
Introduction

Brown lemmings Lemmus trimucronatus

(Richardson, 1828), in northern Alaska hold a

special place in mammalian population ecology.

Long-term data for their population dynamics

present the most convincing demonstration of

high-amplitude population cycles (alternating

peaks and valleys in density over a period of 3–5

years) for arvicoline rodents in North America

(Turchin 2003). Although intensive studies of

arvicoline rodents continued in northern Alaska

from the early 1950’s to the late-1980’s, regret-
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tably few investigations have occurred since

then. Our objectives in this review are: 1) to pro-

vide a historical account of progress in under-

standing the fascinating population cycles of

brown lemmings on the North Slope of Alaska

and 2) to stimulate further research on this

problem.

Because we were involved in much of the re-

search, this review reflects our personal experi-

ence, and we report not only the results of

published studies but also background informa-

tion to indicate how others influenced our views.

We do not review information on population cy-

cles in general, as our main concern is with the

historical development of understanding the cy-

cles near Barrow, Alaska. We include a section

reviewing other studies that emphasize the fac-

tors we use to explain events at Barrow, even

though done on different species and at different

latitudes, to suggest the possibility of more gen-

eral application of our results. We do not at-

tempt to review the many studies that have

suggested alternative explanations for popula-

tion cycles, however, and make no pretense that

this is a complete review. To do so would require

a monograph because of the many hypotheses

proposed to explain cycles (Batzli 1992 pre-

sented a list of 22 hypotheses and several more

have been proposed since).

Early observations

Shortly after they first arrived in Northern

Alaska, the Iñupiaq people probably became

aware of periodic outbreaks of lemmings, but the

scientific study of brown lemmings in tundra

near Barrow, Alaska did not begin until the first

biological surveys of the area in the late 1800’s.

By the early 1900’s Charles Brower, a local mer-

chant and self-styled “King of the Arctic”, had

begun to sell lemming skins to natural history

museums (Brower 1942). The timing of peak

densities of lemmings near Barrow based upon

the scientific literature can only be traced back

to the end of World War II. Earlier records prob-

ably could be reconstructed from the number of

specimens that museums across North America

received each year from Brower. Serious study

of the population ecology of lemmings, however,

did not begin until the early 1950’s after estab-

lishment of the Naval Arctic Research Labora-

tory (NARL) just southwest of Point Barrow,

the northernmost point of Alaska (71°20’N,

156°40’W). A brief history of the first 25 years of

NARL can be found in Britton (1973). A more ex-

pansive work provides additional details and re-

miniscences for the first 50 years (Norton 2001).

Robert Rausch was the first mammalogist to

visit NARL regularly. Although his main inter-

ests were parasitology and systematics, he re-

ported that a lemming peak had occurred in

1946, and he published observations on the col-

lapse of a peak population during late winter

and spring of 1949 (Rausch 1950). He observed

lemmings scurrying everywhere and found dead

and dying lemmings on the snow, but they

showed no obvious lesions or signs of disease.

Unfortunately, no reliable estimates of popula-

tion densities were made for these cycles.

Neal Weber, an entomologist on the scene in

1948 and 1949, observed the destruction that

the lemmings had wrought on the vegetation,

which included clipping of nearly all the monocot

stems and extensive digging for rhizomes. He

suggested that the deaths before snow melt oc-

curred because of starvation (Weber 1950), an

interpretation supported by a later finding that

lemming carcasses found frozen in the snow had

extraordinarily low fat content (1.1% for frozen

carcasses versus 2.0% for animals that starved

in the laboratory, Batzli and Esseks 1992).

Spurred on by these early reports, Daniel

Thompson began a four-year study of lemmings

(1950–1954) that culminated in his Ph. D. thesis

(Thompson 1955a). This was the first of several

theses on the ecology of lemmings, their forage

and their predators during the next two decades

(Maher 1961, Pieper 1964, Mullen 1965, Ges-

samen 1968, Underwood 1971, Bunnell 1973,

Coady 1975, Osborn 1975, Barkley 1976). Thomp-

son (1955a) monitored lemming populations (in-

dices of density in three habitat types), their

food supply (primarily monocots), and their

predators (primarily weasels, foxes, owls, and

jaegers) from 1950–54. He also constructed

exclosures to assess the effects of lemming activ-

ity on the subsequent production of vegetation.
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Although surprisingly comprehensive, this study

only provided reliable data on relative, not abso-

lute, densities of lemmings.

Thompson found that intensive grazing (nearly

100% of the stem bases of monocots clipped by

lemmings during winter) and digging for rhi-

zomes dramatically reduced the standing crop of

new forage by about 50% during summer follow-

ing the peak density of lemmings in 1953. Be-

cause lemmings depend on the green bases of

monocot shoots for energy during the winter

(mosses provide a nutrient supplement but far

less digestible energy – see Batzli 1993), and be-

cause reproduction of lemmings declined after

peak densities (less reproduction in late summer

and no winter reproduction), Thompson con-

cluded that lemming cycles resulted from a dom-

inant herbivore interacting with its forage.

Although the major cause of population decline

immediately after peak densities in 1953 ap-

peared to be predation, he did not think that

predation was a necessary feature of the cycle

because other factors would have led to a decline

in the absence of predation (Thompson 1955b).

Finally, Thompson observed a “lemming emigra-

tion” before snow melt in 1953, but he found

fewer dead lemmings than Rausch reported for

1949, and regarded losses from these apparently

random, pre-melt movements as relatively un-

important for the lemming decline in 1953

(Thompson 1955c).

In 1951 James Bee began his survey of the

mammals of the North Slope of Alaska and

added valuable information on the distribution

and natural history of lemmings (Bee and Hall

1956), but the geographic extent of his work pre-

cluded detailed treatment of local population dy-

namics. In that same year the senior author

(FAP) arrived to study bird populations. He soon

realized that the lemming cycle was a major eco-

logical event in the tundra ecosystem near Bar-

row, one that had implications for many other

aspects of ecosystem dynamics, and he decided

to start a long-term study of lemmings and their

predators. The work began modestly in 1952 by

asking local villagers (mostly children) to cap-

ture lemmings by hand so that changes in their

population structure and reproductive activity

could be documented for different phases of the

cycle. It slowly burgeoned into regular trapping

on permanent trap lines at Barrow and across

the North Slope of Alaska, and the study contin-

ued in various forms for over two decades.

The development of long-term studies of lem-

mings at Barrow can be traced back to the for-

mal training in ecology of FAP at the University

of Illinois at Urbana-Champaign where he ar-

rived in 1937 to complete his last two years of

college. Victor E. Shelford, founding president of

the Ecological Society of America, and his stu-

dent S. Charles Kendeigh, a later president of

ESA, were the leading ecologists at Illinois. At

this time Shelford still went to Churchill, Mani-

toba every summer, where, among other things,

he observed population cycles in collared lem-

mings Dicrostonyx richardsoni (Shelford 1943).

Courses taken with Shelford and Kendeigh in-

troduced FAP to an expanded view of ecology, in-

cluding topics such as, the impact of physical

and biotic factors on patterns of distribution and

abundance of populations, the patterns and pro-

cesses of succession, and the patterns of commu-

nity structure and organization.

Because of his enthusiasm for birds, FAP

soon came under the wing of Kendeigh, served

as his research assistant, and had access to his

private library of ecology. One of the first books

that he borrowed was Charles Elton’s small, but

influential, volume on animal ecology (Elton

1927), which opened his mind to the world of

trophic interactions and their role in population

dynamics and community organization. Later,

in 1952–1953, when FAP observed the striking

damage to vegetation and the impressive gath-

ering of predators associated with peak lemming

populations at Barrow, these early lessons be-

came an important backdrop for the explanation

of lemming cycles in terms of trophic interac-

tions.

Of course, FAP was not alone in this ap-

proach to lemming populations. David Lack’s

important book on the regulation of animal

numbers appeared in 1954 (Lack 1954). It em-

phasized the role of food in population fluctua-

tions and included a chapter on population cycles.

Impressed with a variety of lines of evidence

that pointed to food shortage for voles, lem-

mings, and hares at high densities, Lack pro-
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posed that population cycling in herbivorous small

mammals occurred because of a strong interac-

tion with the vegetation, a classical predator-prey

cycle but at a lower trophic level. Furthermore,

FAP was a contemporary of and interacted with

Thompson, whose work we have already dis-

cussed, and the arguments in Lack’s book influ-

enced both of their views regarding the lemming

cycle at Barrow.

The nutrient-recovery hypothesis

By 1956 ecological research at NARL was

thriving. Max Britton, a plant ecologist (Britton

1957), became director of the Arctic Section of

the Office of Naval Research in 1954, and Max

Brewer, a permafrost geologist, became Director

of NARL in 1956 (permafrost refers to the peren-

nially frozen ground that underlies the shallow

active layer of tundra soil that thaws each sum-

mer – see Brown and Sellman 1973). Britton and

Brewer proved to be extraordinarily supportive

of ecological research at tundra sites. One result

was the development of a team to investigate in-

teractions of soils, vegetation, lemmings, and

predators. John Tedrow had responsibility for

soil (Tedrow 1973), Arnold Schultz for vegeta-

tion-lemming interactions (Schultz 1964, 1969),

and FAP for lemming-predator interactions

(Pitelka et al. 1955a, 1955b, Pitelka 1957a,

1957b, 1964, 1973).

In 1958 Schultz began intensive study of

changes in vegetation and soils associated with

lemming activity (Schultz 1964). New exclosures

confirmed Thompson’s results that clipping of

plants and digging of rhizomes by lemmings re-

duced the standing crop of vegetation during the

summer following a lemming peak (1960), by

about 20% for just clipping and about 90% for

digging rhizomes. Furthermore, concentration

of phosphorus, calcium, and nitrogen in the for-

age plants outside of exclosures cycled in concert

with lemming populations, increasing as lem-

ming density increased and declining dramati-

cally after peak densities. Within the exclosures

nutrient concentrations changed relatively little

from year to year. The depth of thaw of soil dur-

ing summer also cycled outside the exclosures,

increasing after a peak population removed

most of the insulating vegetation and declining

as the vegetation recovered in subsequent years.

Again, much less annual variation in depth of

thaw occurred within exclosures. Finally, mea-

surement of nutrients in soil cores indicated

that concentrations of phosphorus and calcium

dropped off sharply with depth.

In addition to increased mortality during the

population crash, reproduction by lemmings was

curtailed, particularly during winter following

peak densities, as had been reported by Thompson

(1955b). Christian (1950) had proposed that

physiological effects of stress associated with

crowding at high densities could account for

a subsequent decline in reproduction, but a

physiological study of brown lemmings in the

field by Mullen (1968) found no evidence of such

stress. To account for all these results, Pitelka

(1964) and Schultz (1964) developed the nutrient-

-recovery hypothesis, which extended Lack’s

simple view of lemming-plant interactions to

encompass additional aspects of the ecosystem,

particularly the processes of decomposition and

nutrient cycling (Fig. 1).

In outline, the nutrient-recovery hypothesis

stated that peak lemming populations decimate

the vegetation to such an extent that the popu-

lations begin to starve and a population crash

ensues. Devastation of the vegetation substantial-

ly lowers plant productivity and accumulation of

litter during the growing season. With substantial

reduction of standing vegetation and litter, more

solar radiation reaches the soil surface, which

warms the soil so that depth of thaw increases.

Because decomposition and, therefore, soil

nutrients are concentrated at upper levels of soil,

lower concentrations of nutrients become avail-

able to plants as their roots penetrate lower levels

of soil, and total uptake of nutrients decreases. As

a result, new growth of forage contains low levels

of nutrients, which curtails reproductive success

of lemmings. Lemming populations only recover

their high reproductive output and associated

population growth when plant production and

accumulation of litter have increased, normal

depth of thaw has returned, and nutrient levels

in forage plants have recovered.
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A fertilization experiment that Schultz (1969)

conducted to test the nutrient-recovery hypo-

thesis produced disappointing results. If inter-

actions of soil nutrients, plant quality, and

lemming activity drove the lemming cycle,

fertilization should have broken the cycle by

maintaining high levels of nutrients in the soil

and in the vegetation. This in turn should have

maintained high densities of lemmings or at

least caused an earlier recovery of populations

following peak densities. The work began at low

population densities in 1961 (peak densities

occurred in 1960) and continued through 1964,

during which time a general population increase

and decline occurred under the snow in the winter

of 1962–1963. Addition of nitrogen, phosphorus,

potassium, and calcium to a 2.4 ha plot in wet

meadow (a favored lemming habitat) quickly

increased net production and nutrient concen-

trations in plants (3 to 4 times compared to the

control plot) and stopped cyclic fluctuations in

nutrients. No response of the lemming popula-

tion was seen until the winter of 1963–1964,

however. A survey of winter nests of lemmings

in early summer of 1964 found densities 300

times greater on the fertilized plot than on a

nearby control plot, which indicated a huge local

increase of lemming densities during the pre-
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Nutrient Recovery Hypothesis

HIGH LEMMING DENSITY

Improved reproduction and population
starts to grow

Increased nutrient uptake
in shallow soil

Increased standing dead
and decreased depth of thaw

Poor reproduction so populations
and grazing remain low

Low grazing and low quality forage
in following summer

Intensive grazing and high mortality

Reduced standing dead
and increased nutrient release

Increased nutrient uptake early
increased depth of thaw,
then decreased nutrient uptake

Nutrients locked in standing dead
and low quality forage in late summer

Low quality winter forage
and no winter reproduction

LOW LEMMING DENSITY

Fig. 1. Summary of major steps in the nutrient-recovery hypothesis as proposed by Pitelka (1964) and Schultz (1964, 1969).



vious winter. After snowmelt, however, lemming

populations were relatively low on both the fer-

tilized plot and on surrounding tundra. Schultz

(1969) explained that “jaegers had found this

6-acre pantry and picked it clean.” This “pantry

effect” illustrated the difficulty of interpreting

results of field experiments when predators can

concentrate on experimental plots.

Subsequent research supported some, but not

all, of the tenets of the nutrient-recovery hy-

pothesis. Because of high energetic require-

ments and low digestibility of forage, high

lemming populations must eat virtually all the

available stem bases of monocots during winter

(Batzli 1975a). The activities of lemmings do im-

pact rates of nutrient cycling and monocot

growth, slowing both over the short term of 1 to

2 years but increasing both over the long term of

10 to 20 years (Batzli 1975b, 1978). Grazing by

lemmings does reduce vegetative cover, which

does increase the depth of thaw, and nutrient

concentrations in forage do change dramatically

from year to year, though not simply because of

changes in depth of thaw (Batzli et al. 1980,

Chapin et al. 1980). Low nutrients in food can re-

duce reproductive success of arvicoline rodents

(Batzli 1986), and reproducing female lemmings

do face nutrient depletion (Barkley et al. 1980).

Nevertheless, the growth of brown lemming pop-

ulations does not simply track the concentration

of nutrients in their forage. In some years lem-

ming populations did not increase even though

nutrient concentration in their forage was rela-

tively high (Batzli et al. 1980). Thus, the nutri-

ent recovery hypothesis did not provide the sole

explanation for population fluctuations of lem-

mings at Barrow, but it did faithfully describe

several aspects of a remarkable series of events

in the nutrient dynamics of the tundra ecosys-

tem.

Long-term studies and multiple
factors

Starting with Thompson’s work, lemming

populations near Barrow were the subjects of in-

vestigation every summer from 1950 through

1974, sometimes by more than one laboratory.

By 1955, after Thompson had completed his field

work, FAP decided to quantify changes in den-

sity of lemming populations by intensive snap-

-trapping along eight pairs of 300-m trap lines in

a variety of habitats within 6-km of NARL. The

data from these trap lines provided a consistent

index of density two or three times each summer

for 19 years (1955–1973) and became the basis

for long-term estimates of fluctuations in den-

sity, reproduction, and population structure

that were used to synthesize the dynamics of the

herbivore food chain by the U. S. IBP Tundra

Biome (Batzli et al. 1980). By using mark and re-

capture procedures before snap trapping, the

trap indices of FAP were transformed to esti-

mates of absolute density (Fig. 2, Batzli 1981).

Note that collared lemmings D. groenlandicus,

only occurred at very low numbers near Barrow,

except for 1971. Although qualitative informa-

tion exists for peak densities of brown lemmings

in 1946 and 1949, and indices of density exist for

1953, estimates of absolute densities for these

early peaks, as reported in Schultz (1969), re-

main little more than educated guesses.

After 22 years of studying brown lemming

populations at Barrow, Pitelka (1973) concluded

that multiple environmental factors affect their

pattern of population dynamics. In the early

years of study at Barrow populations rose and

fell in a repeated pattern with population peaks

occurring every 3–4 years (1946, 1949, 1953,

1956, 1960). The build-up to population peaks

generally occurred in winter under the snow,

but was heralded by a population increase the

prior summer. The population crash started in

late winter or in spring before snow melt, at

which time emaciated, dead or dying lemmings

were often found in the snow. Apparently driven

by the great influx of predators at snow melt, the

decline continued to low population levels by the

end of summer in spite of substantial reproduc-

tion (Pitelka et al. 1955a). In 1956, however, the

population crash appeared to come early; popu-

lation densities were only moderate when the

snow melted, although abundant winter nests

and signs of winter grazing indicated that densi-

ties had been much higher (Fig. 2).

In 1960 the population did not decline during

summer, even though the predator influx oc-

328 F. A. Pitelka and G. O. Batzli



curred, perhaps because much of the population

increase occurred later in the winter so that

some food remained when the snow melted. Af-

ter that, rapid growth of the vegetation could

sustain the population until late summer. Very

low densities occurred during the next three

summers, rather than just the usual one or two

summers. During the winter of 1962–1963 lem-

ming populations increased, as indicated by the

extent of clippings and winter nests, but weasels

appeared earlier in the cycle than usual, and

lemming populations were again low by snow

melt. The summer of 1963 was unusually wet

and cold, which likely had two effects: (1) re-

duced production of monocots, the major food

supply for lemmings (Batzli and Pitelka 1983),

and (2) continued flooding of low-lying habitats,

where the greatest concentration of high quality

food occurred (Batzli et al. 1983). As a result,

populations did not increase during the winter

of 1963–1964, and lemming populations did not

reach their next peak until 1965. Populations

crashed during the summer of 1965 as they had

in the early years, but again the peak was fol-

lowed by a series of summers with low popula-

tion densities (this time from 1966–1970). In the

winter of 1968–1969 a population that increased

under the snow was again invaded by weasels

and returned to low densities by snowmelt

(MacLean et al. 1974), a pattern similar to the

winter of 1962–1963. The following winter

(1969–1970) was severe and started with freez-

ing rain that coated the tundra surface with ice,

thereby locking up much of the food supply for

lemmings. Finally, in 1971 a strong peak oc-

curred and crashed but with a relatively slow de-
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cline (Fig. 2). This peak occurred with the usual

influx of avian predators, but without the usual

warning of increasing lemming densities the

preceding summer and without a marked in-

crease in weasel populations (MacLean et al.

1974). These events (Pitelka 1973 provides more

details) convinced us that weather, predators,

and food supply all have a role to play in the tim-

ing and magnitude of density fluctuations of

brown lemmings.

In addition to the studies at Barrow, FAP em-

barked on a geographical survey to determine

the spatial extent of small mammal cycles on the

North Slope of Alaska, the degree of synchrony

of population fluctuations of lemmings at differ-

ent sites and among different species at the

same site (four species of arvicoline rodents in

addition to the brown lemming occur on the

North Slope), and the patterns of distribution of

predators. The methods used in these studies

and the distribution and fluctuations in density

of arvicolines across the North Slope are sum-

marized in Pitelka and Batzli (1993).

Results from these extensive studies con-

firmed that the population peaks of brown lem-

mings and the associated increase of predator

populations only occur synchronously within a

50-km radius of Barrow. Population cycles occur

over a more extensive portion of the coastal

plain to the east and west of Barrow, but not in

synchrony with those near Barrow.

Moving inland, as greater topographic relief

creates a mosaic of drier habitats, other species

of arvicoline rodents become important and pop-

ulation cycles disappear (Batzli and Jung 1980,

Batzli and Henttonen 1990, Pitelka and Batzli

1993, Batzli and Lesieutre 1995). Substitutions

for some of the dominant predators also occur

along this gradient (rough-legged hawks Buteo

lagopus, instead of snowy owls Nyctea scandia-

ca, long-tailed jaegers Stercorarius longicaudus,

instead of pomarine jaegers S. pomarinus, and

red foxes Vulpes vulpes, instead of arctic foxes

Alopex lagopus). The mustelid predators remain

the same, however, (least weasels Mustela niva-

lis and ermine M. erminea). Pomarine jaegers

and snowy owls probably drop out because they

depend on high densities of lemmings for suc-

cessful reproduction (Pitelka et al. 1955b). This

pattern suggests that only the unique landscape

and vegetation of northern coastal tundra,

where large expanses of wet sedge meadow and

low polygon troughs contain concentrations of

preferred food for brown lemmings (several spe-

cies of sedges Eriophorum spp., and the grass

Dupontia fisheri) provide the necessary condi-

tions for spectacular, cyclic interaction of lem-

mings, vegetation and predators.

Modeling efforts

Modeling efforts, while not providing defini-

tive results, can support or contradict hypothe-

ses that are based on empirical observations.

Five models have provided additional insight

into the factors influencing lemming popula-

tions near Barrow. Collier et al. (1975) modeled

the acquisition and use of energy and supported

the notion that insufficient quantity of food (en-

ergy) can account for lack of reproduction during

winter, particularly by small females. Using the

energetic model to drive forage intake, Barkley

et al. (1980) found that in years with low nutri-

ent concentration adult female lemmings face

severe nutrient depletion when reproducing in

late summer or winter, which supported an im-

portant tenet of the nutrient-recovery hypothe-

sis. Osborn (1975) used the data of Pitelka and

his students to model lemming demography and

consumption by avian predators, thereby simu-

lating the impact of these predators on lemming

populations. He concluded that the percentage

of mortality accounted for by owls and jaegers

peaked in June at snowmelt with moderate den-

sities of lemmings (~25 per ha) and dropped off

rapidly at lower and higher densities. Appar-

ently, the reduction in per capita predation on

higher densities of lemmings occurred because

territorial defense by breeding predators pre-

vented a concentration of nomadic predators

from developing. From this, Batzli et al. (1980)

concluded that predation alone could not account

for the rapid declines in lemming populations

that occurred during summer in most peak years.

Two models addressed the overall dynamics

of lemming populations at Barrow. Bunnell

(1973) included information on nutrient cycling,
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plant production, lemming foraging, lemming

demography, and predation based largely on the

results of Pitelka, Schultz, and their students.

He concluded that “predation, forage quantity

and quality, density dependent and dispersal

phenomena are all active in generating lemming

cycles.” However, although studies of lemming

activity and home range exist for the Barrow re-

gion (Banks et al. 1975, Peterson and Batzli

1975), there are no data, only anecdotes, regard-

ing lemming dispersal.

Using more analytical models and additional

data generated by the IBP Tundra Biome (Brown

et al. 1980), Turchin and Batzli (2001) concluded

that interactions between lemmings and forage

quantity could explain the basic population cy-

cle. The authors noted, however, that interac-

tions with mosses, an important food in winter,

needed to be included because their slow regrowth

provided the most likely source of delayed den-

sity dependence in vegetation. This conclusion

depended upon an assumption of nearly linear

regrowth of graminoids, which reflected the

large underground nutrient reserves in their

rhizomes. That assumption would not be correct

if extensive damage to rhizomes occurred at

high lemming densities and caused a delay in

the recovery of vascular plants, a phenomenon

often reported but not adequately quantified.

The results of modeling reinforced our con-

clusions from empirical studies that food and

predation are central elements in the cyclic

dynamics of brown lemming populations near

Barrow. Food plays a critical role because its

decimation during winter acts to slow popula-

tion growth before snow melt of most peak years,

and because changes in its availability or

quality prevent successful reproduction during

the winter following a peak population. Avian

predators play an important role in the rapid

decline of populations during a peak year, and

they help drive lemming populations to extremely

low levels, but they appear insufficient to initiate

the decline. Mammalian predators, particularly

weasels, show a less reliable pattern, sometimes

appearing relatively early in the cycle and

sometimes not appearing at all. Finally, the

timing of events during the course of a cycle can

be altered by unusually severe weather that

affects availability of food or by the early ap-

pearance of weasels before a population increase

has gained momentum.

Other arvicoline cycles

A rich literature exists on the problem of pop-

ulation cycles in arvicoline rodents in general,

far too extensive to be adequately covered by

this review. Nevertheless, we would be remiss if

we did not point out that some of these studies,

particularly those in Fennoscandia, have enter-

tained themes similar to ours for brown lem-

mings at Barrow. As pointed out by Stenseth

(1999), although population cycling per se only

requires the operation of a delayed density-de-

pendent factor, mathematical analyses of cycles

of arvicoline rodents (lemmings and voles) gen-

erally indicate that both a direct density-de-

pendent factor and a delayed density-dependent

factor must be involved.

Models developed for population cycles of

voles at lower latitude have emphasized the im-

portance of specialized predators, such as wea-

sels, in the generation of population cycles

(Hanski et al. 2001). Specialist predators have

been singled out because, by definition, their

populations can only increase when the prey

population is sufficiently abundant, but their re-

sponse will be delayed owing to a lag in repro-

duction as the prey population increases and a

lag in mortality due to starvation as the prey

population declines. More elaborate demographic

models for both lemmings and voles included

their interactions with both predators and vege-

tation and also suggested that interactions with

specialist predators strongly influence arvico-

line population dynamics (Klemola et al. 2003).

These latter models never succeeded in produc-

ing very realistic population cycles, however.

More recent work on low amplitude cycles of

collared lemmings also implicated predation as

a strong influence of population dynamics. Over

a period of 15 years workers in Greenland were

able to estimate the functional and numerical

responses of the four predator species (arctic fox,

ermine, long-tailed jaeger and snowy owl) that

take the only rodent present, the collared lem-
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ming (Gilg et al. 2006). These data indicated

that only predation by ermine showed the de-

layed density dependence required for cycling. A

simulation model based on these data produced

population cycles of the appropriate length and

amplitude, but the empirical data had two years

of increase and two years of decline for each lem-

ming cycle, whereas the model produced three

years of increase and one year of decline (Gilg et

al. 2003). Experimental studies on collared lem-

mings in northern Canada confirmed predation

as an important factor, although not necessarily

the only factor, limiting population densities of

lemmings (Reid et al. 1995, Wilson et al. 1999).

Other theoretical analyses indicated that

generalist predators acting alone could also

drive arvicoline cycles, but such cycles have

higher minimum densities and lower amplitude

than do lemmings and voles at northern lati-

tudes (Oksanen et al. 2001, Korpimäki et al.

2005). In addition, an empirical analysis sug-

gested that delayed density dependence by both

specialist and generalist predators accounts for

arvicoline cycles in western Finland (Norrdahl

and Korpimäki 2002).

To mimic actual arvicoline population cycles

most models include a self-limiting (direct den-

sity-dependent) term for the prey as well as de-

layed density dependence by the predator.

Otherwise, the population growth of predators,

which have lower reproductive potential, is in-

sufficient to catch the booming vole populations.

This density-dependent effect often has been in-

terpreted as a result of social interaction, but

Turchin and Batzli (2001) showed that available

food supply provides a viable alternative direct

density-dependent factor for these models. In re-

cent years empiricists, largely based upon field

experiments, also seem to be converging on food

supply during winter, as the best candidate for a

direct density-dependent factor (Batzli 1996, Kle-

mola et al. 2000, Huitu et al. 2003, Korpimäki et

al. 2005, Huitu et al. 2007).

Given that many arvicoline populations do

not cycle, comparative information on allopatric

populations of the same species with and with-

out cycling can also help to assign causes of cy-

cling. Much comparative work and modeling for

populations in Fennoscandia, reviewed in Han-

ski et al. (2001), indicated that noncycling popu-

lations at more southerly latitudes likely reflect

the increased importance of generalist and no-

madic predators and the shorter period of snow

cover (the specialist weasels hunt under the

snow with protection from avian predators).

Analysis of another geographic gradient in cy-

cling, based on an extensive data set for the

grey-sided vole Myodes rufocanus, on Hokkaido

Island, Japan, indicated that the increasing fre-

quency of population cycling along a geographic

gradient reflected the shortening of summer

breeding season (Stenseth and Saitoh 1998). Al-

though the direct cause of the shift in pattern of

cycling could not be discerned, subsequent mod-

eling by Klemola et al. (2003) suggested that lon-

ger winters favor the effectiveness of specialist

predators in driving population cycles.

These studies provide a promising beginning,

but predation regime alone seems unlikely to

explain patterns of population cycling in North

America. There population cycles appear at

lower latitudes (mid-western and western USA)

even in the presence of abundant generalist

predators (Pearson 1966, 1971, Batzli and Pitel-

ka 1971, Getz and Hoffman 1999). Furthermore,

in mid-western USA cycling and non-cycling

populations of the prairie vole, Microtus ochro-

gaster, can exist in neighboring fields (Cole and

Batzli 1979, Getz and Hoffman 1999). Much

higher population densities are reached in old

fields with higher quality food, even though they

have less cover, and only then do populations

reach sufficient densities to detect population

cycles. Thus, higher quality food and increased

predation may act in concert, but generalists do-

minate the suite of predators (Lin and Batzli 1995).

Future work

Clearly, more research needs to be done at

Barrow and elsewhere to test our hypotheses,

but what should have priority? A common prob-

lem for both empirical and theoretical analyses

of lemming dynamics is the paucity of data for

winter (Batzli et al. 1980, Turchin and Batzli

2001, Klemola et al. 2003). Neither the mortality

of lemmings due to predators (primarily foxes
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and weasels), nor the variability in lemming re-

production and densities, nor the availability

and quality of forage have been well documented

during winter. All represent critical areas for

completion of quantitative analyses of lemming

cycles. Modeling efforts have also revealed the

need to quantify the amount of destruction of

rhizomes, the rate of regrowth of monocots after

winter grazing and after digging for rhizomes at

snowmelt and the rate of recovery of mosses af-

ter heavy use during winter. Of course winter

data are much more difficult to obtain, which ex-

plains their paucity, but further progress de-

pends upon someone making the effort.

The need for additional field experiments to

test the food and predation hypotheses is just as

important as the need for more quantitative in-

formation on trophic relationships among lem-

mings, predators and forage. Such experiments

have been attempted, with varying success, on a

variety of arvicoline rodents (Schultz 1969,

Lindroth and Batzli 1986, Korpimäki and Nor-

rdahl 1998, Wilson et al. 1999, Klemola et al.

2000, Graham and Lambin 2002, Sundell 2003,

Ekerholm et al. 2004), but, while informative,

they rarely provide definitive results. Difficul-

ties include the scale of manipulations, replica-

tion of treatments and movements of animals.

Often the space required for adequate manip-

ulation of populations, largely owing to the low

densities reached by arvicolines and the large

areas used by predators, make adequate replica-

tion difficult. It may be, as some have argued

(Oksanen 2001), that we can only expect to de-

tect large effects with field experiments, in

which case lack of replication can be tolerated.

Unfortunately, however, the high mobility of the

animals makes some treatments, such as reduc-

ing predator densities or increasing lemming

densities, difficult to maintain even without rep-

lication. One possibility is the use of large pens

in natural habitat so that movements of lem-

mings and predators in and out of the pens can

be controlled. Because cycling lemming popula-

tions apparently reach very low densities (< 1/ha)

and because of the possibility of a fence effect

caused by disrupting emigration/immigration

(Krebs 1996, but see Ostfeld 1994), however, the

pen size would need to be very large (> 10 ha).

The pen also should maintain its integrity,

which can be difficult during winter when drift-

ing snow can cover the fencing (Ekerholm et al.

2004). Taken together these requirements may

not be logistically feasible. In the long run per-

haps only repetition of experiments in a variety

of contexts, even though each has little replica-

tion, will sort out the competing hypotheses.

Acknowledgements: The research of the authors summa-
rized in this paper was supported by a series of grants from
the Office of Naval Research and the National Science
Foundation. We are grateful to former Directors of NARL,
particularly M. Brewer and J. Schindler, for logistical sup-
port and to a large number of field assistants without whom
our work could not have been completed. We also thank our
colleagues in northern latitudes throughout the world
whose comments and challenges have helped to hone our
arguments.

References

Banks E. M., Brooks R. J. and Schell J. 1975. Radiotracking

study of home range and activity of the brown lemming

(Lemmus trimucronatus). Journal of Mammalogy 56:

888–901.

Barkley S. A. 1976. The influence of mineral nutrients on

the lemmings of Point Barrow, Alaska. MSc thesis, Cali-

fornia State University at San Diego: 1–110.

Barkley S., Batzli G. O. and Collier B. 1980. Nutritional

ecology of microtine rodents: a simulation model of min-

eral nutrition for brown lemmings. Oikos 34: 103–114.

Batzli G. O. 1975a. The role of small mammals in arctic eco-

systems. [In: Small mammals: their productivity and

population dynamics. F. B. Golley, K. Petrusewicz and

L. Ryszkowski, eds]. International Biological Program

5, Cambridge University Press, Cambridge: 243–268.

Batzli G. O. 1975b. The influence of grazers on tundra vege-

tation and soils. Proceedings of the Circumpolar Confer-

ence on Northern Ecology I: 215–225.

Batzli G. O. 1978. The role of herbivores in mineral cycling.

[In: Environmental chemistry and cycling processes. D.

C. Adriano and I. L. Brisbin, eds]. U. S. Department of

Energy Symposium Series 45: 95–112.

Batzli G. O. 1981. Populations and energetics of small

mammals in the tundra ecosystem. [In: Tundra ecosys-

tems: a comparative analysis. L. C. Bliss, O. W. Heal

and J. J. Moore, eds]. IBP Series 25, Cambridge Univer-

sity Press: 377–396.

Batzli G. O. 1986. Nutritional ecology of the California vole:

effects of food quality on reproduction. Ecology 67:

406–412.

Batzli G. O. 1992. Dynamics of small mammal populations:

a review. [In: Wildlife 2001: populations. D. R. McCullough

and R. H. Barrett, eds]. Elsevier Science Publishers

Ltd., London: 831–850.

Population cycles of lemmings 333



Batzli G. O. 1993. Food selection by lemmings. [In: The biol-

ogy of lemmings. N. C. Stenseth and R. A. Ims, eds].

Linnean Society Symposium Series No. 15: 281–301.

Batzli G. O. 1996. Population cycles revisited. Trends in

Ecology and Evolution 11: 488–489.

Batzli G. O. and Esseks E. 1992. Body fat as an indicator of

nutritional condition for the brown lemming. Journal of

Mammalogy 73: 431–439.

Batzli G. O. and Jung H.-J. G. 1980. Nutritional ecology of

microtine rodents: resource utilization near Atakasook,

Alaska. Arctic and Alpine Research 12: 483–499.

Batzli G. O. and Henttonen H. 1990. Demography and re-

source use by microtine rodents near Toolik Lake,

Alaska. Arctic and Alpine Research 22: 51–64.

Batzli G. O. and Lesieutre C. 1995. Community organiza-

tion of arvicoline rodents in northern Alaska. Oikos 72:

88–89.

Batzli G. O. and Pitelka F. A. 1971. Condition and diet of

cycling populations of the California vole, Microtus

californicus. Journal of Mammalogy 52: 141–163.

Batzli G. O. and Pitelka F. A. 1983. Nutritional ecology of

microtine rodents: food habits of lemmings near Bar-

row, Alaska. Journal of Mammalogy 64: 648–655.

Batzli G. O., Pitelka F. A. and Cameron G. W. 1983. Habi-

tat use by lemmings near Barrow, Alaska. Holarctic

Ecology 6: 255–262.

Batzli G. O., White R. G., MacLean S. F. Jr, Pitelka F. A.

and Collier B. D. 1980. The herbivore-based trophic sys-

tem. [In: An arctic ecosystem: the coastal tundra at Bar-

row, Alaska. J. Brown, P. C. Miller, L. L. Tieszen and

F. L. Bunnell, eds]. Dowden, Hutchinson Ross, Inc.,

Stroudsburg, Pennsylvania: 335–410.

Bee J. W. and Hall E. R. 1956. Mammals of northern

Alaska on the Arctic Slope. University of Kansas Mu-

seum of Natural History Miscellaneous Publications 8:

1–309.

Britton M. E. 1957. Vegetation of the arctic tundra. [In:

Arctic biology. H. P. Hansen, ed]. Oregon State Univer-

sity Press, Corvallis, Oregon: 67–130.

Britton M. E. 1973. Introduction. [In: Alaskan arctic tun-

dra. M. E. Britton, ed]. Arctic Institute of North Amer-

ica Technical Paper No. 25: 9–15.

Brower C. D. 1942. Fifty years below zero: a lifetime adven-

ture in the far north. Dodd, Meade and Company, New

York: 1–310.

Brown J. and Sellman P. V. 1973. Permafrost and coastal

plain history of arctic Alaska. [In: Alaskan arctic tun-

dra. M. E. Britton, ed]. Arctic Institute of North Amer-

ica Technical Paper No. 25: 31–47.

Brown J., Miller P. C., Tieszen L. L. and Bunnell F. L. 1980.

An arctic ecosytem: the coastal tundra at Barrow,

Alaska. Dowden, Hutchinson & Ross, Inc., Stroudsburg,

Pennsylvania: 1–544.

Bunnell F. L. 1973. Computer simulation of nutrient and

lemming cycles in an arctic tundra wet meadow ecosys-

tem. PhD thesis, University of California, Berkeley:

1–312.

Chapin F. S. III, Tieszen L. L., Lewis M. C., Miller P. C. and

McCown B. H. 1980. Control of tundra plant allocation

patterns and growth. [In: An arctic ecosystem: the

coastal tundra at Barrow, Alaska. J. Brown P. C. Miller,

L. L. Tieszen and F. L. Bunnell, eds]. Dowden, Hutchin-

son Ross, Inc., Stroudsburg, Pennsylvania: 140–185.

Christian J. J. 1950. The adreno-pituarary system and pop-

ulation cycles in mammals. Journal of Mammalogy 31:

247–259.

Coady J. W. 1975. Bioenergetics of the brown lemming

(Lemmus sibiricus). PhD thesis, University of Alaska,

Fairbanks: 1–117.

Cole F. R. and Batzli G. O. 1979. Nutrition and population

dynamics of the prairie vole (Microtus ochrogaster) in

Central Illinois. Journal of Animal Ecology 48: 455–470.

Collier B. D., Stenseth N. C., Barkely S. and Osborn R.

1975. A simulation model of energy acquisition and uti-

lization by the Brown Lemming Lemmus trimucronatus

at Barrow, Alaska. Oikos 26: 276–294.

Ekerholm P., Oksanen L., Oksanen T. and Schneider M.

2004. The impact of short term predator removal on

vole dynamics in a subarctic-alpine habitat complex.

Oikos 106: 457–468.

Elton C. 1927. Animal ecology. Sidgwick and Jackson, Lon-

don: 1–207.

Gessaman J. A. 1968. Metabolism and thermoregulation of

the snowy owl (Nyctea scandia). PhD thesis, University

of Illinois, Urbana: 1–96.

Getz L. L. and Hoffman J. E. 1999. Diversity and stability

of small mammals in tallgrass prairie habitat in central

Illinois, USA. Oikos 85: 356–363.

Gilg O., Hanski I. and Sittler B. 2003. Cyclic dynamics in a

simple vertebrate predator-prey community. Science

302: 866–868.

Gilg O., Sittler B., Sabard B., Hurstel A., Sané R., Delattre

P. and Hanski I. 2006. Functional and numerical re-

sponses of four lemming predators in high arctic Green-

land. Oikos 113: 193–216.

Graham I. M. and Lambin X. 2002. The impact of weasel

predation on cyclic field-vole survival: the specialist

predator hypothesis contradicted. Journal of Animal

Ecology 71: 946–956.

Hanski I., Henttonen H., Korpimäki E., Oksanen L. and

Turchin P. 2001. Small-rodent dynamics and predation.

Ecology 86: 1505–1520.

Huitu O., Jokinen I, Korpimäki E., Koskela E. and Mappes

I. 2007. Phase dependence in winter physiological condi-

tion of cyclic vole. Oikos 116: 565–577.

Huitu O., Koivula M., Korpimäki E., Klemola T. and

Norrdahl K. 2003. Winter food supply limits growth of

northern vole populations in the absence of predation.

Ecology 84: 2108–2118.

Klemola T., Koivula M., Korpimäki E. and Norrdahl K.

2000. Experimental tests of predation and food hypothe-

ses for population cycles of voles. Proceedings of the

Royal Society of London, Series Biological Sciences 267:

351–356.

Klemola T., Pettersen T. and Stenseth N. C. 2003. Trophic

interactions in population cycles of voles and lemmings:

a model-based synthesis. Advances in Ecological Re-

search 33: 76–160.

334 F. A. Pitelka and G. O. Batzli



Korpimäki E. and Norrdahl K. 1998. Experimental reduc-

tion of predators reverses the crash phase of small-ro-

dent cycles. Ecology 76: 2448–2455.

Korpimäki E., Oksanen L., Oksanen T., Klemola T., Nor-

rdahl K. and Banks P. 2005. Vole cycles and predation

in temperate and boreal zones of Europe. Journal of An-

imal Ecology 74: 1150–1159.

Krebs C. J. 1996. Population cycles revisited. Journal of

Mammalogy 77: 8–24.

Lack D. 1954. The natural regulation of animal numbers.

Oxford University Press, London: 1–343.

Lin Y. K. and Batzli G. O. 1995. Predation on voles: an

experimental approach. Journal of Mammalogy 76:

1003–1012.

Lindroth R. L. and Batzli G. O. 1986. Inducible plant chemi-

cals: the cause of vole population cycles? Journal of Ani-

mal Ecology 55: 431–449.

MacLean S. F., Fitzgerald B. M. and Pitelka F. A. 1974.

Population cycles in arctic lemmings: winter reproduc-

tion and predation by weasels. Arctic and Alpine Re-

search 6: 1–12.

Maher W. J. 1961. The ecology of the pomarine, parasitic

and long-tailed jaegers in northern Alaska. PhD thesis,

University of California, Berkeley: 1–381.

Maher W. J. 1970. The pomarine jaeger as a brown lem-

ming predator in northern Alaska. The Wilson Bulletin

82: 130–157.

Mullen D. A. 1965. Physiologic correlations with population

density and other environmental factors in the brown

lemming, Lemmus trimucronatus. PhD thesis, Univer-

sity of California, Berkeley: 1–173.

Mullen D. A. 1968. Reproduction in brown lemmings (Lem-

mus trimucronatus) and its relevance to their cycle of

abundance. University of California Publications in Zo-

ology 85: 1–24.

Nordahl K. and Korpimäki E. 2002. Seasonal changes in the

numerical responses of predation to cyclic voles popula-

tions. Ecography 24: 428–438.

Norton D. W. (ed) 2001. Fifty more years below zero. Arctic

Institute of North America, Calgary, Alberta and Fair-

banks, Alaska: 1–576.

Oksanen L. 2001. Logic of experiments in ecology: is

psuedoreplication a pseudoissue? Oikos 94: 27–38.

Oksanen T., Oksanen L., Schneider M. and Aunapuu M.

2001. Regulation, cycles and stability in northern carni-

vore-herbivore systems: back to first principles. Oikos

94: 101–117.

Osborn R. G. 1975. Models of lemming demography and

avian predation near Barrow, Alaska. MSc thesis, San

Diego State University, San Diego: 1–106.

Ostfeld R. S. 1994. The fence effect reconsidered. Oikos 70:

340–348.

Pearson O. P. 1966. The prey of carnivores during one cycle

of mouse abundance. Journal of Animal Ecology 35:

217–233.

Pearson O. P. 1971. Additional measurements of the impact

of carnivores on California voles (Microtus californicus).

Journal of Mammalogy 52: 41–49.

Peterson R. M. Jr and Batzli G. O. 1975. Activity patterns

in natural populations of the brown lemming (Lemmus

trimucronatus). Journal of Mammalogy 56: 718–720.

Pieper R. D. 1964. Production and chemical composition of

arctic tundra vegetation and their relation to the lem-

ming cycle. PhD thesis, University of California, Berke-

ley: 1–95.

Pitelka F. A. 1957a. Some characteristics of microtine cy-

cles in the Arctic. [In: Arctic biology. H. P. Hansen, ed].

Oregon State University Press, Corvallis, Oregon: 73–88.

Pitelka F. A. 1957b. Some aspects of population structure in

the short-term cycle of the brown lemming in northern

Alaska. Cold Springs Harbor Symposium on Quantita-

tive Biology 22: 237–251.

Pitelka F. A. 1964. The nutrient-recovery hypothesis for

arctic microtine cycles. I. Introduction. [In: Grazing in

terrestrial and marine environments. D. C. Crisp, ed].

British Ecological Society Symposium No. 4: 55–56.

Pitelka F. A. 1973. Cyclic pattern in lemming populations

near Barrow, Alaska. [In: Alaskan arctic tundra. M. E.

Britton, ed]. Arctic Institute of North America Technical

Paper 25: 199–215.

Pitelka F. A. and Batzli G. O. 1993. Distribution, abun-

dance and habitat use by lemmings on the North Slope

of Alaska. [In: The biology of lemmings. N. C. Stenseth

and R. A. Ims, eds]. Linnean Society Symposium Series

15: 213–236.

Pitelka F. A., Tomich P. Q. and Treichel G. W. 1955a. Eco-

logical relations of jaeger and owls as lemming preda-

tors near Barrow, Alaska. Ecological Monographs 25:

85–117.

Pitelka F. A., Tomich P. Q. and Treichel G. W. 1955b.

Breeding behavior of jaegers and owls near Barrow,

Alaska. Condor 57: 3–18.

Rausch R. L. 1950. Observations on a cyclic decline of lem-

mings (Lemmus) on the arctic coast of Alaska during

the spring of 1949. Arctic 3: 166–177.

Reid D. G., Krebs C. J. and Kenney A. 1995. Limitation of

collared lemming population growth at low densities by

predation mortality. Oikos 73: 387–396.

Schultz, A. M. 1964. The nutrient-recovery hypothesis for

arctic microtine cycles. II. Ecosystem variables in rela-

tion to arctic microtine cycles. [In: Grazing in terrestrial

and marine environments. D. C. Crisp, ed]. British Eco-

logical Society Symposium No. 4: 57–68.

Schultz, A. M. 1969. A study of an ecosystem: the arctic tun-

dra. [In: The ecosystem concept in natural resource

management. G. M. Van Dyne, ed]. Academic Press,

New York: 77–93.

Shelford V. E. 1943. The abundance of the collared lemming

in the Churchill area, 1929–1940. Ecology 24: 473–484.

Stenseth N. C. 1999. Population cycles in voles and lem-

mings: density dependence and phase dependence in a

stochastic world. Oikos 87: 427–461.

Stenseth N. C. and Saitoh T. (eds) 1998. Population ecology

of Clethrionmys rufocanus. Researches in Population

Ecology 40: 1–158.

Population cycles of lemmings 335



Sundell J. 2003. Population dynamics of microtine rodents:

an experimental test of the predation hypothesis. Oikos

101: 416–427.

Tedrow J. C. F. 1973. Pedological investigations in northern

Alaska. [In: Alaskan arctic tundra. M. E. Britton, ed].

Arctic Institute of North America Technical Paper No.

25: 93–108.

Thompson D. Q. 1955a. The ecology and population dynam-

ics of the brown lemming (Lemmus trimucronatus) at

Point Barrow. PhD thesis, University of Missouri Co-

lumbia: 1–138.

Thompson D. Q. 1955b. The 1953 lemming emigration at

Point Barrow, Alaska. Arctic 8: 37–45.

Thompson D. Q. 1955c. The role of food and cover in popula-

tion fluctuations of the brown lemming at Point Barrow,

Alaska. Transactions of the 20th North American Wild-

life Conference: 166–176.

Turchin P. 2003. Complex population dynamics. Mono-

graphs in Population Biology 35: 1–450.

Turchin P. and Batzli G. O. 2001. Availability of food and

the population dynamics of arvicoline rodents. Ecology

86: 1521–1534.

Underwood L. S. 1971. The bioenergetics of the arctic fox

(Alopex lagopus). PhD thesis, Pennsylvania State Uni-

versity, State College: 1– 92.

Weber N. A. 1950. The role of lemmings at Point Barrow,

Alaska. Science 111: 552–553.

Wilson D. J., Krebs C. J. and Sinclair T. 1999. Limitation of

collared lemming populations during a population cycle.

Oikos 87: 382–398.

Received 13 October 2006, accepted 22 March 2007.

Associate editor was Joseph F. Merritt.

336 F. A. Pitelka and G. O. Batzli



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


