off and
were retrieved within 3 — 7 days, the fates of 29 from the above study and 14 not previously
reported are shown in Table 2-5. Three individuals (17%) were killed on the Control grid.
compared with zero in the Exclosure, and 44% were lost from the Control grid compared with
12% from the Exclosure. No non-predation mortalities were recorded. The proportions of

animals depredated, lost, and that shed their radios differed significantly between the Exclosure

and Control grids (X22 =12, p < 0.005).




56

Table 2-5. Fates of immature Dicrostonyx fitted with glue-on fadios, including 29 individuals
reported by Blackburn et al. (in press) and 14 not reported in that study. “Lost” means both the

lemming and its radio were never found.

1996

C E

Animals with glue-on radios 18 25
Radio found off 7 22
Lost 8 3
Mortalities due to predation 3 0
Pomarine jaeger 1 0
Ermine 2 0
Non-predation mortalities 0 0
% depredated 17 0
% non-predation mortalities 0 0
% total mortalities ‘ 17 0
% lost ' 44 12
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DISCUSSION

In the following discussion we first examine alternative hypotheses to account for the
observed increased mass of individuals and altered age structure of the population within the
predator exclosure. We next conclude from our experimental and radio-telemetry results that
predation was necessary to limit the density of Dicrostonyx during the peak and decline summers
studied, but that the magnitude of the limitation was greater in the decline. We discuss the
apparently contradictory results we obtained in the case of Lemmus. Finally, we describe effects

of predation on the cyclic dynamics of the lemming population.

Effects of predator reduction on mass, age structure, and reproduction

Both male and female adults (animals weighing over 40 g when first caught) were larger
within the Exclosure than outside throughout the experiment (Figs. 2-8, 2-9). Female juveniles
from the first summer litter in 1996 also weighed more, on average, in the Exclosure than on
Control grids by the time they reached adult size in August. The size differences could have
resulted from increased survival in the protected area, in two ways. First, individuals that
survived and had not yet reached their adult weight continued to grow. Second, large individuals
that had stopped growing remained in the population longer within the Exclosure than outside,
and were not replaced during the summer. All the large adults we caught in June (Fig. 2-9) were
over-wintered animals, born the previous summer or fall. Only one spring-born juvenile in 1996
and one in 1997 grew into the 81 — 90 g weight class (both females). Therefore, the very large
animals that we continued to catch throughout both years were most likely also over-wintered
adults. The survival of these large animals was enhanced in the Exclosure relative to that of
Control animals both in the previous autumn when they were growing, and after their size

stabilised. Larger size of non-cyclic Microtus agrestis in some years was also correlated with
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longer survival (Agrell et al. 1992). An alternative hypothesis is that the larger size was due to
better nutrition enabled by changes in foraging behaviour as a result of lowered risk of predation.
This phenomenon, known as risk-sensitive foraging (RSF), is discussed further below. These
two hypotheses are not mutually exclusive.

It is possible that the larger size of animals in the Exclosure was due to the same causes
as the phenomenon first observed by Chitty (1952), in which microtines are heavier in the peak
phase of a cycle. The “Chitty effect” has not been explained but a number of alternative
hypotheses have been proposed (reviewed by Stenseth and Ims 1993b). The relationship
between skull size and body size of leﬁmings also changes during the cycle (Krebs 1964b). The
changes could be genotypic (Chitty 1960), perhaps the result of selection for breeding in an
increasing population or for aggression in a high-density population (Boonstra and Krebs 1979).
In our study, the larger size was evident even in August 1995 and June 1996 when densities were
similar among grids and selection pressures should not have been stronger in the Exclosur¢ than
elsewhere. The large animals did not appear to have a high reproductive rate, since the
proportion of lemmings in reproductive condition was sjmilar between the treatments, and since
there was a reduced proportion of juveniles in the Exclosure in 1996 and early 1997 (Fig. 2-9,
discussed further below). These results do not support the hypothesis of genotypic change, but
they are insufficient to rule it out. A second hypothesis to explain large size in peak populations
is that growth rate varies according to the season (summer or winter) in which the animal
develops (Malcolm and Brooks 1993) and age structure shifts as a result of differential
reproductive and survival rates among cohorts. Specifically, Malcolm and Brooks (1993)
proposed that during the peak there is a high proportion of animals that developed in winter,
which are larger than those that develop in summer. Finally, since heavy animals have been
observed in high-density non-cyclic populations (Tamarin et al. 1984, Lidicker and Ostfeld

1991) and in non-peak years in cyclic populations (Chitty and Chitty 1962, Krebs 1964a,
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Lidicker and Ostfeld 1991), it has been argued that they occur simply when conditions favour
growth and survival (Lidicker and Ostfeld 1991, Agrell et al. 1992). The mechanisms we
postulated in the preceding paragraph, to account for the difference in mass of animals between
our experimental treatments, incorporate elements of both the latter hypotheses.

The age structure of the population of collared lemmings within the predator exclosure
differed from that outside during the peak summer and in the early part of the decline summer.
The proportion of animals classified as adults when first caught (= 40 g) was greater in the
Exclosure than on Control grids (Fig. 2-10), and the proportion of juveniles caught at each
trapping session (< 40 g) was smaller (Fig. 2-9). Possible hypotheses to account for these
patterns are (1) density-dependent reproduction, (2) density-dependent dispersal of juveniles, (3)
density-dependent infanticide, (4) a higher rate of predation on juveniles within the Exclosure,
most likely by ermine, (5) an effect of different habitat in the Exclosure, (6) higher growth rates
of juveniles protected from predation, and (7) the exclusion of juveniles from traps by large
animals. We have evidence against most of these hypotheses. The first three incorporate
density-dependence, and can be eliminated because the difference in age structure was apparent
early in 1996 when the density in the Exclosure was similar to that on Control grids (Figs. 2-9, 2-
10a). Density-dependent reproduction (hypothesis 1) is further refuted because we found no
difference in the proportions of males or females that were in reproductive condition in the
Exclosure compared with Control grids. We conclude that we have no evidence of a difference
in reproductive rate between the treatments. Hypothesis (2), density-dependent juvenile
dispersal, 1s further refuted because juveniles did not disperse from either the Exclosure or a
Control grid during the peak summer (details in Results; Blaékburn et al. in press). A higher
predation rate on Exclosure juveniles (hypothesis 4) is refuted because the predation rate on

Juveniles during the peak seems to have instead been lower within the Exclosure than outside

(Table 2-5). Hypothesis (5), differences in habitat, must be considered because the predator
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exclosure treatment was not replicated in any year. However, if the difference in age structure
between the treatments were a result of habitat differences, the observed patterns should have
been evident throughout the study. Instead, the age structure difference was not apparent before
the protective structure was completed in 1995 (Fig. 2-9) or late in the decline summer of 1997
(Figs. 2-8b, 2-10d). High growth rates of neonates within a predator exclosure (hypothesis 6)
was observed by Reid (1995) and may occur as a result of reduced predation risk to lactating
females (discussed below). However, the persistent reduction in captures of the smallest
lemmings (< 20 g and 21 - 30 g) in the Exclosure is not consistent with this hypothesis unless
the next is also true. Hypothesis (7), that larger adults in the Exclosure prevented juveniles from
entering traps is not entirely satisfactory since the difference in age structure was apparent in
June 1996 when densities were similar on all grids. However, since as discussed above, adults
were on average larger and possibly older in the Exclosure than outside, they may have been
more aggressive or more territorial. We do not know the reason for the difference in age

structure between our experimental treatments; it remains an opportunity for further research.

Predation as a limiting factor of Dicrostonyx populations

The results of our predator exclosure experiment support the hypothesis that predation
was necessary to limit density of Dicrostonyx during the summer decline phase of the cycle
(1997). All five predictions of this hypothesis were met. First, the great majority of all
mortalities on Control grids were due proximately to predation. Second, density increased in the
protected area more than on the Controls. Third, both mark-recapture and Kaplan-Meier
estimates of survival within the Exclosure were higher than on Control grids in 1997. Fourth,
although some compensatory mortality may have occurred it was not enough to negate the effect

of reduced predation. Fifth, emigration did not rise nor did reproduction drop to offset the

increased survival within the Exclosure.
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Support for the hypothesis that predation was necessary to limit the population in the
summer of the peak phase (1996) is more ambiguous. Our first, second, and fifth predictions
were met. However, in 1996 neither method of estimating adult survival led to consistently
higher estimates within the Exclosure, and other sources of mortality compensated for the
reduced predation on radio-collared animals in the Exclosure, since the proportions of total
mortalities were about equal between the Control and the Exclosure grids (Table 2-3). In 1996
mortality was low (Figs. 2-6b, 2-7); hence the predation rate was low. Therefore experimentally
reducing predation, even if no compensatory mortality occurred, could have only a limited effect
on survival. Still, although the adult survival rate was only slightly higher within the Exclosure
than on Control grids, it was apparently sufficiently so to lead to greater density in the Exclosure.
As well, the considerable reduction in lost glue-on transmitters in the Exclosure suggests that
juvenile survival was much improved there compared with Control grids (Table 2-5) since
juveni]es did not disperse and the rate of radio failure should not have varied among grids.
Therefore, we conclude that our results support the hypothesis that bredation was necessary to
limit density in the peak summer. However, the magnitude of the limitation was smaller during
the peak than during the decline as evidenced by the relative differences in density observed
between treatments during the two years (10-fold in 1997 but only 2-fold in 1996). Predation
may limit the population only while density remains below a level at which some other factor
becomes limiting.

If predation were sufficient (as well as necessary) to limit the lemming population in the
peak and decline summers, then no manipulation other than predator reduction would cause the
density increase we observed in the predator exclosure. We do not have direct evidence about
the effects of other factors on density, but the occurrence of compensatory mortality in the peak

suggests that other loss factors such as disease might also be limiting then. However, the low

survival rate (Figs. 2-6c, 2-7) and the lack of compensatory mortality during the decline (Table
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2-3) imply that no other loss factor was significantly limiting in that summer. Production factors
and social factors can also limit population growth. During the peak, a smaller proportion of
animals was in reproductive condition than in the increase and decline phases (Chapter 3),
implying that food or space may have been limiting. However, in the low-density declining
population effects of food and space may have been small relative to the high impact of
predation. In summary, these results suggest that predation may have been a sufficient limiting
factor during the decline, but probably not during the peak phase.

Up to this point we have not discussed possible impacts of predation upon behaviour and
reproduction. If lemmings forage in a risk-sensitive manner (Mangel and Clark 1988, Lima and
Dill 1989), the absence of predators might also result in better physical condition of animals and
an increased birth rate. In 1996, juvenile Dicrostonyx in the Exclosure were found twice in
succession in the same burrow less often than were juveniles on a Control grid (Blackburn ef al.
in press). One interpretation of this result is that protected juveniles foraged further from she}ter
and moved among burrows rather than staying close to one refuge. The risk-sensitive foraging
(RSF) hypothesis leads to the followingl predictions within the Exclosure: larger animals, an
increased proportion of juveniles, and either a greater proportion of animals in reproductive
condition, or larger litter sizes. As discussed above, we did find larger animals in the protected
area, but a smaller proportion of juveniles and no difference in the proportion of reproductive
individuals. We have no data on litter sizes. In short, we cannot reject the RSF hypothesis; in
our experiment reduced predation risk may have led to enhanced reproduction, resulting in an
increase in density that was confounded with the increase in density resulting from enhanced

survival. This potential secondary effect of predation represents an opportunity for further

research.
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Possible criticisms of the predator exclosure experiment

The increased density in 1996 without a significant increase in sufvival in the protected
area makes it worth considering whether other factors could have enhanced the density of
lemmings in the Exclosure. As discussed above, we cannot discount the possibility that the
habitat was better there, because the treatment was not replicated within any year. However, if
habitat were superior within the Exclosure, density there should have exceeded that on Control
grids before the protective structure was complete and each spring when the structure was likely
just beginning to be effective. Instead, density within the Exclosure was similar to that on
Control grids in 1995 and early in the summer of 1996, and to that on Control 1 grid early in
1997 (Fig. 2-2). Our conclusion that the habitats were of equivalent quality between treatments
is supported further by the lack of enhanced reproduction within the Exclosure, although we
have no data on litter sizes. A second factor that could have increased density within the
Exclosure is restricted erfﬁgration due to a partial fence effect (Krebs et al. 1969). This is
unlikely because neither the net distances moved by lemmings nor the proportions of lemmings
that travelled away from their grids differed significantly between treatments. Th¢ most
parsimonious explanation for the observed density increase is that it was due to the experimental
treatment of reduced predation.

Predation within the Exclosure may have been intensified late in the season because
predators were attracted to the abundant prey within. Ermine and foxes appeared in the
Exclosure in mid-August of both 1996 and 1997 and snowy owls perched on the posts that
supported the overhead mesh in September 1996. The high survival estimate from mark-
recapture data in August 1997 includes only up to 16 August, but survival may have
subsequently declined in the autumn of both years. The attraction of predators to local hotspots

of high prey density, termed a “pantry effect” (Batzli 1985), has plagued other food-addition and

predator-removal experiments. Reid et al. (1995) found that their predator exclosure did not
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enhance recruitment because juvenile lemmings in a low-density population dispersed outside
and were not replaced by reciprocal immigration. We observed no juvenile dispersal in 1996
(Blackburn et al. in press) but our few observations from 1995 and 1997 suggest higher rates of
juvenile dispersal in years of lower density. Dispersal of juveniles may therefore have diluted

the effect of predator removal in the decline phase.

Abundance and survival of brown lemmings

Since Lemmus prefer wet habitats (Rodgers and Lewis >1986b) where they feed primarily
on sedggs and grasses (Rodgers and Lewis 1986a), their increase on our study grids in the peak
year may have been in part a result of emigration from overpopulated preferred habitats.
Lemmus were moét abundant on Control 1 grid, which had the largest area of wet habitat, but
they were caught in drier parts of the grids also. In July 1995 and 1996 approximately equal
numbers of Dicrostonyx and Lemmus were caught in snap-trap lines that traversed both
hummocky and sedge-grass habitats (4 of each in 1995, 28 Dicrostonyx and 24 Lemmus in 1996,
but 4 Dicrostonyx only in 1997; R.G. Bromley,l pers. comm.).

Protection from predators had no apparent effect on abundance or survival of Lemmus,
perhaps owing to a combination of small sample size and immigration of Lemmus from adjacent
areas. As well, Lemmus, which are aggressive and run fast, may be less vulnerable to predation
than are Dicrostonyx. Lemmus may not have been limited by predation in the hummocky areas,

but we cannot draw conclusions about their population dynamics in sedge-grass habitats.

Changes in predation rate during the cycle
In the decline summer of our study, the survival rate was lower than in the peak summer
(Fig. 2-7) and a larger proportion of animals died as a result of predation (Table 2-3). A low

predation rate at very high prey density is prédicted when the functional and numerical responses
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of predators are asymptotic (Holling 1959a). Further, a delayed numerical response of predators
can elevate the predation rate at declining prey density, known as delayed density-dependent
predation. Increases in ermine numbers commonly follow microtine peaks (Maher 1967,
MacLean et al. 1974, Fuller et al. 1975a, Fitzgerald 1977, Korpimiki et al. 1991, Korpimaiki
1993, Sittler 1995). In our study ermine were most abundant in 1996 and 1997 and were
responsible for most known predation events in 1997 but few in other years. We did not observe

a delayed numerical response of arctic foxes (Chapter 4). The survival rate of radio-collared

animals on Control plots tended to decrease as the population declined in the summer of 1997

(Fig. 2-7). During the same period, the difference in density between the Exclosure and Control
grids increased (Fig. 2-2). These trends imply an inversely density-dependent (depensatory)
predation rate during the decline phase of the cycle. Again, this pattern is expected to occur
unless predator numbers fall sharply or functional responses follow a sigmoid (Type III) curve

within the relevant range of prey densities (Holling 1959a).

Implications for lemming population dynamics

Five effects of predation on the population cycle of Dicrostonyx are evident from our
results. First, predation depresses the peak density. Second, predation reduces densities during
the decline phase, leading to a depressed minimum summer density. These two effects follow
from our demonstration that predation limited the lemming population in the summers of both
the peak and decline phases of the cycle. During the peak, other sources of mortality
compensated for predation mortality within the experimental predator exclosure, hence disease
or other mortality factors might depress peak density in the absence of predation. Third, in
unprotected populations predation may extend the duration of the decline, further lowering

minimum density, since when numbers were still declining on Control grids in July and August

1997, density began to increase within the predator exclosure (Fig. 2-2); that is, the decline was
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reve.rsed within our experimental treatment. Fourth, our finding of a higher predation rate during
the decline phase than during the peak shows that predation accelerates the decline, as proposed
by Pearson (1971); the increased proportion of losses in the decline relative to the peak phase
results in a steeper negative rate of population change than would occur in the absence of
predation. Fifth, predation may reduce population density throughout the summer increase
phase, since the same proportion of animals was depredated on Control grids in 1995 (the
increase phase) as in 1996 (the peak).

Our results indicate that predation alters the amplitude and period of the lemming
population cycle, but without autumn and winter data they cannot show whether predation
caused the population decline. The only predators present in winter are arctic foxes, snowy owls,
and ermine. In Chapter 3 I compare indicators éf reproduction among years and analyse predator

numbers and diets to examine the role of these predators in initiating the decline.
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CHAPTER THREE

PREDATION AND THE DECLINE OF COLLARED LEMMING POPULATIONS

INTRODUCTION

What pushes a growing population into a decline? This question has been a recurring
focus.of attempts to explain fluctuations in the population density of lemmings and other. small
mammals (reviewed by Krebs and Myers 1974, Stenseth and Ims 1993b). Predation is éne of
many hypotheses advanced to explain declines. This hypothesis has not been tested
experimentally in lemmings, but Korpim:ki and Norrdahl (1998) halted a summer .decline in
vole populations by removing predators. Even so, the direct effects of predation alone may not
be enough to initiate a decline from high density. A mortality factor that triggers a decline in a
cyclic’population must éct in a delayed density-dependént ‘manner, leading to a higher per capita
mortality rate dqring the decline than during the peak phase of the cycle. But because the
number of predators in an area and their rate of prey consumption are limited they may have
little impact oﬁ .a high-density prey population. Lack (1954) suggested predation could not cause
a decline without a decrease in reproduction as a result of food shortage, bu£ evidence of
starvation in the peak phase has not been found. Henttonen et al. (1987) proposed that declines
in microtine populations might involve predation, an extrinsic factor, combined with intrinsic
factors that slow population .growth. Many researchers now agree that population cycles in small
rhammals may résult from an interaction between intrinsic and extrinsic factors (e.g. Krebs 1996,
Stenseth et al. 1996).

At Walker Bay on the Kent Peninsula, N.-W.T., the collared lemming (Dicrostonyx

groenlandicus) population declined from August 1996 to Auglist 1997. By experimentally
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reducing predation on an 11-ha area of tundra and using radio-telemetry to determine the fates of
collared lemmings, I showed that predation limited the lemming population during both the peak
(1996) and the decline (1997) summers (Chapter 2). In the summer of 1997, density rose in the
protected érea while the decline continued elsewhere (Chapter 2). However, much of the
population decline occurred in aufumn and winter, when I was neither frapping nor monitoring
lemming survival, and the exclosure was less effective-because snow covered the fence. Did
predation cause the population decline in fall and winter?

I compared rates of survival between the peak (1996) and decline (1997) summers,
examined evidence of winter predation (1996 — 1997), and compared rates of decline between
the protected and control populations to test the hypothesis that bredation was a necessary cause
of the lemmjng population decline. I tested three predictions of this hypofhesis: (1) the lemming
population will not decline in an area protected from predation when it declines on unprotected

| sites, (2) the predation rate on lemmings is delayed density-dependent, ahd (3) the population
decline is associated with an increase in predatién rate. Since Fhe rate of decline is affected by
reproductive rate, I also compared indicators of reproduction among years.' I used simple
population models to test whether the observed demographic rates would lead to the observed

decline.

METHODS

I live-trapped lemmings on three Control grids and on one “Exclosure” grid that was
protected from predators (9 ha per grid) at Walker Bay on the Kent Peninsula, N.-W.T., in the
summers of 1994 — 1997 (Chapter 2). The density of lemmings was very low in 1994, increased

in 1995, was high in 1996, and declined in 1997.. Details of density estimation with mark-

recapture analyses, survival estimation with radio-telemetry, and assessment and statistical
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analyses of mass and reprbductive condition, are given in Chapter 2. I also used snap-traps to
survey the relative abundance (Chapter 4) and reproductive condition of lemmings, in June 1996
~ 1997 and July 1994 — 1997. I caught collared lemmings (Dicrostonyx groenlandicus) and
brown lemmings (Lemmus trimucronatus) with both methods. However, because collared
lemmings were most abundant and brown lemmings were found in large numbers only in 1996, I

discuss only collared lemmings in this chapter.

Numerical response of _predators

I recorded all known dens, nests, and when possible litter or clutch sizes of predators.
Others and I régu}arly visited or systematically searched an area of approximately 35 km? (the
“study area”) in the course of research on geese (Bromley et al. 1995 and Chapter 4), lemmings
(Chapter2) and predators (this chapter). I found most fox dens and nests by observing the
movements of predators, or by chance. Each spring and periodically in summer I visited allv
previously known fox dens to deternﬁne which were active. Once or twice each summer .I
- searched systematically for rabtor (rough-legged hawk and peregrine falcon) nests along a line of
cliffs runniﬁg approximately north — south about 3 — 5 km east of our study grids (snowy owl
nests were also found in this area in 1996). These searches were done on foot each year and by
helicopter once in each (;f 1995 and 1996. 1 did.not éearch systematically for ermine dens in
summer, and found them by chance only. Because glaucous gulls nested on islands that were
difficult to reach, I have no data of the breeding of gulls. Territorial‘ pairs of pomarine jaegers
were counted in summer 1996 in a hélicopter sufvey of 11.2 km? within the study area (Chapter

4). Nests of sandhill cranes were recorded during annual ground searches (10 — 12 km?) for

goose nests in and near the study area (Bromley et al. 1995).
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Winter nests of ermine

In winter, lemmings build nests of grass and other plant material on the surface of the
ground under the snow. When an ermine Kills a lemming it sometimes occupies its winter nest
and lines the nest with lemming fur (MacLean et al. 1974). Each year I searched some of the.
trépping grids for evidence of winter ermine predation. I counted winter nests each summer by
walking parallel transects 6 m apart across a grid and recording and then destroying all nests
found. I considered nests lined with fur and containing ermine scats to have been occupied by
ermine, but not nests with only a trace of fur (Sittler 1995). I did not search the vicinity of the
nesfs for ermine scats. I assumed that very flattened, decomposing nests were from a previous
year and did not count them; this assurhption may have led to errors, particularly in the first year

(1994) of the survey (Sittler 1995).

Diets of predators — analysis of fox scats

Each summer I collected fresh arctic fox scats periodically from dens and
Qpportunistically from ellsewhere. I also collected scats from the snow each spring beginning in
1995. Each scat was bagged and, if wet, frozen for later analysis. In years when sample sizes
were large enough, I grouped scats according to sampling periods approximately corresbonding
to dates when I had estimates of lemming population density. Samples collected from the snow
were grouped'as “winter scats”. I used the method of Reid et al. (1997) to distinguish scats of
adult and juvenile foxes accord'ing to their diameter. From each period I analysed up to 30 adult
scats and 19 juvenile scats when the latter were available. In order to maximise the
independence of the samples within each period, I selected all opportunistically collected scafs,

and randomly chose equal numbers of scats from each den from which they had been collected

during that period. My method of analysis of scat composition generally followed that of Reid et
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al. (1997) except that I focussed on lemmings‘ in the diet rather than on the entire diet. Details

are given in Appendix 1.

Functional response of foxes
I plotted the functional response of foxes to lemming density as the number of lemmings
consumed per fox (adults and juveniles) per day against the mean density estimated by mark-

recapture (Chapter 2) during the period. . I fitted a cﬁrve to the adult fox data, with the form

Attacks = _aN” (1)
1+ahN"™

When the exponent m = 1, this is Holling’s (1959b) disc equétion for a Type II functional
response, where Attacks is the number of attacks on the prey per unit of time; a is the predator’s
rate of effective ;earch for that prey, h is handling t\ime, and N is prey density. If m > 1, the
curve is sigmoid, as in a Type III response. The curve was fitted with JMP IN software’s non-

linear fit routine (Sall and Lehman 1996), by minimising the residual (error) sum of Squares.

Mortality rate of lemmings from radio-telemetry data

I used Kaplan-Meier analysis of radio-telemetry data to estimate the mortality rate due to
fox predation alone, using the methods described in Chapter 2. I compared these mortality raﬁes
with those estimated from the total response of foxes to lemming densiiy (observed functional

response X observed numerical response + prey density).

. Analysis of pellets from avian predators

I'gathered fresh raptor pellets from rock perches and from below nests periodically

} throughout each summer. I collected pomarine jaeger pellets opportunistically in 1996, and
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short-eared ow] pellets from where owls had killed telemetered lemmings in 1995. I obtained a
few gull pellets frém an island colony and from a ridge where gulls perched. To estimate winter
diet, I also collected snowy owl pellets from the Snow in spring 1997. Because my sample sizes
were too small for me to group pellets from different periods within each summer, I estimated
the number of lemmings per pellet for each species of avian predator in each summer for which I

had samples, and for snowy owls in winter 1996 — 1997 (Appendix 2).

Functional responses of rough-legged hawks and snowy owls

I plotted the functional responses of rough-legged hawks and snowy owls to lemming
density as the number of lemmings consumed per bird per day aga.inst the ﬁlean density
estimated with mark-recapture (Chapter 2) during the period. Because there were fe\;v data (5 for
owls and 3 for hawks) especially from low densities, I did not attempt to fit functional response

curves.

Reproductive data from live-trapping
I assessed the reproductive condition of lemmings caught in live-traps-(Chapter 2). T
classified males as reproductive if their testes were scrotal, and females if the pubic symphysis

was at least slightly open or the nipples enlarged, or if they were obviously pregnant. Beginning

- in July 1996 I recorded oestrus (perforate vagina) as a separate indicator of female reproductive

condition, but because of differences in assessment among field workers I could not compare

rates of oestrus among years. Only one Dicrostonyx was caught in 1994, in August; this animal

1s not included in the ana]yées reported below.
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Reproductive data from spap-trapping

I dissected lemmings caught in snap-trap surveys to determine the reproductive status of
females and males. For females I recorded pregnancy, number and size of embryos7 and
presence or absence of placental scars from previous pregnancies (scars were not recorded iﬁ
June 1996). I considered that embryos much smaller than the chers. in a litter were being
resorbed (Krebs 1964a) and excluded them from estimates of litter size. For males I recorded
whether the epididymis was visible, as an indication of spermatogenesis. No lemmings were

caught in snap-trap surveys in 1994.

Population decline models
I built a simple, deterministic population model (F‘ig. 3-1) in Microsoft Excel to compute

winter population trajectories with different survival rates. I assumed that no reproduction
occurred in the fall and winter (rrﬁd—August — mid-March) following the peak summer (Krebs
1964a, Ch¢rﬁyavski 1979). Chernyavski (1979) concluded that thevr‘eproduétive rate was low in
the spring of a decline on Wrangel Island, because of a low frequency of females v_v:ith placental
scars and a paucity of small animals trappéd in June. Chernyavski and Kiriushchenko (1979)
concluded, using the same data, that only one litter was born under the snow in the spring of the
decline, in March, whereas in the increase year an additional spring litter was born in April.
However, although none of the animals dissected at Walker Béy in June 1997 had placental scars
‘(see Result's, Table 3-14), I caught many small and medium-sized lemmings in June 1997.
Forty-two percent caught in snap-traps weighed between 25 and 50 g (one weighed 29 g, all
others > 30g; see Results, Table 3-15), and 20% of live—trapped Control ani.mals were <30 g and
34% were between 30 and 50 g; Chapter 2, Fig. 2-9). Animals weighing 30 g are about 1 month

old, and those 30 — 50 g are between 1 and 3 months old (Chernyavski and Kiriushchenko 1979).

Krebs (1964) also caught only 1 female with placental scars (n=27) in a declineyear, although
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represents a sex ratio of 1:1..
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the females he collected in spring were pregnant (1 in each of April and May). From the size of |
the animals trapped, I assumed lemmings were born under the snow in two periods,\March -
April and April — May. I set the sex ratio of adults in 1996 to 1:1, and arbitrarily assumed that
30% of over-wintered females reproduced during each spring reproduction period, but that no
spring—born animals reproduced in spring (Chernyavski ef al. 1981).

In the first sprirfg reproduction period I used a mean litter size of 3.8 (Chernyavski 1979)
and for the second périodl used 4.0 (Krebs 1964a, based on 1 female caught in May). I assumed
that the rate of pre-natal, post-implantation mortality (resorbed embryos) was 0.063 and that
5.2% of juveniles died before leaving the nest about 14 days after birth (based on an increase
year, Chernyavski and Kiriushchenko 1979). I set juvenile survival in the first month after
leaving the nest t0 0.63 (based on a peak year, Chernyavski and Kiriushchenko 1979). 'These
juvenile survival rates are high; other estimates suggest much greatér juvenile mortality in a
decline year. Chernyavski and Kiriushchenko (1979) estimated that in a:peak year 33% of "
neonates died beforé leaving the nest. Krebs (1964) estimated 28-day survival rates from birth to
first trapping date (28 or 29 days of age) at 0.38 in the first summer litter of the peak, 0.05 in the
\ first summer litter of the decliﬁe, and 0.28 in the first summer litter of an increase year. I
assumed that juvenile survival in the secondfn_onth after weaning was equal to the adult survival
rate. Lemmings may temporarily cease to breed during or before snowmelt about May — June
(Chernyavski and Kiriﬁshchenko 1979, Batzli et al. 1980). Births occurred in June at Walker
Bay, but I did not model juveniles born in June because most would not have been trappable in
my June live-trapping sessions. These parameters are summarised in Table 3-1.

I tested several adult survival rates in the model. First, I used an autumn survival rate
from mid-August to mid-November, before deep snow cover makes lemmings less vulnerable to

foxes and snowy owls. The density of foxes and owls may be highest during this period; they

may disperse or die as lemming numbers decline and winter conditions set in. Second, I used a
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Table 3-1. Parameters of reproduction and juvenile survival used in the deterministic Microsoft
Excel model of population decline. Distributions weré used in thé stochastic Crystal Ball model;
~ when a normal distribution was assumed, the mean was set to the “estimate”. In. most cases, only
the estimate was published in the cited soﬁfce; * indicates the only instance in which the standard

deviation was also published. Details in Methods.

. N ¢
Parameter Estimate Distribution Source

Winter reproduction 0 Constant 1,2
Spring reproduction

Litter size, March-April 3.8 Normal, SD = 0.85 : C2%

Litter size, April-May 4.0 Normal, SD =0.9 1
Proportion of females bréeding 0.3 Uniform, range 0.1 — 0.5 _ 4

in each period
Early juvenile mortality (proportion dying)
Pre-natal, post-implantation 0.063 Normal, SD = 0.02 - 3
Before leaving nest 0.052 Normal, SD =0.017 3
Juvenile survival per 30 days .

First month after leaving nest 0.63 Uniform, range 0.04 — 0.63 1,3

Sources:-
1) Kirebs (1964)
2)  Chernyavski (1979)
3) Chernyévski and Kiriushchenko (1979)

4)  based on my data, see text

* both mean and standard deviation (SD) are from this source
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winter survival rate from mid-November to mid-March. Third, I used a spring survival rate from
mid-March to mid-June, when days lengthen and snow softens. In the initial run of the model I
set the autumn and winter’ survival rates to the rate estimated from radio-telemetry in August
1996 and the spring survival rafe to that estimated iﬁ June 1997 (Chapter 2). I used 30-day
survival estimates based on the 14-day estimates reported in Chapter 2 (Table 3-2, this chapter).

The models were in.itialised with population densities estimated from mark-recapture data
(Chapter 2). In the case of Control grids I calculated the mean of the three Control densities in
each of August 1996 and June 1997 (Table 3-2). The start date for Control grids,v 17 August, was
the mean trapping date on Control grids in August 1996, and the time—step used in the model was
30 days. I then extrapolated the forecasted density on 13 June to 16 June, the mean trapping date
on Control grids in June 1997, by multiplying adult and juvenile densities by the spring survival
rate. Similarly, actual and modelled dates for the Exclosure were 11 August to 17 June.

Between trapping sessions in mid-August-1996 and mid-June 1997, thé populations on
the three Control grids declined at a mean rate of change (r) of -0.042 per week (SE: 0.0165.
Estimating the rate of decline as the Weel\(ly rate .of change from the mean August 1996 densify
on Control grids to the mean June 1997 density on Control grids yields a similar r value, -0.036
per week. I used this latter rate for comparison to modelled results because of its straightforward
relationship to mean density. The rate of change in the Exc]bsure was similar to the mean rate of
change on Controls, -0.036 per Week (Table 3—3).

[ used Crystal Ball softwére, which interacts with Microsoft Excél as an “add-on”, to
forecast the effect of uncgrtainty in the parameter estimates. This program allows stafistical
distributions to be specified for each parameter and runs Monte Carlo simﬁlatiohs, ran‘domly
selecting parameters with the defined distributioﬁs (Decisioneering 1996). I used the same

a]gorithm as in the deterministic Microsoft Excel model described above (Fig. 3-1). I defined

adult survival parameters as normally distributed and set the means and 95% confidence limits
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Table 3-2. Survival estimates (30 days‘l) of Dicrostonyx in 1996 and 1997, calculated from

results of radio-telemetry studies reported in Chapter 2. Estimates for August 1996 and June

1997 were used in the population decline model. Other estimates and confidence intervals are

shown for comparison.

Year Month Estimate 95% confidence interval
Control animals
1996  June 0.820 .0.730 - 0.909
July 0.816 0.681 —0.951
August 0.876 0.445 - 1.0
1997  June 0.877 0.734 - 1.0
July 0.546 0.348 —0.740
August 0.487 0.061-1.0
Exclosure animals |
1996  June 0.882 0.729-1.0
July 0.952 0.869 - 1.0
August 0.684 0.012-1.0
1997  June 0.703 0.477 — 0.963
July 0.879 0.721-1.0
| August 0.315 - 0.0 -1.0
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Table 3-3. a) Estimated densities of Dicrostonyx (individuals ha™) in August 1996 and June
1997, on 3 Control grids and in the Exclosure, from Chapter 2. :b) Rates of weekly population

change during winter 1996-7 and summer 1997 on Control grids and in the Exclosure.

a) Density
Trapping grid Date Density 95% confidence intérval
Control 1 14 August 1996 12.8 9.5~ 18.6
Control 2 17 August 1996 | 23.6 18.1 —32.4
Control 3 20 August 1996 129 9.6 - 18.7
Mean Control density, August 1996 16.4 (S.D. 6.2) |
Exclosure 11 August 1996 34.1 26.5 - 46.2
Control 1 15 June 1997 6.7 64~ 79
Control 2 15 June 1997 1.1 1.0- 2.0
Control 3 17 June 1997 2.5 23- 34
Mean Control density, June 1997 3.4 (S.D.2.9)

1

Exclosure 17 June 1997 7.1 5.6 - 10.5
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b) Rates of weekly population change (r)

August 1996 — June 1997

Mean rate of change on Control grids -0.042 per week
Rate of change between mean Control grid densities -0.036 per week
Rate of change in Exclosure -0.036 per week

June 1997 — August 1997
Mean rate of change on Control grids -0.192 per week

Rate of change between mean Control grid densities -0.187 per week

Rate of change in Exclosure +0.002 per week
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for fall anci winter survival to those estimatéd in August 1996, and for spring survival to those
estimated in June 1997. Upper énd lower limits for all survival parameters were set to 1 and 0.
For initial density in August 1996 I assumed a normal distribution with the mean and standard
deviation of the densities on the three Control grids (Table 3-3) and a lower limit of 0. For most
other parameters I also assumed normal distributions (Tab‘le 3-1) with lower limits of 0. A
standard deviation was available for only one parémeter, March-April litter size (Chernyavski
1979). For April-May litter size I used a standard deviation in the same proportion to the mean
(22%) as in the Maréh—April case. For the pararﬁeters of juvenile pre-natal mortality and
mortality in the nest I set the standard deviation to 33% of the mean. Because I have no data for
the proportion of pregnant females in spring, I assumed a uniform distribution from 0.1 to 0.5.
Different sources gave various estimates of juvenile survival in the first month of life 6r the first
month after leaving the nesf (see above; Krebs 1964a, Chernyavski and Kiriushchenko 1979); for
survival in the first month after leaving the nest I used a unifolrm distribﬁtion covering the range
of the published estimates (0.04 to 0.63 per 30 days).

To estimate the effect of variation in only the adult survival parameters, I ran a reduced
Monte Carlo simulation model with all other parameters fixed at their estimated values (Table 3--
1). I defined adult fall and winter survival parameters as described above but with the lower
95% confidence limit set to the lower limit estimated in July %996 (because the August 95%
lower confidence limit was very low).

I used Crystal Ball to obtain a sensitivity analysis of the full stochastic model. The
program computes rank correlation coefficients between each parameter and the June density
forecasted by the model. Each correlation coeffic_ivent is then squared and normalised to 100%, to

indicate the approximate contribution made by each parameter to the total variance among

forecasts (Decisioneering 1996). .
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RESULTS

Predation on telemetered Dicrostonyx '

Most predation on telemetered lemmings was due toarctic foxes and ermine (Chapter 2,
Tables 2-3 and 2-5). The only identified avian predatbr\s on telemetered lemmings were short-
eared owls (in 1995 only) and pomarine jaegers (in 1996 only). Several mortalities were
classified as due to unknown or suspected avian predators, and each year a large fraction of
radios (and the lemmings wearing them) were lost, probably often due to predation (Chapter 2).

However, although I checked for radios at nests, I knew of no telemetered lemmings killed by

peregrine falcons, rough-legged hawks, or snoWy owls.

Numerical response of foxes

Foxes bred in the 35-km? study area in 1995 (inérease phase) and 1996 (peak phase), but
ﬁot in 1994 (low phase) or 1997 (decline) (Table 3-4). The largest known litter sizes were 4 in
1995 and 11 in 1996. Den Fl., which had 4 pups in 1995 and at least 4 in 1996, was within 2 km
of Control 2 and 3 grids and the Exclosure, and within 3 km of Control 1 grid. This den was the
closest successful den to all the trapping grids in 1995. In 1996, Den F5, which had 11 pups,
was located on the ridge within 1 km of all the Control grids and less than 2 km from the
Exclosure (Fig. 2-1). In 1995 this den was briefly occupied, but apparently the pups were later -
moved, about 0.6 km away to another den, which subsequently failed. Den F2, less than 1 km
south of the Exclosure, was active in both years, with at least 2 pups in 1995 and at least 4 in
1996. o

The behaviour of both adult and juvenile foxes appeared different in 1995 from that in

1996. In 1995 adults and pups at dens seemed lethargic: adults and older pups basked in the sun

and often permitted observers to approach closely. In contrast, in 1996 adults barked and
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Table 3-4. Numbers of known arctic fox dens énd litter sizes within the 35 km” area that was
regularly visited or searched in 1994 through 1997. In 1995 and 1996 I visited only 1 den often
enough to be certain of the litter size (not the same den). “Minimum litter sizes” refers to litters
at other dens where I saw or heard pups but may not have. ‘see::n them all. In 1996 I knew of 4

other dens, one with at least 6 pups, outside this intensive study area but within 5 km of the

lemming trapping grids.

Year Dens Known Other minimum litter sizes and notes
litter sizes

1994 0 —

1995 5 4 2, 3 (+ 1 pup that died), 1 (this den was épparently moved to another
location and subsequently failed) :

1996 6 11 4,4,4, 1, 1 (4 known pups at one den and 1 known pup at another

about 1 km away may have been parts of a single litter)

1997 0 —
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aggressively herded observers away from active dens, and pups ran.and played and did not allow
close approach. The lethargy of foxes in 1995 may have been the result of insufficient food.

To estimate how many lemmings these foxes could eat per unit area, I estimated the
home range of foxes from published values. The typical summer home range of arctic foxes in
Alaska is 20 km? (Eberhafdt et al. 1982, Garrott and Eberhardt 1987), but estimates from other
regions vary considerably. Home fanges were smaller in the Yukon-Kuskokwim Delta, where
foxes live on birds and eggs (Anthony 1997), and on the coast of Iceland, where they eat birds,
marine organisms, and carrion (Hersteinsson and Macdonald 1982, 1996), but larger on
Svalbard, where they eat birds, seals, and carrion (Frafjord and Prestrud 1992, Prestrud 1992).
Home ranges of individual foxes may overlap considerably, and a pair may share the same range
(Frafjord and Prestrud 1992, Anthony 1997). On Svalbard, home ranges.were often slightly
§malier in fall and wir.lter than in summer (Frafjord and Prestrud 1992). I assumed that a pair of
foxes would forage over 25 km? to feed themselves and their offspring. I considered the 5 km x
5 km area centred on fox den F5, located on the ridge less than 2 km from all grids. I estimated
by eye from a satellite map that this area included about 55% Dicfostonyx habitat (13.65 km?,
1,365 hz;) (all the habitat excludir;g water, mudflat, and very wet tundra) where Dicrdstonyx
would occur at the same average density as that measured on Control grids. Any overestimation
of Dicrostonyx habitat, such as high rocky ’grdund that might support a low density, may be
balanced by underestimation of Dicrostonyx in wet habitats, where they were sometimes caught
during the peak. Eberhardt er al. (1992) estimated that the dry land portion of the 20-km” home
ranges they measured was 10.4 km*. I assumed that on average 2 adultrfoxes and 4 pups used
the estimated 1,365-ha area in 1995 (den F5 was only temporarily occupied, but two dens within
2 — 3 km had this litter size), and 2 adults and li pups in 1996 (den F5).

"~ In 1994 and 1997 no foxes bred in the area. Isaw at least 3 different individual foxes

in May 1994, 2.in August 1994, and 5 in June 1997. T assumed that only 1 fox used the
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estimated 1,365 ha area described above thrdughout summer 1994, and 2 used it throughout

summer 1997.

Numerical responses of avian predators

~ Rough-legged hawks did not breed in the study area (see above) in 1994, but bred in
1995 (1 nest), 1996 (4 nests) and 1997 (1 nest); clutch sizes and numbers of hatchlings were
‘generally highest in 1996 (Table 3-5). The closest nest was more thaﬁ 2 km from the trapping
grids and rough-legged hawks were not often seen near the grids.

Peregrine falcons and sandhill cranes did not seem to respond numerically to lemming
abundance. Each year one pair of peregrines nested in the study area; in 1995 the nest failed, but
chicks hatched in 1994 and 1996 and fledged in 1994 (Table 3-5; I do not have data about
hatching in 1997 or fledging in 1996)‘ Thc mean density of sandhill crane nests was highest in
1994 and 1996 and clutch sizes were similar among years (Table 3-5; R.G. Bromley
unpublished). Both peregrines‘and sandhill cranes were océasionally seen near trapping grids.

Snowy owls bred in the study area only during the lemming peak (Table 3-5). There
were 5 nests in the study area and at least 5 others within 7 km of the trapping grids. One nest
failed (the male died or départed) but chicks hatched at 3 others (the remainder were nOF
reyisited). The known numbers of chicks per nest were 8, 7, and 4. I rarely saw snowy owls
near the trapping grids except in spring and in August 1995 and 1996. In August 19951 sawv 1 —»
2 owls at a time, and once 4; iﬁ August 1996 I several timeé saw 2 — 3 owls, and once 6. Fr0m4
— 14 September 1996, a worker saw 6 - 10 owls in the area each day. In Octob;:r 199.6., owls

were exceedingly common on Victoria Island to the north — an observer walking 10 km on the

south shore counted about 50 (D.R. Stern, pers. comm.).
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Table 3-5. ~a) Numbers of known nests or pairs of avian predators within the 35-km” study area
that was regularly visited or searched in'1994 through 1997. Territorial pairs of pomarine
jaegers were counted in an aerial search of 11.1 km® within this area (Chapter 4). I saw one

territorial pair of long-tailed jaegers. Sandhill crane figures show numbers of nests found an(i, in
pérentheses, mean number per km” in 10 — 12 km’ searched each year (R.G. Bromley, unpubl.).
b) Known clutch sizes (¢), chicks hatched (h), and chicks fledged (fl) in the above nests.

Sandhill crane data are mean (and SE) clutch sizes (R.G. Bromley, unpubl.).

a) Nests 1994 1995 1996 1997
Rough-legged hawk 1 4 1
. P¢regrine falcon [ 1 (failed) 1 1
Snowy owl 5 (1 failed)
Pomarine jaeger : 17 pairs
Long-tailed jaeger 1 pair
Sandhill crane 9(0.84) . 6(0.60) 10 (0.83) 4 (0.33)
b) Nesting data 1994 1995 1996 1997
Rough-legged hawk — 4e, 3h, 3f] 6e, 4h 2e
Se, 4h
3h, 21l
Peregrine»falcon 4e, 3h, 3fl 3e, 2h, Ofl 4e, 3h - de
Snowy owl 8e, 8h
7e, Oh
Te, 7h
Pomarine jaeger , : typically 2e

Sandhill crane 1.6 (0.17) 2.0(1.7) 1.9 (0.11) 1.3 (0.34)
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Pomarine jaegers bred in the study area only during the lemming peak: 17 territorial pairs
of pomarine jaegers were counted in an aerial search of 11.1 km? (Chapter 4; Table 3-5, this
chapter). Several pairs of pomarine jaegers nested near the trapping grids. In 1996 I saw a pair
of territorial long-tailed jaegers but I did not find their nest. Short-ecared owls were seen in the
study area in 1995 — 1997, but I found no nests.

In late August and September of the peak year, avian predators in addition to snowy owls
were very abundant in migration — up to 8 short-eared owls at a time and 2 peregrine falcons
perched on high points at the research camp on several occasions. Pomarine jaegers and
glaucous gulls were still present in August; observers saw approximately 4 — 6 jacgers and 0 — 2
gulls daily. Flocks of migrating predatory birds stopped temporarily in the area — for example, a

flock of 30 gulls was seen on 25 August 1996.

Numerical response of ermine

Ermine were rarely seen in 1994 or 1995. In June 1994, fo prevent an grtificial increase
in the abundance of predators, I removed an ermine that was scavenginé at the research carhp. I
saw ermine several times later in 1994. I saw one ermine in June 1995; then in July I found one
apparently dead of starvation in tﬁe Exclosure, and saw none later that year. In 1996 a female
raised 7 offspring on the ridge between Control grids 1 and 2; I ear-tagged 5 of these juveniles.
In August 1996 several ermine were seen on trapping grids and elsewhere in the study area, but
ermine killed few of our teleméteréd lemmings (although the fates of some lemmings were
unknown); I removed two ermine from the Exclosure in 1996. ‘One of the young females tagged

in 1996 raised 4 offspring on the same ridge in 1997; I marked two. In 1997 a male ermine also

used dens on and near the ridge (H. Steen, unpublished). I saw only one ermine elséwhere in

1997, an untagged animal in the predator exclosure in August.
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Occupation of lemming winter nests by ermine

I found few instances of occupation by ermine of lemming winter nests in any year
(maximum 4% in 1996-7, Table 3-6). I found only one nest (in 1997) clearly occupied by4
ermine for a long time - it contained layers of fur, ermine scats, and lemming caeca. This nest
was on Control 2 grid and had probably been used by one of the two adults caught later on the
ridge nearby. In 1996, one nest contained a lemming skih, and in 1997, 4‘ nests contained small
tuﬁs of fur; both are tYpical signs of ermine predation. I did not classify these nests as having
been occupied by ermine, but they may indicate instances of predation after which the ermine did
not stay in the nest. In each of 1996 and 1997 I found a nest containing dead juveﬁile lemmiﬁgs,
suggesting that the mother had been killed.

The factor “year” was not retained in a logistic regression model of the proportion of
occupied nests as a function of year (AAIC = 1.6). When nests {)vi'th other signs of ermine
predation in 1997 were also considered, year was rétained in the model but the proportion of
nests with signs of ermine in 1997 did not differ significantly from the proportions in the other
years (ty94 = 0.6, p > 0.5).

The number of winter nests was significantly correlated with spring lemming density on
each grid (Pearson correlation coefficient r = 0.6, tj4 = 2;9, p < 0.02) but not with -autumn
lemming density (r = -0.1). However, in most years the abundance of nests varied considerably
among grids (Table 3-6). .Mounds of lemming faeces near burrows in spring were often not
associated with winter nests, suggesting that some lemmings nested underground in winter.
Habitat and snow and ice conditions may affect both where lemmings nest in winter and whether

they build above-ground nests or are able to use burrows. At Walker Bay, therefore, the absolute

number of nests occupied by ermine may be a poor indicator of the number of lemmings killed.
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Table 3-6. Numbers of winter nesfs examined, numbers that had been bccupied by ermine, and
numbers found per hectare on searéhéd trapping grids in 1994 through 1997. In 1994 I searched
three additional Control grids (Control 5, 6, and 7) on upland habitat that I neither searched nor ‘
trapped on in subsequent years. Nests with oiher “signs of ermine predation” contained a

lemming skin (in 1996) and tﬁfts of fur (in 1997).

Counts of winter nests . - Percent of nests
occupied signs of occupied by
Year total found byermine ermine predation ermine Grid  Nests ha’
1994 45 1 0 2% Control 2 1.3
Control 3 1.3
Control 5 1.8
Control 6 1.4
Control 7 0.5
1995 66 0 -0 ' 0% Control 1 1.6
' ‘ Control 2 2.8
1996 110 1 1 _ 1% Control 1 6.4
' Control 2 0.8
Control 3 2.4
Exclosure 5.2
1997 77 3 4 4% Control 1 2.1

-Control 2 2.1
Control 3 2.2
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Discrimination of adult and juvenile fox scats

There was a shift in the d'iStribution of the di-ameters of scats collected from dens as
summer 1996 progressed (Fig. 3-2). The diémeters of scats from dens in June and July had a
somewhat bimodal distr_ibution, with many scats_of.diameter < 12 mm, whereas few such small
scats were collected from dens later in summer or opp(;rtﬁhistically (not from active de.ns)
throughout summer. The;efore I assumed that.‘all ‘s‘catsA of diameter < 12 mm collected at active

natal dens in June and July 1995 and 1996 were those of juvenile foxes.

Occurrence of prey types in scats

Lemming remains, most then Dicrostonyx, Wefe found in most scats, in both summer
and winter (Table 3-7). Ground squirrel, bird and insect refnainsl often occurred in adult fox
scats. Eggshell W‘as.found in adult fox scat;’collected in Jﬁhe’ 1995 and 1996 and in scats from
the preceding winters, éuggeéting that foxes retrieved eggs cached during the previous spring.

No eggshells were found in scats in 1997, a year when few geese nested (Chapter 4). Insects, -

caribou (Rangifer tarandus), arctic hare (Lepus arcticus), arctic fox, and shrews (Sorex ugyunak

Anderson and Rand) were less common prey items in adult fox scats. One scat found early in
1996 contained white fox hair and little else; I assumed the hair was from grooming during the
moulting period and omitted this scat from estimates of biomass consumption. A few scats
contained a large amount of vegetation.

Scats from juverﬁle foxes (Table 3-7b) contained a smaller variety of remains than did
adult scats. Lemmings occurred in 95% (n = 19) of juvenile scats in 1995 and in 100% (n = 21)

in 1996. In 1995 some juvenile scats contained squirrel and bird remains but in 1996 the only

prey items in juvenile scats were lemmings. No juvenile scats contained eggshell.
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Fig. 3-2. Frequency distributions of the diameters of arctic fox 'sc:ats collected from active dens
in 1996 during the sampling periods (a) 1 June ~ 3.July, (b) 7—21 July, (c) 30 July — 8 August,

(d) 17 — 28 August; and (e) scats collected opportunistically (not from active fox dens)

throughout the summer of 1996.
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Biomass of prey remains in arctic fox scats

The mean estimated biomass of all ingested animal material per adult fox scat, based on
biomass in scats and conversion factors for ‘d.ifferent prey (Appendix 1), exceeded 50 g in most
sampling periods (Table 3-8a). Exceptions were the winters of 1994—5 (mean 40.2 g, n = 6) and
>1995-6 40.2 g, n = 20), early in the summer of 1995 (37.3 g, n =20), and late in 1997 (159¢g,n
= 3). Food may have been relafively scarce during these i)ériods. In July 1996 the mean biomass
per scat was quite low (45.2, n = 24). even though lemmings were plentiful; some juvenile fbx
scats may have been mixed in my .sam'p‘le of adult scats.

Lemmings accounted for 44 — 100% of the total biomass in each sampling period. In
scats in which the species of iemming remains could be‘identifie'd, Dicrostonyx accounted for 42
— 88% and Lemmus for 0 — 28%. Beéauée the estimati‘o‘nA of total ingested biomass was ye;y
approximate (Appendix 1), I have not based furthef co.n'clu_sions or statistical comparisons on
these estimates. |

Scats from juvenile foxes accounted for less ingested biomass than did scats from adults
(Table 3-8b). In June 1996 biomass in juvenile scats représented on avera.ge 22.8 g of ingested
biomass; in July 1’995 and 1996 juvenile scafs repreéented approximately 35 g. Lemmings
accoun‘ted for 71% of the biomass ingested by juvehile foxes in 1995 and 100% in 1996. As’

with adult foxes, most of the identifiable lemming remains were Dicrostonyx.

| Daily consumption of Dicrostonyx biomass
For the purpose of estimating the defecation rate of foxes, I considered that foxes (adults
and juveniles) were well fed only during suMer 1996 (5 scats day'l). At other times there were
indications of food shortage: foxes did not breed in 1994. énd 1 997, and in 1995 onevpup. died,

one litter apparently failed (Table 3-4), and juveniles and adults at dens seemed lethargic. The

biomass per scat was also low during these periods (Table 3-8). Because biorﬂass per scat was
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very lbv;/ in Aﬁguét 1997, I assumed severe'qud stress during this period (3 scats day'l.), and
- modera;e food stfess throughout 1994, 1995, June 1997, and all three winters (4 scats day’l).
| Juvenile arctic foxes are born in May or Juné., emerge from the den after 3 — 4 weeks, and
are weaned at 6 — 7 weeks of age (Garrott.and Eberhardt 1987). I first saw ju;léniles at dens on
28 July 1995 and 25 June 1996. T assumed that juveniles from 16 June — 14 "July 1995 and 1
June — 1-July 1996 had half the defecation rate of adults becausevthey were no£ fully weaned
(Reid et al. 1997 made the same assumption). I considered that pups were equivalent to adults in

August, when they were hunting independently and their scats could no longer be distinguished.

Functibnal résbénse’ of arctic foxes: nﬁmber of indii'idual lemmings consumed

The ratiéé of adult (> 40 g) to juvenile (< 40 g) lemmings in scats ranged from 1:6 to 5:8
in the 4 summer periods of 1996 and during 7 June — 7 July 1997 (Table 3—9).‘ These ;)vére the
only sampling periods when I could determine the size of at least 4 lemmings from their remains.
) Duri.ng the séme periods the corresponding ratios of adults to juvéniles caught in live-traps
rangedAfrom 1.8:1t04:1. Thé fact that the proportion of adults in scats was much lower than the
proportion Frapped suggests that juveniles'Were more spsceptible to fox predafiqn thaﬁ were .
aduvltsx‘. The avefage correction factor indicating the reduced vulnerability of adults relative to
juvéniles (proportiqﬁ iﬁ scéfs ~ p‘roportioh céught)_ was 0.18 (Table.3—9). The édjusted ratios of
adu~lt to juveniie lemmings killed by foxes in all sampling periods, estimated by multiplying the
ratios of adults to juvéniles trapped in eéch sampling period by tﬁis correction factor, are shown
in Table 3-10. Appiying these ratios and the mean rhass of adult and juvenile lémmings caught
in each.p"eriod' tollthe' estimated 'daily.biojrﬁass of 'Dicrostonyx consumed per fox yielded estimates
of up fo 6.9 Dicro;tényx consumed daily pér,adu]t fox and up to 3.3 per juvcnilelfox (Table 3-

10). When Lemmus were included the corrés_ponding estimates of daily lémming consumption

were 7.4 and 4.3 individuals.
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Table 3-9. Estimation of ratio of adult to subadult lemmings killed by foxes.

1996 ’ 1997
1Jun- 7-21 30 Jul- 14-21 7 Jun-
1 Jul Jul 8 Aug Aug ~ 7 Jul
Adult:;juvenile lerhmings in scats 2:4 1:6 5:8 2:6 4 1:3
(1)  Convert to fraction: Adults/juveniles 050 0.17 063 033 0.33
(2)  Adult/juvenile lemmings trapped 397 278 182 220 1.71

1/ (2) Vulnérability of adults relative to juveniles 0.13 006 034 0.15 0.20

(3)  Mean relative vulnerability: 0.18

(2) x (3) Adjusted adult/juvenile lemmings killed 0.70 049 032 039 030
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The plot of numbers of individual Dicrostonyx consumed per fox as a function of prey
density (Fig. 3-3) Suggests a Type II functional response (Holling 1959a), but the curve-fitting
algorithm could not solve equation (1) unless the high consumption at very low density in 1994
was deleted. Without this datum, the curve fitted to the adult fox data had m =l0v.26, indicating
no evidence of a Type III response (sigmoid curves have m > 1). A Type II curve appears more
strongly indicated with the low-density datum present, but this high éonsumption may be a result
of my mistaking old scats, from previous years when lemming density was higher, for fresh ones.
The apparent lack of an glsymptdte was depéndent on my-assumption of different defecation rates
at different lemming deﬁsities; with a constant defecation rate of 4 scats day™, the best value was
m = 0.7. In short, there was no evidence of a Type III response, although withoﬁ_t more scats
from low lemming densities it is best to be cautious about this conclusion. As mentioned above,
the low daily consumption by adults in June 1996, which was very sirﬁilar to that of juvenile

foxes, may be a result of accidentally including juvenile scats in the sarhple of adult scats.

Predation rate estimated from fox scats

The product‘of the number of lemmings eaten per fox and thé estimated number c;f foxes
in the 25 km? area equals the estimated number of Dicrostonyx killed daily in the area (Table 3- |
10). The rates of predation by arctic foxes in 14 .days; estimatéd by converting t‘hese valu'es“to
units of ha! 14 days™ and dividing by mean Dicrostonyx density on Control grids dﬁring each
sampling period, were re%riarkably similar to those determined from radio—télemetry (Table 3-11)
in 1996 and early in 1997. Rates of fox predation per 14 days estjmated from telemetry in these .
sampling periods varied from about 0.032 in June 1997 to 0.079 in July 1996; rates estimated
from fox scats varied from O.Q_35 to O.Q64. The correspondence was weaker in 1995 and poor
late in 1997; in these periods sample sizes for radio-telemetry were low (Chapter 2). .In August

1997 there were several additional sources of error — only 3 scats were collected, population
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Fig.‘ 3-3. Functional responSes of adult (filléd squares).and juvenile (open circles) arcti.c foxes to
lemming density, which was estimated by means of mafk—recapture (Chapter 2). Lemming
densities are the means of ¢stimates on Control grids (nét protected from predators). -In the
period 7 June — 7 -July'l997,.density 1s the mean of estimates on Control grids from 15-18 June
and 28 June — 5 July.. The high daily consumption in 1994 may be a result of my mis’ta.king old
scats for fresh ones: The. low daily consﬁmptidn .by adults in June 1996 may be a re;uli of

confusing juvenile with adult scats. The curve fitted to the adult fox data, without the 1994

‘ datum, has the form of equation (1), where m = 0.26.
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density was declining, and it was difficult to estimate the number of foxes using the area.
Estimated rates of fox predation were high only in 1994 (0.24, estimated from scats) and in

August 1997 (0.19, estimated from ratio-telemetry).

- Prey remains in pellets from avian predators

Lemming remains occurred in all pellets of rough-legged hawks in 1995 — 1997, short-,

- eared owls in 1995, snowy owls in 1994 — 1997, and pomarine jaegers and a sandhill crane (n =

1) in 1996 (Table 3-12). Nb pellets from peregrine falcons contained lemming remains in 1994,
but lemming was found in 25 — 60% of these pellets in 1995 — 1997. All glaucous gull pelléts
contained lemming £emains in 1996 (n = 11) but did not in 1994 (n=1) or 1995 (n=1).
Dicrostonyx was the sole ]emminé species in pellets of pomarine j.aegers,vperegrine falconé, and
the sandhill crane; all other species of avian predators had cénsumed both species of lemmings,
Dicrostonyx more often than Lemmus.

~ Allthe birds of prey ate small birds and insecté in addition to lemmings, except that the
single sandhill crane pellet contained lemming Arem:ains only. Eggshell was fouﬁd in one rough-
legged hawk pellet, one peregrine falcon pgllet, and four gull pellets. Arctic ground squirrel
remains; were found in two rough-legged hawk pelllets and one p_eregrine falcon pellet. Mollusc
shell was found in both glaucous gull pellets from 1994 and 1995. In 1995, one rough-legged
hawk pellet contained remains of five tundra voles (Microtus oeconomus), which I never trépped
at Walker Bay. Two short-earéd owl pellets in 1995 each had reméins of two shrews. TWQ fox
scats also contained shrew remains in 199_5 (Table 3-12a), and I caught more shrews i‘n lemming
traps in 1995 than in other years. |

Individual short-eared oWl and pomarine jaeger pellets had a maximum of two lefnmings,

glaucous gull pellets from one to four, and peregrine falcon pellets a maximum of one lerhming

(Fig. 3-4). Rough-legged hawk pellets contained from one to four lemmings (one Dicrostonyx
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Fig. 3-4. Number of Dicrostonyx, indicated by unique molar teeth, found per pellet of -peregrine

falcons, glaucous gulls, pomarine jaegers, and short-eared owls, at different prey densities in '

different sampling periods.
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was also in the pellet-with five voles), and snowy owl pellets contained from oné to eight ‘

lemmings.

Functional responses of avian pfedators

Since rough- legged hawks bred in each year from which I have pellets (1995 — 1997) I
have no strong ev1dence that they were food-stressed, although clutch sizes were generally
higher in the peak year (Table 3—5b). Therefore I converted the number of lemmmgs per pellet tod
lemmi‘ngs ingested per day (Fig. 3-5) with the digestion factor and casting rate from Reid etal.
(1997) for a well-fed hawk (Appendix 2). For sndwy owl$ Tused a casting rate of 1.55 pellets
day‘l, the higher of Lockie’s (1955) two estimates for short-_eared owls; I chose; the higher rate
.because most of my owl pellets came from periods Whenvlemming density waa rglatively‘.high.
Daily pellet formation by owls varies with diet and among owl specie.s; some owis may produce
as many as 4 pellets day“l (reviewed by Chitty 1938). Nestling snowy owls ejected between 0.7
and 1.7 pellets day™, higher numbers as they gr’ev.vr larger (Watson 1957). Thave no evidence of
food stress in snowy owls except for the single owl seen in 1994, which left a small pellet (2 g,
whereas most exceeded 10 g) containing the remains of a single lemming. For this owl I
assdmed a casting rate of 1 pellet day™. lThe casti.ng rate of 1'.55 pellets day” yielded an
estimated daily consumption of lemmings by snovgy owls of 4.7'to 5 in 1995, 1996, and the

winter of 1996-7, and 7 in June 1997 (Fig. 3-5).

Reproductive condition — male lemmings
A smaller proportion of large male lemmings (= 50 g) was reproductive in 19_96 than in
either 1995 (tm =2.4, p<0.02) or 1997 (to4) = 3.3, p < 0.001) (Fig. 3-6a). The proportion of

reproductive males was lower in August than in each preceding sampling period (June, June-

July, and July-August, tx4; > 3.2, p < 0.002). Neither trapping grid nor any interactions were
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Fig. 3-5. Functional responses of snowy owls (filléd diamonds) and rough-legged hawks (open
squares) to density of Dicrostonyx, based on mean numbers of prey per pellet, estimated
‘conversion factors for digestion in the case of hawks, and estimated daily casting rates. Error

bars indicate standard errors, which were calculated based on mean numbers of prey pef pellet

and then multiplied by the same constants as were the means.
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: Fig. 3-6. The .proportionsv of (aj large (= 50 g) and (b) medium-sized (25 — 49 g) maié
Divcrost‘oﬁyx',‘ ééught in Iive—traps, that werf.:.idn‘ reproduétivé condition in 1995 (diamqnds), 1996
(open circlesj, and 1997 (triangleé). Points"ﬂshow the proportions ‘Qf animais in rgﬁproductive :
condition, estimated by logistic regressidn r;iodels. Error Bars represent 95% confidence

intervals. Horizontal lines show the actual proportions of males in reproductive condition

captured during each time period.
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retained in the model. The actual percentage of large males that were in reproductive condition
declined. from 100.%, 82%, and 100% in June 1995, 1996, and 1997, to 67%, 27%, and 40% in
“ August of the three years respectively (Fig. 3-6a). | |
The reproductive condition of medium—sized males (25 ;49 g) followed the same pattern
as that of large males (Fig. 3-6b) although a smaller proportion tended to be iﬁ reproductive
. con&ition. The fractions in reproductive condition declined from 50% (n = 2), 60%, and 100% in
June 1995, 1996, and 1997 respectively, to 20%, 4%, and 13% in Augﬁst of the same years. The
differences between 1996 and the other years were significant (t;¢; > 2.5, p < 0.02). Few small
rﬁales (< 25 g) were in réprodﬁctive condition (0O of 0 in 1995, 1 of 14 in 1996 and 2 of 4 in
-1997). .Because of the small sample size, year was the only faétor tested in the model; the
increase in. proportion in 1997 compared with 1995 and 1996 approached statistical significance
(tis=1.79, p < 0.10).
In snap-trapping surveys in June 1996 and ﬂl 997 and July 1995 and 1997, the percentage
of males producing sperm (epididymis visible) varied from 50% to 100% (n = 1 to 8, Table 3-
: 13). In July 1996 none of the 14 males caught v;/ere producing sperm. Only 3 of these were

large males (> 50 g), 4 weighed 25 — 49 g, and 7 weighed < 25 g.

Reproductive condition — female lemmings

The indicators of reproductive condition of a live female, a slightly open pubic symphysis
and evidence of lactation, both lag behind actual pregnancy. Most large females were in
reproductive condition (Fig. 3-7a). In the model of reproductive condition of large females all
terms were retained, including trapping grid (AAIC, = -1.9) and an interaction between year and
period (’AAICc = -0.9). The slight interaction was evident A(F‘ig. 3-7a) in that the actual proportion

reproductive remained at 1.0 beginning in late June-July 1995 and 1997, but declined in late

summer 1996. However, differences amohg trapping grids were neither significant nor -
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Table 3-13. Mass and reproductive condition of male Dicrostonyx caught in snép-traps at

Walker Bay in June 1996 — 1997 and July 1995 — 1997. I assumed that spermatogenesis was

indicated if the epididymis was visible. The reproductive status of one male was unknown

~ because the carcass had been partly consumed by a predator.

Male Dicrostonyx

P Epididymis visible
Year Trappingdates N <25g 25-50g >=50g % visible % unknown
1996 12-17 June 8 0 . 38 50 75 4
1997 17-23June 2 0 50 50 50
1995 10-16July 3 0 33 67 67
1996 11-16July 14 50 29 21 0

1997 15-16July 1 0 100 0 100
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Fig. 3-7 . The proportions of (a) large (= 50 g) and (b) medium-sized (25 ~ 49 g) female
Dicro&tonyx, caught in live-traps, that were in reproductive condition in 1995 (diamonds), 1996
(open circles), and 1997 (triangles). Reproductive condition'did not include oestrus (see text and
Fig. 3-8). Points shéw the proportions of animals in reproductive condition, estimatéd by
logistic regfession models. Error bars represent 95% confidence intervals. Horizontal lines in
shoWl the actual proportions of females in reproductive condition captured during each time

period ineach year.
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consistent among sampling periods (ts6 = 1.2, p > 0.2), and none of the interaction coefficients
differed significanﬂy from zero (p > 0.5).- Therefore, to obtain poWer for comparison among
years, I dropped these terms from the model. This reduced model fitted well (Fig. 3-7a) except
for discrepancieé resulting from deleting the interaction term: in June 1995 when the sample size
- was very small (ﬁ = 6), and in August 1995 and 1997, when although all large females were
reproductive, the model estimated a smallér fraétion. The conclusions drawn from this
simplified model made sense when compared with the observed data (Fig. 3-7a).

A smaller proportidn of 1arge females was reproductive in 1997 than in 1996 (t434 = 2.6, p
< 0.01). The same patterﬁ was apparent between 1995 and 1996, but the difference was not
statistically significant (t434 = 1.5, p > 0.1). A significantly smaller proportion of large females
was reproduétive in August than in June-July or in July-August (t434 > 3.8, p < 0.0002), and it is
apparent from Fig. 3-7a that this différence was due to a decline in reproductive condition in
1996 only. All large females were reproductive in July-August and"/‘\ug‘ust 1995 and 1997 (11 <
n <21 in each period),bbut only 91% in July-August 1996 and 66% in A;Jgust 1996 (n > 90).

| Few medium-sized adult females were in reprobductive condition (Fig. 3-7b) but the
proportion of medium-sized females that were reproductive was greater in both 1995 (tg3 = 2.6,
p <0.02) and 1997 (1133 = 3.1, p < 0.005) than in 1996. The fraction' éf reprodﬁctive medium-
siz_ed females trapped in 1996 never exceeded 5% (4 <n <61 in éach period), but was 12.5% in
Aﬁgust 1995 (n = 8), 28% in June 1997 (n = 8), and 33% in August 1997 (n = 3). Thve only time
period in which the proportion of reproductive females ’approached a significantly higher level
than that in August was the July—August time period (t .g‘3 =1.95, p < 0.06). "There Were no
significant differences among trapping grids (p > 0.1, Chapter .2). No small females were
classified as reproductive.

I could not compare the absolute proportions of females in oestrus among years because

of differences in assessments among field workers, but I estimated the change in rates of oestrus
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~ within each sumimer. In 1996 the proportion of large females reCorded,as in oestrus declined
linearly (on a logit scale) throughout the summer (tsss =-6.4, p < O:OOOl,CFig. 3—8a), from about

40% in late June to close to 0% in late August. In 1;99.7 I used date as a categorical rather than a

continuous variable because the proportion of females in oestrus did not change linearly
throughout the summer (Fig. 3-8b); The proportion of large females recorded as in oestrus on all
grids combined rose from 10% in June to 55% in Julyv and fell to 31% in'August (Fig, 3—’8b)- The
difference between the proportions in oestrus 1n Au'gust-and mjd'—June approached sta'tistical’

s1gn1f1cance (tgg = l 7,p< 0 1) but the dlfference between the. proportlons in oestrus in August

and July was not srgmfrcant (tgg =1 3 p> 0. 15)

In snap-trapping surveys in June 1‘996. and, l99_7 the crude (observed) pregnancyrates of
females were 82% (n=17) and 70% (n = 110); respectively (Table 3—14); An observed pregnancy
rate 'of 75% in Ditrostonyx equates to a,t'rue rate of 100%; because early stages of pregnancy
cannot be detected macroscoprcally (Krebs 1964a) It is therefore probable that in June of both
the peak and decline all mature females were pregnant Only one female was trapped in each of
July 1995 and July 1997 both were pregnant In July 1996, however, only 27% of the 15
females trapped were apparently pregnant even though 7. werghed =50 g;all the pregnant

females were in this weight class In addrtron none of 7 telemetered females killed by predators '

between 12 July and 22 August 1996 were pregnant' though they werghed 53-112g. In
" contrast, a female (55 g) killed on 12 August 1995 was pregnant as were two (69 and 81 g)

vkrlled 29 and 30 July 1997. I found placental scars, 1nd1catmg prevrous pregnancy, in both

telemetered females in 1997 and in all but the smallest one (53 g) of the telemetered females in
1996.

None of the females trapped in June 1997 had placental scars from prevrous pregnancres

1 did not assess placental scars in June 1996. However, 17 of 30 females trapped from 17 - 26
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Fig. 3-8. a) The proportions of large (= 50 g) female Dic‘roston}x, caught in live-traps, recorded
as in oestrus in 1996. Lines show the proportions (ar}d 95% confidence intervals) of females i‘n
§estrus on all grids, estimated by a logistic régressibn rﬁodei with trapping date as a continuous
variable. Diamonds, circles, trianglés (Control grids) and filled squares (Exclosure) show the
actual proportions of large females that were in oestrus on éach trapping grid. b) The
prépor@ions df large female Décrostonyx that were recorded as in oestrus in 1997. Crosses (X)
-show the proportions of females' in oestrus on all gri‘ds, éstimated'by a' logistic regression model
with trépping period as a discrete variable. Efror bars indicate 95% confidence intervals.
Diamonds, circles, triangles (Control grids) and filled squares (Exclosure) show the éctﬁal
proportions of large females that-were: in oestrus on each trapping grid. Points for Coﬁtrol 2 grid

(circles) in late June and in August, and for Control 3 grid (triangles) in early July, represent

single individuals.
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June 1996 at other study sites near Walker Bay had scars; scars occurred in 2 of 5 females
weighing 30 — 50 g and in 15 of 23 weighing = 50 g (C.J. Krebs and A.J. Kenney unpublished).

| Mean June litter sizes were similar in 1996 and 1997 (mean + SE: 5.9 £ 0.6 and 6.1 £ 0.7
respectively, Table 3-14). In July 1996 the mean litter size (4.3 £ 0.5) was slightly but not |

significantly lower than in June. Sample sizes in July 1995 and 1997 were too small for me to
compare litter sizes among years or trapping periods. I observed resorbed embryos in' 1996 only;

3.5% were resorbed in June, and 5.6% in July (Table 3-14).

Sex ratio

The proportion of males trapped was higher in 1997 than on average in 1995 and 1996
(unplanned Helmert contrast, tjp73 = 2. 18,. p < 0.03). This effect results from a difference in‘sei(:
ratio of large animals only (Fig. 3-9), evident from the actual proportions of maI'es captured).
The percentages of large animals caught that were male were. 25% in 1995, 34% in 1996 and
45% in 1997. More small and medium-sized lemmings than large ones were classified as males
(tio73 > 2.5, p<0.01) but this may have been a result of errors in determining the sek of
immature animals. Neither grid nor period, nor any intéraction terms remained in the model.

In snap-trapping surveys, a smaller proportion of males was caught in June 1997 (17%, n
= 12, Table 3-15) than in June 1996 (32%, n = 25), but the difference was not significaﬁt

(Fisher’s exact test, p > 0.4).

Age structure
The proportion of adults caught in 1996 was lower than the mean of 1995 and 1997
(unplanned Helmert contrast, tjo7) = 2.8, p <0.01). The proportion of adults was higher in the

periods June and June-July than in August, over all years (tjo7; > 3.7, p < 0.0005). The

proportion of adults in the Exclosure exceeded the mean proportion on the two Control grids
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Fig. 3-9. The proportions of large (diamonds), medium-sized (open circles), and-small
(triangles) Dicrostonyx that were male, captured in live-traps in 1995, 1996, and 1997. Points
show the proportions of male animals estimated by a logistic regfession model. Error bars

- represent 95% confidence intervals. Horizontal lines show the actual proportions of animals of

each size class that were male during each year.
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Table 3-15. Sex ratio and size distributions of Dicrostonyx caught in snap-trap surveys at
Walker Bay in June 1996 — 1997 and July 1995 — 1997. One carcass in each of June and July
1996 had been scavenged and was not weighed; in July the sex of the remains could not be

determined.

 Dicrostonyx caught in snap-traps ,
‘ % : P

Year Trapping dates N male female notsexed <25g 25-50g >=50g not weighed
1996 12-17 June 25 32 68 -0 32 64 4
1997 17-23 June 12 17 83 U 9} 58

1995 10-16July 4 75 25 : ‘ 0 25 75

1996 11-16July 30 . 47 50 3 33 30 33 3
1997 15 - 16 July 2 50 50 ‘ 0 50 . 50 '
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(tion=52,p< 0.000‘1), but there wés a significant interaction between year and grid. Grid
(Exclosure) effects are discussed fully in Chapter 2.

Ina model_comparing' the 'proportioné of z;dult animals from Contfol grids 1 and 2 among
years and sampling periods, the proportion of adults caught in 1996 was lower ihan in either
1995 or 1997 (treatment contrasfs, ts73=2.2,p v<‘0.03 and ts7g = 2.9, p‘< b.OOS). Across all years,
a smaller proportion of adults was caught in June and in fune—July thani in August (ts73 =2.8, p<
0.0l aﬁd ts78 = 3.0; p <0.005). The interaét_ion between year and sampling period was not
retai'néd in the .model. The model fitted the data well (Fig. 3-10) except in June, when tﬁe actual
proportions of adults were similar in 1996 (71%5 and 1997 (68%), but only adults were‘c’aught in
June 1995.

The proportions of snap-trapped Dicrostonyx weighing 2 50 g were similar in June 1996
and June 1997: 64% in 1996 and 58% in 1997 (Table 3-15).- No lemmings Weighing < 25g were
caught in June of either ye'ar. In July 1996 ani.mals were distributed fairly evenly among the
three size classes (< 25 g, 25 — 50g, and 2 50 g); one additional partially scavenged animal was
not weighed but appeared to be > 25 g. Iﬁ July 1995 and July 1997 no small animals were
trapped and fhc proportions of large anirﬂalé (=50 g) were vgreater than iﬁ July 1996 (75%, n = 4
in 1995 and 50%, n = 2 in 1997), but sample si;es were small so the differenc_e may not be

important.

Mass of adult Dicrostonyx

| Because of an interaction betWe_en year and period in the model of mass of adult
Dicrastonyx, I modelled each period separately. Adult_sj-(> 40 g when first caught) weighed
significantly less in June 1997 than in June 1996 (tis: = 6.0, p < 0.0001) (Chapter 2, Figs. 2-8b.c,

2-9). In June 1995 the mean mass of adults was also lower than in June 1996 but the difference

- was not statistically significant (t;5; = 1.5, p > 0.1) (Chapter 2, Fig. 2-8a, b). The factor “sex”
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Fig. 3-10. The proportions of Dicrostonyx on Control grids 1 and 2 that were classified as adults
(> 40 g) when first caught in live-traps, in four sampling periods in 1995 (diamonds), 1996 (open
circles), and 1997 (triangles).. Points show the proportions of adults estimated by a logistic

regression model. Error bars représent 95% confidence intervals. Horizontal lines show the -

actual proportions of adults captured during each sampling period.
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waé not retained in the June model (AAAICC =-0.02), showing that the differences among years
occurred in both sexes. The mean mass of adult malés on Control grids in June 1995, 1996, and
1997 respectively was 75.4 (n= 1), 65.5, and 61.3 g; the corresponding figures for adult females
were 67.8 g, 70.1 g, and 61.1 g. Mean mass of adults was higher in the Exclosure throughout
1996, 1997, and the latter part of 1995 (Chapter é). In none of the models was there an
interaction between grid and year or 'grid andasampling period; hence my conclusions about
differences in maés apply to both the Exclosure and Control grids. Because year was not
retained in the models of mass of adults for the periods June;July, July-Aﬁgust, or August (-0.02

< AAIC, < 0), I conclude that the differeﬁce_ in mass among years was evident only in June.

Population decline models

Whén the survival rates observed in August 1996 and June 1997 (Table 3-2) were used in
the model of winter population decline; the predicted rate of decline (r) was -0.017 week™ (Fig.
3-11a), less than half that observed on Control grids (-0.036 week™). However, a 30-day adult
fall and winter (mid- August — mid-March) survival rate of 0.775, which was ‘w.ithin the 95%
confidence interval for July and August survival on Céntrol grids, predicted a decline similar to
that observed on Conrol grids (16 June density 3.4, r = -0.037 week™'; Fig. 3-11b). A 30-day fall
(mid-August — mid-November) survival rate"of 0.66, and winter survival of 0.876.as observed in
August, predicted a similar result (16 June dgnsity 34, r= -0.036 week'; fig. 3—1 l¢). This latter
’ o survival rate is within the rather large 95% confidence interval for survival of Control animals in
August 1996, but is slightly below that for July 1996 (Table 3-2).

In contrast to the results of the model of the decline on Control grids, when the observéd
Exclosure survival rates (Table 3-2) were used in the model of winter population decline in the
Exclosure‘, the modelled rate of decline (r) was -0.068 week™! (Fig. 3-12a), almost double that

observed in the Exclosure (-0.036 week'l). Survival estimates in the Exclosure were very low in
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Fig. 3-11. Modelled population declines (solid lines and crosses, X) of untreated (Control)
Dicrostonyx populations from August 1996 to June 1997. Dotted lines and filled diamonds,

circles, and triangles show observed declines on Control grids. Open squares show mean

o Controlrdeﬁsities. (a) Autumn and winter survival parameters set to Control grid estimates from

August 1996, and spring survival set to Control grid estimate from June 1997 (Table 3-2). (b)

Fall and winter survival (mid-August — nljd-MarCh) set to 0.775 per 30 days. (c) Fall survival

(mid-August — mid-November) set to 0.66 per 30 days.
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Fig. 3-12. Modelled popuiat-ion declines (solid lines and crosses, X) of the protected (Exclosure)
Dicrostonyx population from August 1996 to June 1997. Filled squares show observed |
Exclosure densities aﬁd 95% confidence intervals. (a) Survival parameters set to Exclosure
estimates from August 1996 and June 1997 (Table‘3-2). (b) Fall and winter survival (mid-
August - mid-March) set to 0.78 per 30 déys, spring survival set to June 1997 value éstimated

| for Control animals (Table 3-2). (c) Fall survival (mid-August — mid-November) set to 0.67 per °
30 days, winter ar11d spring survival set respectively to August and Jur;e estimates for Control

animals (Table 3-2).
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August 1996 and June 1997 because of foxes entering the protected area (Chapter 2). -Becauée
the observed rate of decline was similar in the Exclosure to that elsewhere, it could be simulated
with similar survival parameters to those described above for Control grids. A spring survival
rate equal to that observed on Control grids and a fall and winter survival rate of 0.78, marginally
higher than that used in the model for Control grids, predicted a decline similar to that observed
in the Exclosure (17 June density 7.0, r = -0.036 week ! Fig. 3-12b). A 30-day fall (mid-August
— mid-November) survival rate of 0.67, slightly above that used in the model for Control grids,
and winter and spring survival modelled as on Control grids, yielded a similar result (17 June
density 7.1, r = -0.036 week™'; Fig. 3-12¢). The ﬁodelled survivél rates bf 0.78 and 0.67 weré |
within tﬁe large 95% confidence iﬁtervals for August survival in the Exclosure and On. Control
grids (Table 3-2, and see preceding paragraph).

The reproduétive and juvenile survival paraﬁeters in all these models led to a predicted
age structure in June 1997 of 54% over-wintered animals, 23% animals from spring litter 1, and
23% from spring lifter 2. This distribution is acceptably close to the age structure indicated by
the distribution of mass of lemmings trapped in June 1997 on Control grids. Forty-seven percent
of the lemmings trapped weighed >>50 g, 33% weighéd 31-50g, and 20% weighed <30 g.
Dicrostonyx weighihg 30 g are about 1 month éld; ;md those 30 -50 g are between 1 and 3
months old (Chernyavski and Kiriushchenko 1979). This correspondence between the actual and
predicted age structures provides assurance that the reproductive and juvenile survi?al
parameters‘used were realistic. |

) The results of 1,000 Monte Carlo simulations of the full stochastic Crystal Ball decline
model are shown in Fig. 3-13a and Table 3-16. The mean predicted density of Dicrostonyx in

mid-June 1997 was 3.5 ha™ (compared with the observed mean density of 3.4) with a standard

deviation of 3.6. The model predicted results within the range of those observed on Control

gridsv(l.l — 6.7 ha') in 54% of simulafions (Fig. 3-13a). Hence, when uncertainty in the
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Fig. 3-13. Results of 1,000 Monte-Carlo simulations, with Crystal Béll software, of the winter
1996 — 1997 decline in Dicrostoﬁyx density. Graphs show the distribution of forecasted densities
of Dicrostonyx (individuals ha™) on Control grids on June 16, 1997. Outliers refer to predicted

_ densities above the maxjmum value on the X—axis. (a) Full model with all parameters allowed to
vary as shown in Tables 3-1 to 3-3. Darker bars show the 54 percent of simulations that yielded
.results within the obsérved'range of Control densities (1.1 — 6.7 ha'l). (b) Reduced model with

only adult survival parameters allowed to vary. Darker bars show the 66 percent of simulations

thatiyielded results within the observed range of Control densities (1.1 — 6.7 ha'l).
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Forecast: June 16 density on Control grids
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Table 3-16. Results of 1,000 Monte-Carlo simulations, using Crystal Ball software, of the
winter 1996 — 1997 decline in Dicrostonyx density. Results are given for the full and reduced
stochastic modéls (described in Methods). Statistics refer to the distributions of the forecasted

density of Dicrostonyx (individuals ha™) on Control grids on June 16, 1997.

- Full mbdel . Reduced model

Mean density 3.5 55
Median density 22 45
Standard deviation 3.6 | 4.1
Variance ' | _ 13.2 : 16.5
| Standard error of the meah | 0.12 | ‘ 0.13
Skewness . : 2.0 'I 1.8
Kurtosis R | 8.8 8.6
Coefficient of variation | ‘ 11 | 0.7 -
Minimum density 0.0 0.1
Maximum density 303 366

Range width 303 36.5
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parameter estimates was taken into account, the observed sﬁrvival parameters combined with
estimates of winter and spfing reproduéti.on' from the literature predicted the observed decline
Well. Howévér, because of the large uncertaivnt};’ in most of tﬁe parameter estimates, this model
ofteﬂ predicted extinction or severe declines (Fig. 3-13a). -

The results of 1,000 Monte Ca'rlé simulations of the reduced model, with only adult
survival parameters éllowed to vafy, a‘_.re, sﬁbwn in Fig. 3-13b and Table 3-16. The rﬁean
predicted density of Dicrostonyx in mid-June<.l997 was higher than in the full model: 5.5 ha
(compared with t‘he' observed mean density of 3.4) with a standard deviation of 4.1. However,
the model predicted results within the range of those obserygd on Control grids (1.1 — 6.7 ha™") in
66% of simulations (Fig. 3-13b), and néve‘r 4predicted extinction (Table 3-16). In surﬁmary, with
no variation in initial density or in reproduction parameters, and restricted variation in adult
survival parameters (_meaps equal to estimated values and variation less than the estimated 95%
confidence intervals), this reduced model predigted 'Junevdensities similar to those observed 66%
(;f the time. These results provide further support for my 'abov'e cbnclusion that the measured
survival rates, even taking into account only part of the uhcertainty in the estimates, can account
for the observed decline.

Sensttivity analysis of the full stochastic model shbwed that the rJune density prédicted by
the simulation was most sensitive to variation in the following parameters: adult autumn
survival, adult winter survival, initial density, and adult spring survival (Fig. 3-14). Adult
auturﬁn and winter survival together accounted for approximately 74% of the variation in the
results of the model. The model was insensitive to variation in parameters of reproduction and
juvenile sufviva]. The survival of juveniles in the first month after 1eaving the nest accounted for

1.8% of the total variation. Other parameters related to reproduction and survival of neonates

were jointly responsible for only 1.4% of variation in the predicted June density of Dicrostonyx.

However, it 1s important to recognise that a key assumption of the model was that no
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Sensitivity Chart
Target Forecast: June 16 density on Control grids
Adult survival, Winter 46.6% .
Adult survival - Autumn 25.2%
Start density 20.3f’/¢.
Adult survival - Spring ) AT%
Juvenile survival afterleaving nest 1.8% .
Prop. of females pregnant, March - April ’ 0.6% .
Mortality before leaving nest 0.3% »
Mean litter size, April - May i 0.2%
Méan litter size, March - April 0.2%
Pre-natal. mortality (resotbed embryos) 0.1% .
Prop. of females pregnant, Apri! - May . . 0.0%
T t t
0% 25% 50% 75% 100%
‘ Measured by Contribution to Variance

Fig. 3-14. Sensifivity analysis of the full Monte Carlo simulat‘i,oh model. Bars show the

approximate percentage of total variation in the results of the model accounted for by each

parameter.
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reproduction occurred in winter, and because this parameter did not vary, its effect is not

reflected in the sensitivity analysis.

DISCUSSION

The rate of population decline in the predator exclosure (-0.036 per week, Table 3-3b)
was the same as that on Control grids in winter 1996 — 1997.‘ In contrast, 1n the following
summer, density began to increase within the Exclosure (+0.002 per week) while it deqlined on
: Coﬂtrol grids at an accelerated rate of —0. 19 per week (Table 3-35 and Chapter 2). Hence my

first prediction, that if predation is necessary to cause the population decline thenvth-e decline will
;10t occur within the protected area, was not supported in the winter of the decline but was
supported in the following summer. However, the conclusion for winter is weakened because
the protective structure was leés effective in deep snow and ineffective against ermine (Chapter
2). Furthf.:r,larctic foxes and ermine entered the Exclosure in jAugust 1996 (Chaptef 2) and
predation may have intensified in autumn as these predators responded to the enhanced density .
.v of lemmings within. |

My se;cond predictibn, of a delayed density-dependent predation rate, was supported,
since survival of Dicrostonyx was significantly lower in summer 1997 than in su.mrrievr 1996,
most deaths were due to predation, and predation rates were panicularlyvhigh late in summer
1997 (Chapter 2; this chapter, Table 3-2). However, althéugh the population declined‘
substantially over winter, estimated survival in June 1997 equalled that in August 1996 (Table 3-

2), suggesting that the predation rate did not rise until after the decline began. Did the predation

rate increase in the winter following the peak summer? This question must be answered to test

my third prediction, that the decline should be associated with a rise in predation rate. In the
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following sections I estimate a winter predation rate based on the abundance of predators and

their winter diets.

Numerical responses of lémming predators
Arctic foxes, ermine, rough—iegged hawks, snowy owls, pomarine jaegers, and, to a small

degree, short-eared owls all responded numerically to lemming abundance (Resplts and Tables
3-4, 3-5). However, snvo'wy owls and rough-legged hawks did not seem to be important predators
on the trapping grids in summer, pefhaps owing to the low numBers of hawks and the distance of
the nésts of both specAies: from the grids. Snowy owls, which were seen more often in late
summer and fall, may have had a greater impact in autumn. Foxes were important predators in
all three éummers of the study, ermine in the peak and decline summers, pomarine jaegers in the
peak only, and short-eared owls in the increase phase only. Only arctic foxes, ermiﬁe, and
snowy owls .would have Been present in the winter of the decline, 1996 — 1997. Short-eared

V owls, pomarine jaegers, rough-legged hawks, and othgr birds of prey stobping oﬁ their southward

migration, may all have been abundant until late in the autumn of 1996. -

Functional responses of lemming predators

Foxes, snéwy owls, rough-legged hav\}_ks,‘ and probably glaucous gulls and peregrine
falcons responded functionally to lemming density (Figs. 3-3, 3-4, 3-5). The apparent Type II
response (Holling 1959a) of arctic foxes (Fig. 3-3) coﬁtrasts with the Type III response of red
foxes observed by Reid.et al. (1997). This pattern, and their inability to breed at low lemming
densities (Table 3-4), suggest that arctic foxes in this region may be more. specialised lemming
predators than were the red foxes at Pearce Point (Wéstern N.W.T.). Reliance on lemmings was
particularly evident in juvenile arctic‘ foxes, as in 1996 theif scats contained remains of no other

prey types. In some regions, however, arctic foxes live primarily on carrion and avian or marine
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prey (Hersteinsson and Macdonald 1982, 1996; Frafjord and Prestrud 1992, Prestrud 1992,
Anthony 1997). Their apparent specialisation on lemmings on the Kent Peninsula may therefore

be related to a shortage of other prey.

Predation in winter by arctic foxes

The estimated mean biomass of Dicrostonyx ingested per adult fox scat remained high in
winter 1996-7 (41.1 g compared with 47.8 g in August 1996). However, assuming low winter
reproduction of lemmings (100:1 ratio of adults to juveniles), the estimated average number of
Dicrostonyx consumed per day per fox in winter (2.6) was much lower than in summer 1996 (up
to 6.9, Table 3-10). My estimate of the total consumptioh of lemmings by foxes iﬁ winter 1996-
7 (Table 3-10) is rough because it depends on an arbitrary assumption of linear dispersal
throughout winter of juvenile foxes (i.e. over a 10-month period about one fox dies or emigrates
monthly). This assumption leads to an estimate of average consumption by all foxes of 18.4

lemmings day™ throughout winter, or 0.19 lemmings ha” 14 days™.

Predation in winter by ermine

The number of lemming nests occupied by ermine iﬁ winter 1996-7 (4%, Table 3-6) was
low compared with observations in Greenland of 9% and 14% in two declining years (Sittler
1995). At Barrow, Alaska least weasels (Mustela nivalis) occupied 35% of lemming nests in a
decline year (MacLean et al. 1974). Since I knew of several ermine near the trapping grids in
August 1996, and one marked female and one unmarked male in June 1997, at least two ermine
probably lived in the area throughout winter. Estimates of the home range size of North
American ermine, which have smaller bodies and ranges than do European ermine, vary
considerably depending on habitat, food availability, and the abundance of conspecifics

(Fagerstone 1987). Ranges of males and females overlap (Fagerstone 1987). Average home
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range sizes in Ontario in the non-breeding season were 10.5 ha for females and 23 ha for one
male (home ranges of breeding males averaged 20.7 ha; Simms 1979). Home ranges in
California were smaller (Fitzgerald 1977), but in central Alberta home ranges were much bigger:
79.9 ha for females outside the lareedi‘ng season and 141.6 ha for males, combining both breeding’
and non-breeding periods (K. Lisgo, unpublished). To recognise both the high .density of prey at
Walker Bay in 1996 — 1997, aad the large size of northern ermine, I averaged these estimates to
obtain 45.2 ha for females and 82.3 ha for males. I assumed that the trapp‘ing. grids lay within
non-ovérlapping ranges of o'né’malé and one fe@ale. B
| Gessaman (1972) estimated that ane 60-g lémmjng is gquiyalent to 77 kc‘al af energy
- (322 kJ). Iestimated the daily fopd requirements of ermine by extrapdlating. from Brown and
Lasiewski’s (1972) predictions of the energy requirements of long—tailed.weasels (Mustela
frenata) as a function of mass and ambient fefnperature. The mass of armine varies considerably
and increases at high latitudes, so I used the mean mass of 7 females (mean * SE 113 i 6.7 g)
and 3 males (154.5 £ 17.3 g) weighed at Walker Bay in 1996 and 1997. These means are
probablyvunderestimates_ since many of the weighed animals were subadults. The results of these
calculations were that at -10°C, a fémale ermine would need 1.3 60-g lemmings daily, and a
male would heed 1.4. ’I;he winter air tefnperature at Walker Bay is much lower than -10°C, but
by asing lemming wvi‘_nter nests ermine fnay attain a higher ambient temperature (MacLean et al. -
1974). These calculations lead to an estimated consumption by-ermine af 0.34 lemmings ha"'- 14
days™. Because ermine cache prey for future.usa (Oksanen et al. 1985), they may take more

prey in some periods but less when hoarded food is retrieved.

Predation in winter by snowy owls
I do not know how many snowy owls foraged in the area in winter. Many of the large

- number present in August ~ ‘Séptember likély emigrated or died during winter, and others
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immigrated in spring. One ow] remaining in the 25-km? home range assumed for foxes (1,365
ha of Dicrostonyx habitat) in mid-winter, eating 3.3 Dicrostonyx day™ as I calculated from winter

owl pellets (Fig. 3-5), would eat 0.034 Dicrostonyx ha' 14 days™.

Total winter predation rate

The above estimates of Dicrostonyx eaten by arctic foxes, ermine, and snowy owls sum
to a total winter consumption of 0.6 Dicrostonyx ha™' 14 days™. Based on an average winter
density of 9.6 lemmings ha™, this estimate equates to a predation rate of 0.06 14 days™ and 30-
day survival rate of 0.88. This estimate is, of course, very rough, but is similar to my estimates
of summer survival rates based on radio-telemetry (Table 3-2). Estimated winter predation based
on the above calculations is shown in Fig. 3-15. |

These estimates offer no evidence of an increased predation rate in the winter following
the peak. Hence my third prediction, that the decline should be associated with an increased
predation rate, is not supported. It is, however, possible that predation rates rose temporarily in
autumn when foxes and owls were abundant and before the snow was deep an'd densely packed.
Both foxes and snowy owls must find it difficult to hunt lemmings under hard snow. Ermine
were probably also more abundant in autumn, before winter mortality occurred. As well, some
migratory predators were present in autumn and those passing through from further north may
have stopped for longer than in other years because of the abundance of prey.

A constant number of predators with Type II functional responses in the absence of prey
reproduction would lead to an increasing rate of predation as lemming numbers declined
(Holling 1959a), i.e. inversely density-dependent or depensatory predation. In this case the
predation rate would have bef;n higher in late winter than in fall. A moderate rate of decline in

numbers of predators does not preclude depensatory predation, but if predator numbers drop

rapidly or functional responses are Type III, the predation rate may decrease (Holling 1959a).
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E Reproduction

[ Ermine predation
H Snowy owl predation
[ Arctic fox predation
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Fig. 3-15. Estimated 1996 — 1997 winter predation by arctic foxes, snowy owls, and ermine on
Dicrostonyx, based on estimates from scats, pellets, and metabolic requirements (see
Discussion), compared with modelled predictions of the population decline. I assumed linear
dispersal of foxes as described in the text, 2 snowy owls per 25 km® from August — October and
April — June and 1 at other times, and a constant number of ermine (2, see text). “Lemmings
born 1996 shows the modelled population decline of adults as shown in Fig. 3-11b (fall and
winter survival 0.775, spring survival 0.877). Reproduction shows spring-born individuals from
the same model. Unexplained mortality illustrates the gap between estimated predation and the

modelled mortality. The initial and final population densities equal the observed mean Control

densities in mid-August 1996 and mid-June 1997 respectively.
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Ermine are particularly likely to continue to exploit lemmings at low density before emigrating,
because ermine are adapted to hunt under the snow (Fitzgerald 1977) and are more specialised

than foxes and cannot emigrate as far as owls can. However, the predation rate on Control grids

' ~was not lower in June 1997 than in 1996 (Table 3-2), and without knoWing rates of emigration or

death of predators, I cannot estimate changes in predation rate during fall and winter.

With no evidence that an increased predation rate initiated the population decline, we

‘must look for other causes. The decline could have been initiated either by an increase in

sources of mortality other than predation, or by a decrease in reproduction. - The mortality rate

‘may have risen in auturn 1996 owing to deteriorating weather and competition for food as plant

_ growth slowed. 1 observed but did not quantify damage from lefnmings gnawing on willow bark

(Salix lanata and . arctica) and browsing on shoots of Dryas integrifolia. My survival

estimates show no evidence of an increase inmo'rtality before the end of August (Chapter 2 and

“Table 3-2).

Cessation of reproduction in the peak summer
Collared lemmings stopped reproducing by the end of July in the peak summer, but were . -

still reproducing in late August of the increase (1995) and decline ,(1997) years. This difference

 was apparent from the proportions of males and females in reproductive condition (Figs. 3-6, 3-

~ 7), the lack of spermatogenesis and low rate of pregnancy in lemmings snap-trapped in July 1996

(Tables 3-13, 3-14), and the absence of pregnancies in telemetered females killed by predators in
July and August 1996 (Resﬁlts). As well, the proportion of largé females that were in oestrus in

1996 decreased monotonically to almost zero by the end of summer, whereas no such decrease

occurred in 1997 (Fig. 3-8).

The few studies of winter reproduction in Dicrostonyx report no winter breeding after

peak summers, until spring (April — May) (Krebs 1964a, Chernyavski 1979, Chernyavski and
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Kiriushchenko 1979). MacLean et al. (1974) deduced from the abundance of lemming. winter
nests (monst of Lemmus trimucronatus, but a few of ‘Dicrostonyx) that winter breeding was

reduced after peak years, and attributed a populaﬁon decline to reduced breeding combined with

winter nests that reproduction was low after a peak summer, but suggested that this effect could

have resulted from disproportionate predation by ermine on oestrous females.. Only spring

breeding of L. lemmus after a peak has been reported [review of _wiriter reprodu;tion in

Scandinavian microtines, Hansson (1984); the January — April breeding obsérved by Henttonen

and Jirvinen (1981) occurred before an early summer peak, not after as reported in the review]. -
Without reproduction, a decline must occur if there is mortality. The dec_rease n

reproduction, but not in survival, in August of the peak implies that the lemming decline was

~ initiated not by increased predation, but by cessation of reproduction. Krebs (1964j pointed out.

that in the absence of winter and spring breeding, even a low rate of mortality (e.g. 30-day

- survival of 0.75 - 0.90) would result in a substantial population decline during the 10-month’

arctic winter. My simple population decline models predicted the observed winter decline even

assuming spring breeding, and with adult survival parameters within the range of values

- estimated from radio-telemetry in summer.

Predictions of the popﬁlation decline models

The deterministic ‘populatio'n decline model (Fig. 3-1) assuméed no winter reproduction,

. spring reproduction from mid-March to mid-May (Tabl.e{3—1), and spring adult survival equal to

the_ June 1997 value (0.877, Table 3-2). With fall and winter 30-day survival rates of 0.775, or
lower rates of survival (0.66) in the first 3 months of autumn, the model predicted the observed

decline. These survival rates are within the 95% confidence intervals for survival in July and

August 1996 on Control gfids (Table 3-2). The reduced'_ stochastic model set mean adult autumn
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and spring survival rates to the observed August 1996 and June 1997 values respectively, and
allowed them to vary from the upper 95% confidénce limits of thosé parameters, to values higher
than the lower 95% confidence limits. This model predicted the observed decline 66% of the
time (Figs. 3-1, 3-13b). N;)ne of the modelled survival rates were low compared with those
estimaiéd for other smalj mammals, even in phases other than the decline (Krebs and Myers
1974, Batzli et al. 1980). |
Factors contributing to the winter decline

In summary, the beginning of the decline was associated with decreased reproduction but
not decreased survival. My rough estimate of the wiri_ter,- predation rate based on fox scats, owl .
pellets, and the eﬁergy requirements of ermine approximated estimates of predation rates
obtained iﬁ summer 1996 from radio-telemetry. Simple population decline fnodels showed that -
with no reproduction until spring, low mortality rates could lead to the observed decline. The
winter‘decline wés not pre;/ented within the predafor exclosure. These results imply that
predation was not.a necessary cause of the population decline, but are not conclusive because the
effectiveness of the predator exclosure was reduced in fall and winter, Whether the rate of
decline would have been less in thé complete absence of predation depends on the extent to
which other sources of mortality compensated for the removal of predation. Some compensatory -
mortality of telemetered lemmings was -observved in the Exclosure at hig.h bopulation density in
1996, aithough less occurred in 1997 (Chapter 2); compensation may occur to a greater extent at
high denéity. I cannot draw a firm conclusion about whether predation was a necessary cause of

the winter population decline, but I propose that a decreased reproductive rate may have been a

necessary cause.
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Factors contributing to the summer decline

The rate of decline was much higher in the summer’of 1997 (-O. 19 per week on Control
grids) than in the previous winter (-0.036 per week, Table 3-3b). This pattern has been termed a
Type L decline (Chitty 1996, p. 94). The faster decline in summer—appeared to be due to a higher
rate of predation; .‘although I cannot pinpeint with precision when the‘ more rapid decline began.
Delayed density-dependent predation mortality was observed between the peak and decline
summefs_: survival was significantly lower in summer 1997 than in summer 1996, and predation
rates were particularly high in July.and August 1997>(Chapter 2; tﬁis chapter, Table 3-2); The
predator reduction experiment showed that predation, primarily by ermine, was necessary and
possibly sufficient, to limit the lemming Iﬁopulation in the summef of the decline (Chapter 2).
While the pOpl‘llatiOIi deciined on Control gridvs, it began to increase within the Exclosure (r =
+0.002 per week in summer, Table 3-3b). Ermine were not prevented from entering the
Exclosure, but no known predation by ermine oecurred in the treated area (Chapter 2), either
because I had removed two ermine in 1996, or because of a natufally patchy distribution of these |
animals. Ermine were the only predators with a deléyed numerical response to lemming density;
‘they were abundant in both 1996 and 1997. In the peak year the lemming population may have
been too dense to be regulated by ermine predatibh (Sinclair et-al. 1992). My conclusion that
predation by ermine was a necessary cause of the summer decline is .supponed by the fact that>
- the lemming popqlation did not decline in 1995 when ermine were rare, even though the June
population density was similar to that in. 1997 (Chapter 2, Fig. 2-2).

I showed in Chapter 2 that before the protective predator exclosure was buil,
demographic parameters did not differ between the E*elosure and Control grids, suggesting that
the different popﬁlation dynanﬂcs between the'treatments should not be the result of differences

in the habitats. Still, my comparison of population trajectories between the Exclosure and

Control sites 1s weakened by the lack of replication of the experimental treatment. - The results of
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this study, together with the experimental results of Korpiméaki and Norrdahl (1998), show the
potential of predator-removal experi‘m'ents to test hypotheses about the role of predation in the

dynamics of cyclic microtines. Repeating my experiment on lemmings, with more replication

and an improved protective structure, has a very good chance of yielding conclusive results.

‘Sources of error in estiniating diets of lemming predators -

My estimation of per hectare consumption of lemmings by arctic foxes relies on many
untested assumptions. First, the area of the foxes’ foraging range was based on the litefature ‘and
é rough estimate of the propbrtion of Dicrostonyx habitat within tﬁat area. Second, conversions
of biomass excreted to that ingested were based on red fox data (Appendix 1). Third, the

" defecation rate of arctic foxes was based on rates for red foxes, captivg arctic foxes, and
unquantified observations. Fourth, my conversion of unidentified prey biomass in scats (which
oqcurred in the low énd increase years only) to ingested biomass may have been inaccurate.
Other possible sources of error discussed by Reid et al. (1997) were (1) an overestimate of
consumption by juvenile foxes becausé they digest food less completely than do adults, and (2)
an underestimate. of consumption of juvenile lemmings because some srﬁall bones may be
entirely digested (Lockie 1959). My highest estimated daily consumption of 7.4 lemmings -
(Dicrostonyx plus Lemmus, both adults and juveniles; Results and Table 3-10) by adult foxes in
the peak summer méy be an underestimate. Captive wild arctic foxes consumed on average 530
" keal day (2219 kJ day; Frafjord 1993), equivalent to 6.9 60-g lemmings (Gessaman 1972), andv
Dorogoy (1983) estimated that adult arctic foxes ate 10 lemmings daily during a peak. In
contrast, my estimate of 4.3 lemmings eaten day™' by juvenile foxes cdrresponds.better with

Dorogoy’s (1983) estimates that juveniles needed up to 3 lemmings daily in the first month after

weaning and 8 — 10 in the next month. Hence the conversion factor of 28 (Appendix 1) for arctic




149

fox digestion of lemming biomass might be too low for adult arctic foxes but appropriate for
Juveniles.

Although the estimated absolute daily consumption of lemmings per fox may not be
accurate, comparing the relative numbers eaten among years of different lemming densities — the
functional response; discussed below — is valid. The fit of a Type II function was robust to
smaller differences vamong defecatibn rates in periods of high and low lemming abundance (Fig.

3-3). However, conclusions b'aséd on scats from the low year, 1994, may be misleading-becauSe

~ of the chance of scats from previous years being included. As well, as mentioned above, in July,

1996 the sample of adult fox scats may have included some juvenile scats.

| These calculations probably underestimate the number of lemmings killed by foxes when
lemmings were abundant, because foxes engage in surplus killing (Oksanen et al. 1985) by
hoarding prey for later use (Seton 1929, Pederéen 1962, Garrott_and Eberhardt 1987, B
Sklepkovych aﬁd Montevecchi 19965 and by killing apparently unwanted prey (pers. obs.).
During 1996 I found four telemetered lemmings in the predator exclosure that had apparently
been killed by fox?:s and left lying on the tundra. C‘onve¥sely, consumptibn rates after periods of
high abundance may be over-estimated, because of retrieval of cached prey. |

In spite of these sources of e'rror, my estimates éf lemming mortality from fox predation

corresponded very well with estimates based on radio-telemetry in the summer sampling periods
from july 1996 to early July 1997 (Table 3-11). Durihg these periods sample sizes were high,
and I was able to identify all prey items in the scats (Table 3-7). The different biases may have

cancelled each other during these periods. I conclude that interpolating these results to estimate

fox predation in the 1996 — 1997 winter decline period was appropriate.

Sources of error in the estimation of the functional responses of rough-legged hawks and
snowy owls were less grave. The most serious was my arbitrary choice of a casting rate by

snowy owls of 1.55 pellets day™, based on the short-eared owl literature, and 1 pellet day™ for a’
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food-stressed owl in 1994. However, my estimated daily consumptibn by Snowy (')v.vls‘ of about 5
or 7 lemmings day™ (both species, see Results) corresponds well with published est'inrlates.

‘ Gessamén (1972) concluded from bioenérgetics that an adult snowy owl needed 6.6 60-g
lerﬂmingé day'1 in cold Weathér (-29°C) and 4 in autumn (-5 to +5°C). Pitelka et al. (1955).
found that once growth of a captive young owl stabilised it ate the equivalent of 5.4 60—g
lemmings day™, and Dorogoy (1983) concluded that an adult bird on Wrangel Island ate 5

lemmings day.

Sex ratio

The higher proportion of males among large lemmings caught in 1997 cduld have been
the result of a lower winter mortality rate of males t-haﬁ of females. MacLean et al. (1974)
' proposed‘tl;at in winter erm.i‘ne breyed more heavily on breeding females, identifiable by their
larger winter nests, accounting for higher proporti(')ns of males after increase w,ihters. Males
were also' less vulnerable thﬁn females to summer predation by red foxcs (Reid etal. 1997), bﬁt
male brown lemmings were more vulnerable than females to summer ﬁredation by snowy owls

(Pitelka et al. 1955, Batzli et al. 1980).

Age structure

Sinéq there was no evidence of larger litters in the pcak than in other years (Table 3-14),
the sméller proportion of adults than juveniles trapped in the peak could have resulted from
better juvenile survival in the peak phase. The mortality rate of telemetered juvéniles was very
low in the peak (Blackburn ef al. in press). | Hdwever, the low proportidﬁ of juvenilés in the
increase phase (1995) is surpfising, since in fluctuating bdpulations Jjuvenile mortality is |

generally highest in peak and decline phases (Krebs 1993). I have no data on juvenile survival in-

1995. Possibly, by moving traps between secondary trapping sessions in 1996 and 1997, but not
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in 1995 (Chapter 2, Methods),vI increased the chancé of catching juveniles that territorial' adults

-

might otherwise might have prevented from enterihg traps.

Mass of adult Dicr:bstonyx

My observation that adult Collared lemmirigs were heav1er oh average, in June of the
. peak than in June of the dechne phase (Chapter 2 Figs 2- Sb c,2-9)is cons1stent w1th the “Chitty
effect” (Chitty 1952), that over-wintered microtines 1r1 peak populat‘ions tend to be large. Ialso
-found that adults were larger in the Exclosure t.han on Cohtrb] gr\ids.througihout the experiment
(Chapter 2, Figs. 2—8,' 2-9). Aiternati\ie hypotheses te account for these size differences are

-

discussed in Chapter 2.

~ Summer and winter reprodliction 1n lemniings

An abbreviated breeding season during the peak phase is typical of cyclic microtines -
(Krebs and Myers 1974) and was observed in Dicrostonyx by Krebs (1964) and Chernyavski
(1979). Several studies of lemmmgs reported no early cessation of reproduction in the peak, but
found lbwer rates of maturation AOf Dicrorstonyx’ or Lemmus trimucronatus (Pitelka ,1973’ Fuller et
al. 1975b, Batzli et al. 1980). It; is not known why lemmihgs stbp reproducing at high density.'
Alternative hypotheses iriclude d‘eclines in food abundance or quality (Batzli 1985),
: physiologicai effects of aggressibn or crowding (Christian and Davis 1966),high risk of -
predation"(Korpim'aki et al. 1994, Ylonen 1994), and other cyclic‘" genetic or pheiibtypic chariges
in the inidividuals (Chitty 1960). Two hypothetical ultimate causes leading toa reproductive
response to the presence of nearby conspecifics are avoidance of breeding vt/ith~ relatives' an‘d _risk
of infanticide (Wolff 1997). |

Whether lemmings never reproduce in the winter aftér a summer peak is not known.

Like the early cessation of reproduction in the peak summer, the lack of winter reproductiCm
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coi;ld result from intrinsic changes or to responses to environmental conditioﬁs. Agrell et al.
(1995) showed that poor growth and reproductio’n of experimentally introduced voles (Microtus
agrestis) was associated with Iprevivous high vole density, and suggested that thé abundant voles
in the previous year might have impacted food quality.

It has been hypothesised that winter reproduction occurs only during the increase phase
in arctic and subarctic small mammals, and that therefore winter breeding is important in the
generation of cycles (Kaikusalo and Tast 1984). However, it is not easy to procure animals for
testing when densities are low. Lemmings may breed iﬁ all winters except when densities are
high, and the cessation of breeding, combined with winter mortality, may lead to over-winter

declines. Obviously, much more information is needed about winter reproduction in lemmings.

The importahce of predation by mustelids

It has been proposed that predation by mustelids, which are specialist rodent predators,; is
a necessary cause of declines in cyclic small mammal populations in Fennoscandia (e.g.
Henttonen er al. 1987, Hanski et al. 1993, Korpimiki 1993, Korpiméki and Norrdahl .1998).
When Norrdahl and Korpiméki (1995b) removed avian predators orlleast weasels only the
density of voles did not increase, but when they removed both avian predators and mustelids
(]eést weasels and ermine), vole densities increased in summer within thé removal areas when
they were declining elsewhere (Korpimiki and Norrdahl 1998). Mustehids have also been
implicated in declines of voles and le;nmings in North America (Maher 1967, MacLean et al.
1974, Pitelka 1973, Fitzgerald 1977) and of lemmings in Greenland (Sittler 1995).

My results do not support the hypothesis that predaﬁon was a neﬁessary éause of the
population decline in winter. None of the three predictions of this hypofhesis were met in winter.

First, the decline occurred at the same pace within and outside a predator exclosure. Second, a

delayed density-dependent rise in predation rate was not evident until the following summer.
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Third, the beginning of the decline was not associ.atéd-vs./ith an increase. in predation rate.
Instead, the decline seems to ﬁa.ve been initiated by cessation of reproduction by the end of July
in thé peak summer, irﬁ?lying that predation was not a sufficient cause of the winter decline. But
because the effectiveness of the predator exclosure v;as reduced in winter, I cannot with certainty
refute the hypoth.esis that 'p£edati'on was a necéssary cause of the winter decline. The
contribution t;f ‘predation to the decline depends on the extent to whiéh sources -o'f winter
mortality were cqmpensétory.‘ |

The ryésullts do supbort the hypothesis that predation was a necess.ary cause of the -
populétion_dec’line in the following summer,lv‘vher.l all three predictions of the hypdthesis were
met. First, the decline Was reversed within the predator exclosure iﬁ summer. 1997. 'Secoﬁd,. a
delayed densiﬁy—dependent increase iﬁ predation faté occurred in summef 1997 compared w’it‘h'
the previous summer. Third, the steeper sumrﬁer decline was associated with this 'ir;'cfease in

predation rate. I conclude that the decline was initiated late in the peak summer (1996) by

cessation of reproduction, but that a high rate of predation, primarily by ermine, was necessary to

v

accelerate and extend the decline in the following summer (1997). Predaﬁon was theréfore '
regulatory m summer A1997, but rﬁay not have been regulatory in aﬁtumn or winter.

In lemming pqpulations, the decline pﬁase can océlir in any season-at a low or high rate (Krebs
1993). For ekample, br(ow'n‘ iemmingé at Barrow crashed 'in; spring and summer, asgéciated with
heévy predaﬁon by avian predéltors énd least weasels (Pitéﬂm 1 973:, Batzli et al. }‘1980). |
_Thérefore my conclusionslmjgh't apply to only certain declines. Altérnatively, all declines %rom
high density may have in cominon reduced’bre,cding ;md elevated rates of mortality due“tb
various causes, such as shortage of f'o'od or space and the numerical and functioﬁal responses of

predators. The extent to which changes in reproduction and the different causes of mortality

contribute to declines may vary among species, locations, and years.
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CHAPTER FOUR

FUNCTIONAL AND NUMERICAL RESPONSES OF PREDATORS TO CYCLIC

LEMMING ABUNDANCE: EFFECTS ON LOSS OF GOOSE NESTS

INTRODUCTION

Throughout the Arctic, most populations of lemmings have cyclic dynamics, peaking in
density about every three to five years (Elton‘ 1942). On tﬁe Taymyr Penins;ula in Siberia the
breeding success of brent geese (Branta'bem,icla) fluctuates dramatically (Summers 1986). The
number of first-year birds reaching the wintering gfounds in Britain is usually highest after a
summer of peak lemming (Lemmus sibiricus and Dicrostonyx torquatus) abundance, and lowest
in the fbllowing year. This pattern is thou‘ghf to result from predators feeding on lemmings when
they are abundant but “switching” to the eggs and yoang of birds after lemming numbers crash
(Roselaar 1979, Summers 1986). Predation on birds is expected to be particularly severe in the’
year after a lemming peak, if predators breed most successfully during the peak‘ and henc.e
increase in numbers in the subsequent year (Dhondt 1987, Surﬁmers and Underhill 1987).
However, Spaans et al. (1998) observeci that this delayed numerical response of arctic foxes did
not always occur on the western Taymyr. Good bfeeding success in peak lemming years and
poor productivity in other years has been documanted in other species of Arctic-nesting geese,
| including lesser snow geese (Anser caerulcsceﬁs cae,ruiescens)_on Wrangel Island (Bousfield
and Syroechkovskiy 1985), greater sno-v&./ geese (A. c. atlantica) in the eastern Canadian Arctic
(Boyd 1989, Tremblay et al. 1997), and barnacle geese (Braﬁta leucopsis) on Vaygach Island in

Russia (Syroechkovskiy ef al. 1991). Rates of nest.failure. in lesser snow geese at La Pérouse
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Bay in northern Manitoba, however, were low and yariedv little among years (Cooke et al. 1995,
p- 113). |

In the central Northwest Territories of Canada, the abundance of small mgmmals,
including collared and brown lemmings (Dicrostgny_x groenlandicus (Traill) and Lemmus
trimucronatus (Richardson)), has peaked every three years since 1984 (Fig. 4-1a) (Poole and
Boag 1988, Cotter 1991, this study). Nest success, the fraction 'of nests in which at least one egg
survived to hatch, of greater white-fronted geese (Aﬁser albffrons frontalis Baird) and
Richardson’s Canada geese (Bfanta canadensis hutchinsii (Richardson)) has ﬂuvctuated widely
since 1987 (Fig. 4-1b;‘Bromley et al. 1995). Nest success wés syncﬁrenous between the two
species and most nest failures were due to predation. However, the fluctuations in nest success
were not highly synchronised with the lemmiﬁg cycle. For example, during the 19‘87 lemming
peak nest success was poor, in the 1996 peak it was good, and in 1990 and 1993 it was
intermediate.

Indirect effects of lemmings on geese as a consequence of shared predators could occur

through the predators’ functional or numerical responses (Solomon 1949; Holling 1959a, 1961)

_to changes in lemming density. If predators spend less time searching and hence encounter

fewer goose nests when lemmings are abundant, the predation rate on nests will tend to decrease
then. If predators breed during lemming peaks and therefore increase in numbers, the predation

rate on nests might increase instead. Holt (1977) called these alternatives “apparent mutualism”

and “apparent competition”. Theoretically, if prey types share habitat patches apparent

competition should occur at equilibrium, but if prey types are in separate patches the competition
will be weakened (Holt 1977, 1984). In model systems, cyclic population fluctuations also tend
to weaken apparent competition because the variability in prey abuﬁdance reduces the average
density of predafors (Abrams et al. 19.98). Indirect interspecific effects are useally predicted in

terms of changes in equilibrium abundance, which are difficult to define and measure in
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Fig. 4-1 (aj The small mammal abundance index in June (unconnected open squares) and July
(cénnected- opén squares) snép—trapping at Walke; Bay (this study), at Hope Bay (40 km south-
east of Walker Bay) (Poole and Boag 1988, Cotter 1991, C.J. Krebs and A.J".:‘Ke.nney unpubl.),
and on Victoria Island (this study and C.J. Krebs 4an'd Al Kenney unplibl.),‘from 1984 to 1997.
Collared aﬁd brown lemmings were caught at all three locations. 'Voles (Clethrionomys rutilus '
and Microtus oeconomus) were caught at Hope Bay only. Comparison‘of the Juﬁe and July
reéults ffom Walker Bay suggests that lemming density was increasing in 1992 and decreasing in
1993; the peak may‘therefore ha\-/e occurred betwéen the Juiy trapping datesv.v (b) Mean nest |
succesé rates of Canada and white-fronted geese at Walker Bay from 1987 to 1997 (Bromley et

al. 1995, this study). Error bars indicate standard errors of the mean. "‘P”-‘ denotes peak lemming

years.
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fluctuating populations. More mechaniétic indicators, such as predation rate, predator effort per
prey type (Abrams and Matsuda 1993), and the numerical, aggregative, and éWitching responses
of predators may be more useful (Holt and Lawton 1994).

We tested the hypothesis that the pattern of predation on goose nests (nests lost per kr_nz)
during a three.—ye_ar Icmr_ning cycle could be predicted from (1) functional responses of nest
predators to lemming (iensity, and (2) timing of the numerical response: ‘whether predator
numbers increase during the lemming peak (e.g. through aggregation) of the following yearv (e.g.
through breeding). Nest density was much more consistent among years than was lemming
density (C.V.: Whitev—frontéd goose nest density 1989 — 1994: 31; Canada goose nest density: 33;
July lemming index 1990 — 1994: 97) and therefore we ignored possible responses of predators
to changes in nest abundance. The primary predators on goose eggs at this-location are arctic
foxes (Alopex lagbpbts), glaucous gulls (Larus hyperboreus); and parasitic jaegers (Stercorarius
parasiticus); all three also eat lemrﬁings. We estimated the numerical responses of these |
predators by recording ail sightings during the nesting periods of 4 years, 1994 — 1997,
characterised bY‘ldw, increasing, peak, and declining lemming ébundance. We obtained indices
of fqnctional and total responses of the predators by observing them foragihg in prime goose
nesting areas in the summers of 1995 — 1997. Finally, we used the rate of attacks on artificial

goose eggs as an index of the total response of egg predators to lemming density.

STUDY SITE

This study took place at the Walker Bay field station on the Kent Peninsula, Northwest
Terfitories, Canada (68° 21'N, 108° 05'W). The region is characterised by shallow tundra pc;nds
and lakes sepératéd by low-lying flat grassy areas, mud flats, sedge meadows, or moist broad

hummocks (less than 20 m above sea level). Annual systematic searches for goose nests are

conducted over 10 — 15 km? (Bromley ez al. 1995). Canada geese nest preferentially on islands




|
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andrthe edges of ponds; white-fronted geese typically nest among hummocks away from pond
édgés. Sevéral ridges of 'fllirgher‘ land (less than 40 m a.s.i.) rise above the wet tundra; dens of
arctic foxes and nests of owls and raptors are cbmmonly sitUated on this high ground. Glaucous
gulls nest colonially on islands in several lakes. |

Collared lemfningg aré most abundant in hummocky habitats dominated by shrubs, and
brown lemmings in wetter habitats dominated by grasseé and sedges. Because of the fine-
grained charactef of the stud‘yi area, hummocky habitats and wet habitats are closely juxtaposed,
often witﬁin a few to 50 m of each other. .Thus lemmings may be abundant throughout much of

the study site, and habitats of lemmings and geese overlap to a large degree.r However, the

. distribution of goose nests was not uniform:-patches (about 1 — 3 km?) with high nest densities

were identifiable (Fig. 4-2).

METHODS

We assessed relative abundance of lemmings at Walker Bay annually from 1990 to 1997,

and on Victoria Island fro'm...19.90 to 1994, by. means of Museum Special snd‘p—traps. We trapped

in Ju‘ly and in some years at Walker Bay also in June. One hundred traps, baited with a mixture

of peanut butter and rolled oats, were placed 10 m apart in 2 — 3 lines separated by at Jeast IQO m
and checked each morning. Trapllines crosséd é mixture of habitats; when possible traps were
placed near burrows or runways. Each year the number‘of effective trép—nights (defined as total
trap-nights lesé misfires, lost traps and capturés of non-target species) exceeded 400 at each
location. We calculated an index of small mémmal abundance as the number caught (excluding

shrews) per 100 effective trap-nights. We did not correct for reduced trapping time per trap

when catch rates of targét species were high, because we assumed any such reduction was small

since the highest catch was about 11 per 100 trap nights (Résults). Similar surveys took place at
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Fig. 4-2. Map showing approximate areas where geese nest at high density (grey contours) at the
Walker Bay study area on the Kent Peninsula, N.W.T. The boundaries of these patches varied
from year to year Crosses (north-central area of map)- represent observation towers used for
predator studres in 1995 — 1997. Squares show trapping grids (9 ha) used for live-trapping

lemmings, for comparison to Fig. 2-1.
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Hope Bay (40 km‘ south-east of Walker Bay) from 1984 to 1991 (Poole and Boag 1988, Cotter
1991). C J. Krebs and A.J. Kenney (pers. comm.) have surveyed lemmings since 1995 on
Victnria 'Island and since 1994 at Hope Bay, with slightly different protocols and over 1 100 trap-
nighté annually at each site. |
We measured tne numerical résponses of predators during the goose nesting period by
summing all sightings per hour recorded in the field by all observers (a single datum per day).

. Obs‘ervers-travelled throughout the study area and spent less than half their .time in the most |
intensive gooée n;sting areas. To renresent the goose nesting period in each year we selected
data from t.hev 30 days (Bromley et al. 1995) beginning on the estimated first day of nesting
(mean nest initiation date minus 2 SE). We could not compare the observation data among years
with conventional parametric or non-parametric statistics without violating assumptions of these | '
methods: thé data contained many zeroes, their skewed distributions cou'ld not lae transformed to
becorne normal, and the distributiona differed among years, violating an assumption of non-
parametric tests (Conover 1980). Instead'we used the bootstrap techniqué (Efron and Tibsvhirani
1993) to estimate confidance intervals of the means of the datavfrom each year, without requiring
any assumptiona abont probability distributions. For example, from tha 30 days of fox
observation data in 1996, we randomly sampled 30 values, nvith replacement, and éa]Culated their
mean. We repeated fhis procedure 5,000 times and calculated the grand mean. The 95%

| confidence Timits were set to upper and lower percentiles of the 5,‘OOO_means. The percentiles |
used weré not precisely the 2.5™ and 97.5™, but bias-corrected and accelerated (BC,) values
(Efron and Tibshirani 1993). We inferred a significant difference between rneans when
confidence intervals did not overlap. Becau.se such a guideline is conservative when the size of
each sample exceeds 10 (Browne 1979), in one instance we considered non-overlapping 94%
confidencebinter.vals_ fo indicate significance, and ‘we noted non-O\-/erlapp_i‘ng 90% confidence

intervals also.
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To observe the abnndance and behaviour of predators in the prime goose nesting‘areas,
we performed cbntinuous scans from two observation towers, about 3 m high and 1.2 km apart.
In clear weather it was possible to identify predators fro.m a distance of 1 km; we deleted
observations from the few occasions when visibility was noor. Observations were rnade during
the nesting period from alternate towers, from 0700 t(i 0900 honrs. This time of the morning was
* chosen to coincide with times \ivhen foxes, jaegers, and gulls were all active, based on
preliminary trials. It is possible that predator behaviour differed at other timesi for example
“ foxes may h‘av‘e made more or fewer predation attémpis at nignt when both geese and predatory
birds were less active. Every 6 minutes we scanned with binoculars (8 x magnificaition)
throughout 360°. Of this time, 4.8 minutes were spent scanning (the remaining 1.2 minutes were
used for recording). All sightings of predétors were iecorded; if the same individual was seen in
two scans it was recorded again. We averaged the numbers of sightings of each species per scan
over the two-hour session to create a single observation perisession. We then bootstrapped
means and confidence intervals for all observation sessions within each year, as ab’oyé. The
numbers of tower observation sessions were 16 in 1995, 18 in 1996, and 13 in 1997.

When a fox was sighted we focussed on it with binoculars or a spotting scope (20 x) and
recorded its behaviour every 9 séconds, as one—lei:tei codes on a pre-printed form. Scan sampling
éeased during these focal observations. We recorded the following activitiesi travelling and
-searching (as defined by Stickney 1991), stopped, aftacking, eating, and intraspecific and
interspecific interactions. When the behaviour involved prey, we noted the prey typé. Within a
particular 2-hour session it was possible to distinguish individual foxes either by uniqnc pelage,
because arctic foxes moult during this period, oi by l}ocaltion. For each fox seen on a.given day, '
the proportion nf time spsnt foraging was estimated.as the ratio of the number of obser\/aticins of

foraging behaviours to the total number of observations. We defined travelling, searching, and

attacking to be foraging behaviours; we initially supposed travelling not to be a foraging activity,
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but it became clear that rapidly moving foxes were‘hunting,atr‘aversivng large areas in zig-zag
“transects”. Eating, which in functional response theory is éonsidered handling time, was not
considered foraging behaviour. The mean proportions of time spent foraging by foxes were
compared among years.by examining bootstrapped confidence intervals as described above.

The nesting success of geese, the fraction of nests in which at least one egg survived to
hatch, was determined as described in Bromley et al. (1995). Prédation was the usual proximéte
cause of nest failure. We also estimated the mean number of nests of each species lost per.km2
in 1989 — 1997 because this statistic should reflect the total response of nést predators, i.e. the
product of the riufnber of predators and the number of nests taken per predatof. Precision of
theée means was éstimatedI by applying t_he.bcl)rotsjtr’ap method vdvescribed ébove to the numbers of
nests depredated in each km? searched in‘systemell»tic grouhd searches (these w‘ere not done in
1987 or 1988), not including nests preyed upon or abandoned as a result of disturbance by
humans.

We supplemented nest predation data by counting attacks.(‘)n artificial gbose eggs,
because it can be difficult to determine the type of predator responsible for nest loss, and because
a single natural egg stolen from a nest may not be recorded. We made plaster eggs in moulds
and painted them with latex paint. At the beginning of the nesting period, we placed eggs
uncovered on the tundra near the intersections of a 300 m x 300 m grid of 4 rows of 4 solitary -
eggs spaced about 100 m apart (the typical minimum distance between goose nests). We
introduced va;iation into the grid by placing the eggs at randon; 10 m to the north, south, east or
west of the grid points. We téthered eacheggtoa fent peg with 1‘m of fishing line tied to a -
screw in the plaster. -Chicken eggs were embedded in the plaster 'o.f 2 of each 16 artificial eggs in
an attempt to prevent predators from learning thét the éggs were iﬁedible. We used 6 grids of 16

eggs in 1995 and 4 grids in each of 1996 and 1997. Half the grids were placed in high-density

g00se nesting areas, and half in low-density nesting areas. We put eggs out 3 — 4 days after the
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mean date of ﬁes; initiation and checked them after 24 h to determine whether they had been
attacked. Usually it was easy to identify the type of predator responéible for attacks by the
marks left by its bill or teeth. Gulls m;ade deep scratches, whe;eas jaegers made small paired
indentations with the fips of their bills. Foxes sometimes scent-marked with urine or faeces.
Each year we spent about 2 hours watching from observation towers to validate our species
identifications.

We compared the number of eggs attacked per grid among years and between areas of
high and low nest density with logist‘ic regression (a generé]ised linear model for binomial data).
We selected a parsimonious model by elifninating terf.ns that explaihed little variation in the
response variable according to an approximation of Akaike’s information criterion (AIC)
(Akaike 1974). Treatment contrasts (t-tests) were used to compare means that appeared to differ
arhong years — the increase versus the peak phase and the increase versus the decline phase —
without performing an excessive number of comparisons. Functions"‘glm” and “step” in S-Plus

(Statistical Sciences 1995) were used for these analyses.

RESULTS

In 1994, numbers of lemmings were ektremely‘ low (July small mafnmai index at Walker
Bay = 0) following a decline late in 1993 (Fig. 4-1a). Lemming density increased in 1995 (index
= 1.8) and peaked in 1996 (index = 11.4). In 1997 lémming- density declined during the summer:

the index fell from 2.2 in June to 0.7 in July.

Numbers and foraging patterns of predators

Sightings of arctic foxes, but not of glaucous gulls or parasitic jaegers, were positively

related to lemming density (Fig. 4-3). During the peak lemming year (1996), the 94%
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Fig. 4-3. Mean sightings per hour of arctic foxes, .glaucous gulls, and parasitic jaegers inthe -

study area as a whole, during the goose nesting periods of 1994 through 1997, (a) rélative to year
(phase) of the lemming cycle, (b) relative to lemming density (mark-recapture éstimates, Chapter
2). Error bars sbhow 95% confidence intervals of the mean, calculaied by boo;strapping fro£n the

- data. The filled diamond shows the mean sightings of parasitic jaegers in 1996 after removal of

an outlying datum of 7 seen in one hour.
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confi'dence. interva] for mean hourlyi sightings was 0.068 — 0.183; in the following year (1997)
the equivalent interval was 0.030 — 0.066. Though there were not Significantly more sightings in
1996 than in 1994 or 1995, the above result emphasfses the lack of a one-year delay in the
increase in fox numbérs. We observed more active fox dens and larger litter sizes during the
lemming peak than in other years (Table 4-1a).

Sightings of glaucous gulls (Fig. 4-3) seemed to be inversely related to lemming ”
abundance. We séw more gulls hourly during the increase than during' the subsequent-.decline
phase (95% confidence); in the peak and the preceding low phase (1994) numbers of sightings
were int‘ermediate. Sightings of parasitic jaegers foilowed a trend similar to gulls (90%
confidence), except in the peak year. The high mean and variance in 1996 resulted from an
outlying observation of 7 jaegers per hour on one day; removing this datum resulted in a mean
close to that of 1997 (Fig. 4-3). Theré were no substantial trends in the frequency of sightings of

- predators over the 30 days of observations in each year.

In 4.8-nﬁnute scans from observation towers in the goose nesting area during the nesting
periqd, we saw gulls much less often during the peak phase of the lemming cycle than during the
increase phase (99% confidence, Fig. 4-4). This result confounds the number of gulls in the
study area as a whole with the‘proportibn of time each spent in the goose nesting area. Although
the mean number of hourly sightings of gullé in the study area was also lower during the peak |
than during the incféase phése (Fig. 4-3), the difference was not statistically significant (< 90%
confidence). Together, these results imply that gulls spent less time foraging in the goose
nesting area during the peak than during the increase phase, irrespective of their relative
abundance in the two years. Pomarine jaegers (Stercorarius pomarinus), which are usually seen
at Walker Bay only during migration, nested in wet areas of the stuay site at a density of

approximately 2 pairs k.m.'2 during the lemming peak of 1996. We observed them in the goose
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“Table 4-1 (a) Nufnbers of known active dens of arctic foxes and largest observed litter sizes (one

litter per active den per year) in the Walker Bay study area, Kent Peninsula, N.-W.T. in 1994

through 1997, and (b) numbers of arctic fox pelts sold by the commun_ities' of Omingmaktok

(Bay Chimo) (Om), Bathurst Iniet (BI), and Cambridge Bay (CB) in the preceding winters (fox'

pelt’ data éourtesy of A. D’hont, Department of Resources, Wildlife and Economic Develbpme'nt, '

Government of the N.W.T.).
b' (a) , . Known Largest
' Year (phase of lemming cycle) active dens - observed litter

1994 (low phase) ' | 0 —
1995 (increase phase) 5 4
1996 (peak phase) 10 11
1997 (decline phase) : 0 —

(b) Sales of arctic fox pelts
Winter : Om BI CB
1993 - 1994 280 47 419
1994 - 1995 267 51 469

1995 - 1996 ‘ 0 0 70

1996 - 1997 149 23 597
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nesting area much more often during that year than in the increase or decline years (Fig. 4-4;
99% con.fidencev). In the first 5 days of the goose nesting period of each year we saw relatively‘
few predators from’the towers, hut otherwise there were inoiwithin‘-,year trends in our
observations. -'

. The proportion of time'that foxes were seen eng'aging in foraging activities in the goose:
nesting area during the nesting period wvas lowest in the peak year (Fig. 4-5). Observed foxes
spent 45% of their time foragmg in the peak year, srgmﬁcantly less than the 83% of their time
spent foragmg in the declme (95% confidence mtervals did not overlap). In the increase phase
the corresponding fraction was 87%, which also approached a statisticallyv significant difference
from the 1996 value (91% confidence). We recorded a fox eating only in 1995, when one 4
individual ate what appeared to be carrion, for almost half\the total time it was o‘biser"ved. We
savy only 4 foxes from towers dur.ing‘_l the, lemming peal{;‘ although m that year we saw themimore'
- often in the study area as a whole and we spent more time. scanning than lin other yedrs. Only 2 |

“of these 4 foxes foraged; the others carried offspring or rested.

Nest predation '.

| | The numbers of goose nests depredated per kmz‘s(Fig. 4-6) appeared more synchronised
between the two species than did nesting success (Fig. 4-1b). ‘The ‘numhe_r'of goose nests of both
specieslost ‘p-e‘r km? were generally ini/ersely proportiona-l to nesting suc’Cess.' This relationship
o was not consistent in the case of Canada geese because the mean n_umber of nests' lost per km?®
.each year was correlated with mean nest density (r =-O.63,.t7 _—._12,2 p< 6.07). The number of |
white- fronted goose nests lost per km each year was not correlated with-the dehsrty of nests of
white-fronted geese (r=021,t=0.6, P> 0. 5) but was correlated with the densny of Canada
- goose nests (r =0.74,t; = 2. 9 p<O. 03) and w1th the total densrty of nests of both specres (r =

0.61, t7 =2. 0 p<O. 09) Nest den51ty was less variable than lemming densrty, but in 1997 the-
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nest density of both species was unusually low (white-fronted geese 0.67 km, 95% confidence
interval 0.25 — 1.25; Canada geese 1.75 km'z, 95% C.1. 1.08 —2.83; cf. Bromley et al. 1995).
Hence the number of Canada goose nests lost was moderate relative to previous years, even

though nest success was low.

Artificial eggs

A higher proportion of artificial egg.s was attacked during the increase phase than'du_ring
either the peak or the decline phases of the lemming cycle (Fig. 4-7) (treatment contrasts, t;; >
4.4,p < 0.001). Nest density explained little variation in attack rates on artificial eggs and was
eliminated from the model; data from areas of high and low nest density were pooled in Fig. 4-7.
In 1995, most attacks on thé eggs were by gulls (Fig. 4-7). Espécially in that year, gulls often
attacked the same egg r¢peatedly, causing considerable damage that may have masked earlier
- attacks by other types of predators. In 1996 and 1997, most attacks were by jaegers (all species
combined). Attacks (including scent-marking) by foxes were observed in 1997 only. One attack
by a common raven (Corvus corax) was recorded in 1997. Although part of the decrease in gull
éttacks could have occurred because gulls became habituated to the artificial ebggs after the first" "
year, this bias is likely unimportant, since the pattern of gull attacks matched the pattern of

sightings of gulls in the goose nesting area (Fig. 4-4).

DISCUSSION

Predator abundance
~ Peak abundance of arctic foxes may occur in the same years as lemming peaks or may be

delayed by one year (Elton 1942). Arctic foxes rear larger than average litters during péak

lemming years and may not breed in other years (Garrott and Eberhardt 1987, Angerbjorn et al.
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Fig. 4;7. Mean numbers of artificial goose eggs per grid of 16 eggs attacked by arctic foxes,
glaucous gulls, jaegers (all species combined), and other predators within 24 hours, at the
béginning of the nesting periods of 1995 through'1997. The numbers of gridé were 6 in ‘1995 ,
and 4 in each of 1996 and 1997. Different lower case letters denote significant differences
betvyeen years in attacks by all predator types combined (treatment contrasts, p < 0.001).. The
error bars represent the standard error of the mean of the number of attacks by all predator types

combined.
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1995); the foes at Walker Bay were no exception (Tabfe 4-1a). However, although juvenile '\
foxes hunting alone or in groups were common at Walker Bay in Aﬁgust and September of 1996,
many had apparently emigrla't’éd of died béfore thé following spring. Arctic foxés travel long
distances (Garrott and Eberhardt 1987); some may succumb to other predators or starve wﬁeﬁ
lemmings decline or become less accessible under deep snow. We found two foxes dead of
unknown causes on the study area duringr spring 1997. Hunting by humans doubtless has an
‘impact, as; people tfaditionally trap on the Kent Pen‘insula.in winter. In 1997 we found 5 fox: '
traps left oﬁ the tundra, whereas from 1986 to 1996 we found only one or none each year.
| Tfappers reported that 162 pelts came frgr_n the Kent Peninsula in the winter of 1996 — 1997. (G.
Corey, Department of Resources, Wildlife aﬁd Econorrﬁc Df;velopmeht Government of the
N.W. T pers. comm.). The number of furs sold by trappers from Omingmaktok (the nearest
community, 80 km to the south) in the winter followmg the lemming peak (1996 - 1997) was not

high, but sales from Cambrldge Bay that winter exceeded those in the preceding three years

" (Table 4- lb)

Functional responses of predators

| Arctic foxes and probably glaucous gulls foraged less in the goose nesting area during the
lemming peak tHan during the increase phase. We infer from thése reductions in time directed at
foraging for eggs that the number of nests taken by individual foxes and gulls declined

accordingly. Such a decline demonstrates a third dimension of the functional response —

decreases in the nﬁmber of nests taken per predator as a function of lemming density. It is
unne'ces_sary to our pufpose here to assess t.he probable increase in the number of lemmings eaten
per predator.

The functional responée by arctic foxes to lemming density likely resulted in part from

habitat structure, since arctic foxes seem to prefer large eggs to small mammals. On two
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occasions during the long-term nesting study from 1986 to 1997, a sandhill crane egg (Grus
canadensi!v) wgé removed from é nest of two eggs and a lemrhing carcass left in its place, and
once a fox temporarily dropped four dead lemmings to try to take one of the tethered artificial
eggs. Stickney ( 1991) observed that eggs were a primary prey of arctic foxes in Alaska even
when micrétines were abundant. Breediﬁg foxes remain within territ;)ries large enough to
sustain them and their'offspririg, whefeas non-breeder; are not territorial ahd'can hunt elsewhere
(Bousfield and_Syrdechkovskiy 1985). Another interpretation of this behaviour is that if the
habitafc near -_the den is sufficiently prgductive in terms of lemmings, it is inefficient to travel
" further to_se;irch for gooég eggs (the. m'aréinal value theorem, Charnov 1976). The fine-grained »
distribution of habitat at the Walker Bay study area meant that some goése eggs were available
near dens, but breeding foxes may not have travelled to the high-density nesting areas.
Similarly, the ipverse numerical response by gulls. may have occurred as a result of habitat
patchiness. Le‘mmings may have been sufficiently abundant during the peak for gulls to forage
near. théir O.wri'flests, not hunt further afield,‘. and therefore be observed less often. The sarﬁe
thing may have occurred dur-ing the dec]iﬁe in 1997. Lemming densi£y may ﬁave been quite high
early in spring 1997. In a concurrent live-trapping study, mean lemming density in June 1997
was highe:r than in June 1995, and since density was declining in 1997, it may have been even
higher in May 1997 (Chapter 2). In late May and early June 1997, we often saw snowy owls
A (Nyctea scandiaca) and short-eared owls (Asio flammeus) and found owl pgllets containing
lemmihg remains. 'Sightings of parasitic jaegers may have béen affected in this way (Fig. 4-3),
but we have too few observations to be able to draw conclusions about their foraging effort (Fig.
4-4).
Changes in foraging behaviour could be examples of prey switching, which can be
thought éf as a.change in the préferences of the predator (Murdoch 1969). Switching is

recognised when the proportion of a prey type in the predator’s diet is an increasing function of
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the density of that prey, within a range of prey de_nsities. (Murdoch'#i 969) Alternatively,
switching may be thought of as an increase in the rate of effeetive search for one prey relative to
another, as the ratio of the dens'itie"s of the two prey types increases (Murdoch 1973). This model .
often (but not‘alwayS) leads to“a‘si.gr(noid (Type 111, Holling 195935 functic,)nal response curve -
(Murdoch 1973). HOWtBVGI’, we have not 'estimated most of these: relationships. A Type II curve
fitted the data of vnumbers of ‘lemrnings_ consumed by arctic foxes as a function of lemming
density better than did a Type III,curv’e (Chapter 3), but there were few data at low lemming - .’
density. Switching is not necessary for apparent mutuahsm to occur, as long as one prey type is

substltuted for another | proportron to their abundance (Noy-Meir 1981).-

Loss of goose nests
If we were correct in’predicting‘ that the number of goose nests depredated depends on the -
numerical and functional responses of nest predators to: lemming density,; then the pattern ef nest
predation (nests lqst per km?, Fig. 4-6) should match the total response, i.e. the pattern ofthe ~
prodnets of the observed'responses of predators-. Although both arctic fo_xes and glaucous gulls
ehowed strong to moderate functional responses to lemming densit&, theirnurnerrcal responses
o differed greatly. The inset in Fig. 4-6 shows .predicti.ons of how the nurnber of nests taken.hy
foxes‘and gulld were expected to vary in 1995, 1996, and 1997. We developed the prediction for
foxes by graphically multiplying their numerical response (inferred from Fig. 4-3) by their
functional response (inferred from Fig. 4- 5) the vertical line indicates the considerable -
uncertalnty in the peak year (Figs. 4- 3 4 5) The prediction for gulls was taken from the total
response, inferred from the pattern of gull srghtrngs in the goose nestrng area (Fig. 4-4). The
'predrcted pattern of nest predatron depends on the relative importance of the two predators. If

foxes were the only predat‘ors on goose nests there should be less predictable variation in the

- number of nests depredated because their functional and undelayed numerical responses would
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tend to cancel each othér (Fig. 4-6, inset) although they are uniikely to-do so entirely. If gulls are
- important predators the number of depredated nests should be inversely related to the abundance
of lemmings (Fig. 4-6, inset). Corﬁbining the effects of both predators averaged over many
cycles, nest loss should be lowest during lemming peaks but should not differ consistently
between incfease and decline years.

| In the case of Canada geese, the fewest nests were lost in the peak lemming year (1996),
és predicted for predatioﬁ by gulls or by >b0th types of predator. Contrary to our prediction, more

_nests per km? on average were lost in the decline (1997) than in the increase phase (1995) but
these estimates were not significantly different. The numbers of depredated nests of white-
fronted geese were relatively invariant but were also lowest in the peak year, as predicted for
predation by foxes or by both types of predator. Indeed, field observations indicate that the
highly traditional and relatively visible nests of Canada geese are preyed on mére often by avian
predators than are tile cryptic nests of white-fronted geese, whi;:h. aré used for one ‘season 6n1yf:
and are preyed on more often by foxe;. ‘Howeve‘r, because destroyed nests (;f white-fronted
geese are difficult for Biologists to find, we may have underestifnafed the nﬁmbers taken early in
the season (Brorrﬂey et al. 1995). The pattern of attacksAon artificial eggs was similar to tﬁat of
nest loss predicted for predation by gulls. It is not surprising‘th'at gulls and jaegers were most
often responsible for attacking artificial eggs, since these eggs were highly visible ffom the air
and lacked the scent associated with geese and their nests.

' Oﬁr prédiction that the number of goose nests depredated éhouldA be.a ﬂméti_on of the
numerical and fun&ional responses of nest predators to lemming densitvaa's rﬁet during the
years in which the responses were studied. This model would be of most" use if it could be
extended to other years. But data from previous 3-year lemming cycles at this iocation do not

meet our prediction that during lemming peaks (1990, 1993) the number of nests lost should be

lowest (Fig. 4-6). Instead, nest loss has tended to be greatest in the years following peaks (1991,
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1994) with little variation among increase and peak years. Predators’ numerical and functional
responses probably vary among cycles; even the suite of predators in the system varies. For
example, we observed an aggrégative response to the lemming peak by breeding pomarine
jaegers (Fig. 4-4), a well-known phenomenon (Maher 1970, 1974), but a response of such
magnitude occurred only once in 11 years at Walker Bay. Pomarine jaegers depend more on
small mammals and less on eggs than do parasitic jaegers (Maher 1974). In 1996, they were
repeatedly observed aggressively defending their nests against foxes, gulls and other jaegers; in
some instances the gulls and other jaegers were attempting to depredate goose nests within the
territories of the pomarine jaesgers once humans had disturbed the geese. In some Arctic regions,
snowy owls nesting during lemming peaks protect the nearby nests of geese from other predators
(Bousfield & Syroechkovskiy 1985, Tremblay et al. 1997), but at Walker Bay nesting snowy
owls are uncommon.

The seasonal timing of the decline in lemming density is another likely source of
variation in the a;)undance of predators. For example, if the decline (;ccurs late in the peak year
fewer foxes may survive or remain throughout the winter, and in the following spring migrating
avian predators will be less likely to stop. Of course, a host of weather-related effects will
introduce variation. Nest density has not varied much in most years, but in 1997 few nests were
initiated because of persistent cold weather and delayed snowmelt. Predators may have
responded functionally to the large reduction in the number of goose nests, taking fewer nests.
We found positive correlations between nest density and the number of depredated goose nests,
but observed a high rate of predation on Canada goose nests when nest density was low in 1997.
When predators have a Type II functional response to prey (nest) density, the rate of predation is
predicted to rise as density falls unless predator numbers drop sharply (Holling 1959a)

If the numerical and functional responses of predators vary among 3-year lemming

cycles, then the phase of the cycle is not sufficient to predict the loss of goose nests. However,
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in addition to fox trapping, the factors discussed above — abundant breeding pomérine jaegers,
the timing of the lemming decline, and the density of goose nests — are all variables that are
expected to alter the numerical and functional responses of predators. Measuring these variables
may allow more accurate prediction of future relative nest loss in the increase, decline, and peak
phases of the cycle on the Kent Peninsula (Table 4-2).

This system seems less predictable than that on the Taymyr Peninsula, where arctic foxes
and parasitic jacgers are present, but the Taymyr gull (Larus argentatus taimyrensis) replaces the
glaucdus gull. However, it is important to recognise that the long-term data indicating breeding
success in brent geese (Summers 1986) reflect not only nest success but also survival of goslings
and migrating birds; hence variation in these individual components may be masked. For
example, post-fledging survival of lesser snow geese at La Pérouse Bay varied greatly,
apparently owing to naturél mortality (not to hunting), whereas nest success varied little (Cooke
et al. 1995, p. 115). Recently, in 6 years (2 lemming cycles) of field research on the western
Taymyr, Spaans ez al. (1998) identified several factors that interacted to affect the breeding
success of brent geese. In that region, most geese bred on offshore islands, where no nest
predation was recorded because in most years foxes did not visit the islands. However, in the
year after one lemming peak, few nests were initiated even on the islands, apparently because of
frequent disturbance by abundant foxes. In the year after a second lemming peak, few foxes
were seen even on the mainland; some had been trapped and it appeared others had died of
starvation. In that year, nest success was high but gulls killed most goslings. Differences in
habitat structure and geography between the Kent and Taymyr Peninsulas, t‘oget.her with rates éf
fox trapping, may contribute to differences ini numerical responses of predators in the two
locations.

This study supports the hypothesis that nesting success of geese at Walker Bay was

affected by abundance of lemmings through the functional and numerical resi)onses of nest



181

Table 4-2. Testable predictions showing how factors discussed in the text should affect winter
survival of arctic foxes, spring abundance of avian predators, and hence the relative number of -
goose nests depredated per km* on the Kent Peninsula, N.-W.T. Table entries show predictions

for the nesting period (spring) of the increase,Apeak, and decline phases of the lemming cycle.

Loss of goose nests per km?®
Winter survival -~ Avian o
of arctic foxes  predators- Increase Peak Decline

Abundant breeding porriarine jaegers ' ‘ Low
" during lemming peak

Timing of lemming decline:
Preceding summer or fall Poor " Few : | Low
Spring | : : Good ‘Many High
Fox trapping in winter after peak:
Many trapped Poor . B Low

Few trapped Good | _ High

Low density of goose nests Low = Low Low
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predators, during the 3-year cyc-le studied. Arctic foxes and glaucohs gulls, foraging in a patchy
environmenf, exhibited strong functionél responses. Gulls showed no numerical response (or an
inlverse one) resulting in an apparent mutualism between geese and lemrﬁings. A numerical
response o‘f foxes occurred during the peak lemming year only, which fnay have caﬁcelled out
the functional response leading to little net effect on nest predation. V.Better.winter survival of
fpxés after a 1emming peak might lead to apparent competition: hg:avier losses of g00se nests in
the subsequent yéar. Because the functional and numerical responses of predators are likely to
vary among 3-year lemming cycles, these indirect effects cannot be predicted from the phase of
“the lemming cycle alone. Instead we have made testable predictions of how variation in the
abundance of pomarine jaegers, the tinn'ng bf the lemming cycle, the trapping of arctic foxes, and
the density of goose nests are expected to affect the relative number of goose nests lost during

the lemming cycle.
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CHAPTER FIVE
CONCLUSIONS

In this thesis I tested three main hypotheses: (1) predation is necessary to limit the lemming -
population during the peak and decline phases of the cyéle, (2) predation is a necessary cause of
the decline of the lemming population, (3) the pattern of predation on goose nests (nests lost per
km?) during a threé—year lemming cycle can be predicted from functional responses of nest
predators to lemming density, and timiﬁg of numerical responses.
/

Limitation of a population

Different ecologists have used the term “limitation” to describe different phenomena. In
this thesis I have applied Sinclair’s (1989) definition, which réferred to equilibriufn population .
density, to fluctuating populations. Hence, a limiting factor is any factor that alters the density of
the population by changing production or losses. For example, predation is a limiting factor
during a time period if it lowers populatioﬁ densify during that period; it may not do so if other
production or loss factors are compensatory. Recognising limitation by some factor relies on
detecting a difference in density between populations with that factor present and those without.

This usage of the term limitation is gaining cﬁrrency (e.g. Krebs 1995).

Necessary and sufficient conditions
The terms “necessary” and “sufficient” lend precision to descriptions of causes, but can
be difficult to understand. A necessary condition is a preréquisite; it must be present for the

indicated effect to occur. Hence a test of necessity is that when the condition is not present, the

effect must not occur, other things being equal (Chitty 1996, p. 53). If predation is necessary to
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limit population density to a certain level, then without predation the population will not be .
limited; that is,.its numbers will be higher than when predation is present. In the language of
logic, this statement can be written P' = L, whiéh is read “if not P then not L”, where the
symbdl ' denotes “not”, and P symbolises predation and L limitation. This logical propositionv
describes one prediction of a predator reduction experiment (KreBs 1996).
| A sufficient conditibn is one that assures that an effect will occur. Sufficiency can be
refuted if when the condition is present, the effect does not occur, other things being equal
' (Ch‘ittyv1996,”p. 453). Therefore, if predation is sﬁfficient to limit density by a specific amount,
then density Will not rise by an eqﬁivalent Aamount 1n the presence of predation. This proposition
is written P 2 L, which is ‘l'ogica_lly equivélent to L' = P'. These statements imply that no other
. experimental manipulation will fesult in an increase in populatioh density equivalent to that of
predator removal. Obviously, a sufficient condition is difficult to test, and I did not directly test
£he effects of factors other than predation on population density. Instead, I used the presence or
absence c')f co';npens;atory mortality to :infer that other mortali.ty factors might or might not also
: have been limiting in different phases of the cycle (Chapter 2). In the same Way, I considered
that the iower propoﬁion of reproductive lemmings in the peak phase implied that food, space, or
so.cial .fac}tors' might also ha\?c been limiiiﬁg at that ﬁme (Chapter 2); therefore, predation may not
have been a sufficient limiting factor during the peak. |
If one factor is both necessary and sufficient. for an event to occur, that event has a single
cause. Héwever, events can havé mliltiplé causes, all sufficient or all necessary (Hilborn and
Stearns 1982). As well, a specific combination of antecedents,might bé béth necessary and
sufficient for a phenomenon to occur (Krebs 1996). A' In order to untangle multiple causes, it is

important to désign research carefully and to clarify with precisién the hypotheses tested.

)



185

Conclusions of this thesis

‘1) Predation was necessary to limit the lemming population in summer of the peak and decline

I tested five predictions of the hypothesis"th:at predation is neceséary to limit the lemming
population: (1) some mortalities must be due prO);irnately to predation, vand when predatérs are
removed (2) density will increase, (3) survival will increase, (4) reduced predation will not be
compensated for by increases in other sources of mortality, and (5) increased survival will not be )
negated by changes in other demographic factors such as emigration or reproduction. |

All five predictions were met during the summer décline phase of the cycle. Inthe |
summer of the peak phase, the first, second, and fifth predictions were met.. However, survival

in the peak was not consistently higher within the predator exclosure than elsewhere. In

- addition, other unidentified sources of mortality apparently sometimes compensated for the

/

reduced predation on telemetered animals. Still, ‘the increase in survival was apparently enough
to lead to greater density in the Exclosure. Therefore, I conclude that predation was necessary to
limit density during both the peak and decline suMers. HoWever; the magnitude of the
limitation was less during the peak than during the decline; this wés evident in the relative
differences in density observed between treatments (10-fold in the decline ‘but only 2-fold in the
peak). Predation may limit lemming density only until density rises to a level at which another

factor becomes limiting.

2) Predation did not seem to be necessary to initiate the population decline, but was necessary to

accelerate and continue the decline in the following summer
I tested three predictions of the hypothesis that predation is a necessary cause of the
lemming population decline: (1) the lemming population should not decline in an area protected

from predation when it declines on unprotected sites, (2) the predation rate on lémmings is
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delayed density-dependent, and (3) the populatién decline is avssovciated with an increése in
predation rate.

‘None of the three predictions were met in autumn or winter when the decline began;
Instead, the decline seems to have been initiated‘ by ce'ssétién of reproduction by the end of July
- in the peak summer, implying that predation was not a sufficjent cause of the winter decline. But
because the predator exclosure was less effective in winter, I-.cannot with certainty refute the
hyéothesis that predation was a necessary causé of the winter decline. The contribution of |
predation to the winter decline depends on the extent to which causes of winter mortaiity were
compeﬁsatory. In contrast, all three predictions were met in the following sﬁmmer, when the
decline accelerated. I conclude that the decline was initiated late in the peak summer by
c.essati.bn of reproduction, but tﬁat a high rate of predation, primarily by ermine, was necessary to

accelerate and extend the decline in the following summer.

3) The indirect effects of lemming abﬁﬁdance on loss of goose nests cannot be predicted frdm
the phase of the lemming cycle alone.

I tested the hypothesis that fhe relative number of goose nests lost per vkr.'n.z duriné a three-
year lemming cycle on the Kent Peninsula could bé predicted from functional arid numerical
responses of nest predators to lemming density. This hypothesis was supported during the years
in which I recorded the predators’ respoﬁses. However, data from previous three-year leniming
pycles at this location did not meet my prediction that the number of nests depredated should be
lowest during lemming peaks. Instead, nest loss tended to be greatest in the years follow_,ing
peaks wjtﬁ little variation among increase and peak years. I conclude that because predatofs’
funct_ional and nﬁmerical responses are likely to vary among 'cycle's, their effects on geése cannot
be p’redicted frorh the phase of the lemming cycle alone. Instead, I propose testable predictions

of how the abundance of pofnarine jaegers, the timing of the lemming cycle, the trapping of
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arctic foxes, and the density of goose nests should affect the relative number of goose nests

depfedated,during the lemming cycle.

Whét causes population cycles in lemmings?

The rapid increase in numbers of collaréd lemmings at Walker Bay is'easy to explain if
their reprodﬁctivé'raté is high at all times except during the peak summer and the subsequent
Winter. Predation may lirhit population density to a varying degree throughout the cycle. The
cessatio'n of reproduction early in the peak summer, apparently an inFrinsic response to the
presence of conspecifics‘, initiated the deéline. Assuming breéding did not recommence until
.. March — April, the winfer mortality rate was low. Hence, predation may not have been é
nécessary factor in the winter population decline. On the other hand, it is possible that
competition for fo,;)d,and space in autumn and Winter led to higher mortality than occurred in
summer. Predation, ﬁrimarily by ermine, accelerated and extended the decline in the following
summer. Th,erefore.,' the deaths of ermine ‘once the lemming population reached very low.density
would allow the population to grow again. I have seen no evidence of an extended low phase in

this population of lemmings.

What should be done next?

Of the factors in the preceding paragraph hypothesised to explaiq lemming cycles, I
tested only those felated tb predation and tor summer reproduction. My conclusions about
predation were weakened by imperfecﬁons in;thhe predator e)gclosure and by its lack of
replication. I recommend the following further research:

D) My study should be repgated with a replicated predator r_educ;ion treatment. Pred'ator

exclosures should have higher fences (at least 1.7 m) of do;ibléd chicken wire to exclude

arctic foxes in summer. These structures will be permeable to ermine, but summer predation
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by ermine was light except in the decline, and removing ermine seemed a satisfactory
solution.

Winter reproduction in collared and brown lemmings has been studied directly only in
Siberia (Chernyavski 1979) and to a small extent in Canada (Krebs 1964a). The hypothesis
that winter reproduction occurs in all years except at peak density needs to be tested, by
trapping in autumn and winter. This project would be logistically challenging, but might be
facilitated by involving people living in the north. |

What shortens the breeding season in the peak summer is unknown. The social structure and
relatedness of lemmings should be studiéd and compared among phases of the cycle. Useful

methods include radio-telemetry and tagging young in nests or nest boxes, as Lambin (1993)

has done with voles, and DNA fingerprinting. Our knowledge will increase fastest if we do

experimental manipulations: for example, testing effects on the maturation of juveniles of (1)

removing parents as Wolff (1992) did with mice, and (2) artificially enhancing density by

reducing predation.

Autumn mortality of lemmings, in the péak phase before the snow is deep, should be

assessed with radio-telemetry. It seems likely that the mortality rate increases in autumn

'owing to deteriorating weather and competition for food and space, but it is difficult to assess

the condition of lemmings and to quantify ’food availability in the patchy tundra environment.

Even data comparing mortality between August and September might be highly informative.




189

APPENDIX 1

ESTIMATION OF LEMMING CONSUMPTION BY ARCTIC FOXES

Determining the prey combositio‘q of arctic fox scats

My method of analysis of scat composition generally follo'wed that of Reid et al. (19975
except that I focussed on lemmings in the diet rather than on fhe entire diet. I autoclaved the
‘ écats, dried‘tihem at 50°C foy 24 hoﬁrs; and weighed each to the hearést 0.01 g1 sbaked eéch
scat in watér for 24 h, broke it..up, and washed it over a 500 pm sieve. I discarded.]the particles
that passed through the sieve.” Discarding this microscopic fréction can lead to a slight
underestimation of birds. ingested, because fragments of feathers may be lost; and in temperate
regions the rﬁicro-scopic particles can be used to estimate earthworm consumption (Reynolds and
Aebisqher 1991). .I' ignored the microscopic fraction because (1) my primary interest was in
mammals in the diet, (2)‘earthwo'rms do not occur 'in the Arctic, and (3) in preliminary
efcaminations, the particles were composed of fine organic and mineral material, with no
identifiable fragments. |

I sorted the macroscopié material by species or type (bones, teeth, eggshell, large
feafhers, insect parts, vegetation),. leaving the “remainder”, which usually consisted of
mammalian hair, sometimés mixed with small feathers, particles of soft tissue, végetation, and
inorganic matter (e.g. sand). I idéntified the remains to species, by means of mammalian teeth,
) boﬁes, and hair, or ;0 class (birds, insects). I used diagrams of microtine teéth n Banfi‘eld (1974,
p. 182) and museum specimens for reference. I did not identify the species of mammals or birdsl
by microscopic examination of hair or feathers as described by Day (1966) and Kennedy and
Carbyn (1981), except to distinguish fur of arctic hare and arctic fox. I measured the:length of

all lemming ulnas and molar tooth rows. I estimated the percentage weight composition of the
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“remainder” (haif; tismAall feathers, soft tissue, small pieces of vegetation, sand etc.) by eye, taking
into account differé}lt densities. Idried and weighed the séparated fractions. ‘I apportioned the
mass of lemming f;air between species of‘ microtines based on the proportion of molars of gach :
species (Reid et al. 1997). When both ground s‘quirrel and lemming remains were present in a
scat, I apportioﬁed thé mass of hair according to the iass of bones and teeth of each species. If
no teeth were available for species identification, I determined the species of lemmings by the
morphology of their forefeet (Banfie}d 1974, pp. 185, 194), which were often Well preserved, or
by hair .co]our (althéugh hair was often very discoloured). This method usually required an

asSumptior_l that only one species of lemming was present. It was possible to determine the

species of lemming remains in all but 17 of 251 scats.

\
\
Estimation of biomasé ingested by foxes
To estimate the ingested biomass of lemmip gs that would yield the observed macroscopic
~ biomass of lemming egested per scat, I multiplied by a conversion factor of 28, which was
| chosen by Reid et al. (1997) based on lower éstimates for dige‘stion of voles by red foxes (Vulpes
| ' fulpes) (Lockie 1959, Goszczynski 1974). Reid et al. (1997) found that this value yielded
‘ estimates of lemﬁing biomass ingested by red foxes sirﬁilar to those baséd on the mass of ~
i undigested lémming, hair.
i I roughly eéfifnated the total biomass per séat of all species ingested, in order to identi%y?
‘ periods when the food intake of the foxes was high or low. For these conversions I c]éssified
i birds as large (anseriform, galliform) or small (passeriform, c‘haradriiform)‘based on feather and
1 boné size. Tused conversion factors from Reid ef al. (199%) for' red fox digestion, based on those
| developed. b); Lockie (1959), Goszczynski (19745, and Reynolds and Aebischer (1991) to cohvert
, the biomass of voles (23), ground squirrels (43, conversion factor for rabbit in Lockie), arctic’ -

- hare and arctic fox (50, conversion factor for lagomorphs in Goszczynski), largé (61) and small
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(45) birdsl, Cariboub(lOO), and eggshell (9:1). I used the figure for beetles (12.4) in Reynolds and 4
Aebischér (1991) to convert invertebrate remains. For unidentified bones I chose a convgrsion
factor based on the size of the bones (e.g. squirrel-like). A few scats had large amounts of soft
tissue with no assdéiaiéd bones; I used ari intermediate conversion rate of 45 for this tissue as if it
was ground squirrel, poséibly an underestimate. I did not convert shrew remains because they

occurred in trace amounts in only two scats.

Estimation of daily consum[ition of biomass

Red foxés defecate, on éverage, about 7 times Vday'l when well-fed (deternliiicd from
~ snow-tracking; P.-O. Palm, pers. comm. to Reid ef al. 1997). This estimate may bé too high for
arctic foxes since one éan follow their tracks for many kilometres without finding a scat (K.
Frafjord, pers. comm.). Captive arctié foxes eating a fixeci daiiy amount of commercial: food
high in carbohydrate produced very roughly 10 scats day” (@. Ahlstrgm and E. Fuglei, pers..
éomm.), but arctié foxes eating meat would produce fewer scats. I assumed a defecation rate of
5 scats day” when foxes were well fed. Fol]zowing the method of Reid et al. (1997), in periods
when lack of breeding or low estimates of biomass intake per scat indicated that the foxes were

poorly fed, I used lower defecation rates of 4 day™ or 3 day™ (see Results).

Estimation of daily consumption oi' Dicrostonyx

I applied the regression equations in Reid et al. (1997) to the lengths of ulnas and upper
and lower molar rows in scats to estimate.the mass of individual Dicrostonyx in the scats.” From
this I calculated the ratio of adult (> 40 g) to juvenile (< 40 g) Dicrostonyx consumed during
each samplilig period. Sample sizes were laige enough to do this only in the summer of- 1996
and in early 1997. For each of these periods I divided tlie pioportiqn of adults iri scat_svby the

proportion trapped to indicate the reduced vulnerability to fox predaﬁon of adult lemmings
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relative to juvenile lemmings. I estimated a correction factor to account for this reduced

vulnerability in all sampling periods, as the mean of these fractions. I then adjusted the ratio of

adults to subadults kilied by foxes by multiplying the proportion of adults caught in each period

by this factor. 1 then estimated the total number of Dicrostonyx eaten based on the biomass

consumed, these ratios, and the mean mass of adults and juveniles trapped during the period.
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APPENDIX 2 ’

ESTIMATION OF LEMMING CONSUMPTION BY BIRDS OF PREY

Determiniﬁg the prey composition of avian pellets.

I dried each pellet at 50°C for 24 hours. I separated the pellets with forceps, sorting theﬁ
hard material by species or type (bones, teeth, eggshell, large feathers, insect parts, vegetatioﬁ),
leaving mammalian hair sometimes mixed with small feathers. As with fox scats (above) I
identified mammal remains to species by means of their teeth, feet, and hair, but did not identify
~ the species of bird or invertebrate remains. I was able to identify the species of all lemming’

remains in pellets. As each of a lemming’s 12 molar teeth (3 upper and 3 lower on each side) ié
unique, I counted and identified the species and position in the jaw of all lemming molars. I
recorded the minimum number of lemmings contained in a pellet based on the number of unique
rﬁolar teeth (Reid et al. 1997).
To estimate the number of lemmings ingested per rough-legged hawk pellet and per day,
1 used the conversion factors obtained from a feeding experiment by Reid et al. (1997). They
found that the number of lemmings i'nge‘sted_ by a rough;legged hawk exceeded the number.
identified in pellets according to unique molar teeth, by a factor of 1.02 when the hawk was well
fed and by 1.27 when it was slightly food-stressed. A well-fed hawk produced 1.1 pellets day™
\and a food-stressed hawk produced 0.9. Idid not apply a conversion factor to owl digestion,
because they digest less bone than hawks do (Craighéad and Craighead 1956) and short-eared
owl pellets closely reflected the number of voles eaten when skulls were used as an index
(Lockie 1955). Tassumed a casting rate of 1.55 pellets day™ for well-fed snowy owls, based on

values published for other owl species (details in Results).
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