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MICROTUS POPULATION BIOLOGY: DEMOGRAPHIC CHANGES IN 
FLUCTUATING POPULATIONS OF M. OCHROGASTER AND M. 

PENNSYLVANICUS IN SOUTHERN INDIANA. 

CHARLES J. KREBS, BARRY L. KELLER, AND ROBERT H. TAMARIN2 

Department of Zoology, Indiana University, Bloomington, Indiana 47401 

(Accepted for publication May 12, 1969) 

Abstract. Microtus pennsylvanicus and M. ochrogaster are sympatric in southern Indiana 
grasslands. From June 1965 to August 1967 four populations were live trapped, three of 
them in 0.8-hectare (2-acre) outdoor pens. Both species increased during 1965 and reached 
peak densities in summer 1966. Microtus ochrogaster declined abruptly that fall and remained 
low; M. pennsylvanticus declined the following spring. 

One of the fenced populations increased to a density about three times that of its unfenced 
control. By early fall 1966 it had nearly destroyed its food resources and then suffered a 
severe decline associated with obvious overgrazing and starvation. No such overgrazing has 
been seen on any unfenced grasslands in this area. Dispersal is probably necessary for normal 
population regulation in these voles, since fenced populations seem unable to regulate their 
density below the limit set by starvation. 

Both species bred extensively in the winter of 1965-66 during the phase of population increase. 
There was little or no breeding during the winter after the peak. 

Survival of females in the trappable population of both species was high and relatively 
constant until the end of the cycle. In males, periods of low survival punctuated the increase 
and peak phases, and these periods of low male survival did not occur at the same time in the 
two Microtus species. Some mortality processes are thus highly specific for sex and species. 
In the fenced populations survival rates were very high and no sporadic male losses occurred. 

Increasing and peak populations of M. pennsylvanicus and M. ochrogaster are characterized 
by adults of large body size. During the increase and peak phases some voles stopped growing 
at low weights (30-40 g) while others reached high asymptotic weights (45-55 g). 

The demography of these Microtus species in southern Indiana is similar to that of other 
cyclic voles and lemmings in temperate and arctic areas. 

The natural regulation of animal numbers can 
be studied most clearly in populations which show 
large changes in abundance (Chitty 1960) and 
these populations are also well suited to studies in 
population genetics (Birch 1960; Ford 1964). 
Unfortunately the population biology of few or- 
ganisms has been studied from a unified view- 
point: ecologists usually neglect quality for quan- 
tity, and geneticists usually do their studies in an 
ecological vacuum. The purpose of this series 
of papers is to summarize our continuing studies 
on the interrelationships of quantity and quality 
in field populations of voles (Microtus). 

We have begun this search by asking whether 
genetic changes play any part in causing periodic 
fluctuations in numbers of small rodents (Chitty 
1964). Many species of Microtus as well as other 
microtines show these periodic fluctuations or 
"cycles," and no satisfactory explanation is cur- 
rently available for these changes (Krebs 1964, 
1966). In this first paper we consider the demo- 
graphic aspects of periodic fluctuations for Micro- 
tus pennsylvanicus and Microtus ochrogaster in 

1Contribution No. 825 from the Department of Zool- 
ogy, Indiana University. 

2 Present address: Department of Genetics, University 
of Hawaii, Honolulu, Hawaii 96822. 

southern Indiana. We are particularly concerned 
here with mortality patterns determined from 
live-trapping data, and we report on three experi- 
mentally manipulated populations. 

METHODS 

These studies were carried out on abandoned 
pastures in southern Indiana. The main study 
area is located 11.3 km (7 miles) east of Bloom- 
ington on the Grasslands Research Area of In- 
diana University. A large grassland area which 
had not been cultivated for 6 years prior to the 
start of these studies was subdivided into four 
grids (Fig. 1). Three of these grids were fenced 
with 6.3-mm ('4-inch) mesh hardware cloth ex- 
tending 0.6 m into the ground and 0.6 m above 
ground, capped with an inverted V of aluminum. 
These fences were nearly 100% effective in pre- 
venting immigration or emigration. Occasionally 
a mole would burrow under the fence, which 
would enable a few mice to escape. Since we were 
trapping the grassland area around these fences, 
we probably detected most of these individuals. 
Fifteen escapees were picked up during this study, 
which involved about 2,900 individuals in the 
fenced populations. 
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FIG. 1. Aerial view of the four live-trapping grids. Sides of square grids are 91.5 ml (300 ft). 

These four areas were covered by a checker- 
board of points spaced 7.6 m (25 ft) apart. Eaclh 
grid was 10 by 10, except grid D, which was made 
slightly irregular to follow habitat boundaries. 
Each area was live trapped with 100 Longworth 
live traps on a biweekly schedule. More traps 
(to a maximum of 200) were made available as 
population densities increased. These live traps 
were left permanently on the trapping areas, locked 
open when not in use, and each was covered with 
a heavy board. Traps were placed anywhere in 
the general vicinity of the trap point where sign 
of vole activity could be found. Crimped oats and 
cotton were placed in each trap when set. Trap- 
ping was done for 2 days every second week. 
Traps were set in the afternoon, checked the fol- 
lowing morning and again in the afternoon, and 
locked during the third check on the next morn- 
ing. During the summer, traps were opened over- 
night only, to prevent mortality from the heat. 
Using these techniques we avoided almost all trap 
mortality, and have been able to follow these popu- 
lations year round. 

Upon first capture each vole was tagged with a 
lettered and numbered fingerling fish tag in the 
right ear. The following data were also recorded 
at each capture: species; location on grid; weight; 
sex; for males, position of testes; and for females, 

vagina perforate or not, nipples small, medium or 
large, and pubic symphysis closed, slightly open, 
or open. \Ve weighed the mice to the nearest 
gram using specially constructed spring scales; 
mice were suspended by their tails with alligator 
clips for weighing. 

Few voles lost their ear tags, and such indi- 
viduals could usually be identified by their loca- 
tion, size, and sex, and the appropriate synonymy 
noted. Seven of 325 M. ochrogaster and 25 of 
492 M. pennsylvanicuts lost ear tags on grid A. 

Data were punched on IBM cards and we did 
the entire analysis on a CDC 3600 computer at the 
Indiana University Research Computing Center, 
using a series of programs described by Krebs 
(1967). 

WEAT HER 

Southern Indiana has a typical continental cli- 
mate with large seasonal temperature fluctuations 
and abunidant rainfall scattered evenly through 
the year. Table 1 summarizes some weather data 
for the area of study. Temperature has been re- 
corded since July 1965 by a recording hygrother- 
mograph situated on the study area in a screened 
shelter 10.2 cm (4 in.) off the ground. A record- 
ing rain gauge was installed in the study area in 
May 1967. 
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TABLE 1. \Vcather data, 1965-67 

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. 

Mean Temperature (OC)b 

1965 -1.2Lt 0. 6L 2.]tL 13.5Lt 20.5L 21.6iL 22.3 21.1 19.2 11.7 7.0 4.1 
1966 -2.3 .-0.11 6.1 10.7 13.3 19.8 23.8 21.1 16.0 10.3 5.9 0.8 
1967 1 0.9 i -1.7 1 7.1 1 13.1 1 15.2 1 22.5 22.6 1 20.93 16.7 1 11.4 4.6 I -0.1 

Precipitation (mm)b 

1965 74sL 112` 55a 117$L 72a 65L 98a 163$L 157a 28aL 1Ga 64Lk 
1966 60a 79s; 22L 1E3CXL 691 69 115 L 76ti 132L 30L 123a 149a 
1967 31a 64a 98a W3i 116 , 55 143 74 49 131 5 6 1]62 

Hours of sunshinec 

1965 171 207 161 199 340 337 355 303 I 223 225 135 103 
1966 142 120 192 141 296 305 316 258 226 222 85 66 
1967 101 156 159 205 231 245 252 310 236 143 100 82 

Mean soil temperature at 10.2 cm (4 in.)" 

1965 3.4 I 2.4 3 1 I 11.3 1 19.8 I 22.7 I 24.3 23.7 I 20.2 13.4 I 9.3 I 4.9 
1966 2.2 0.8 5.8 8.7 15.7 21.5 26.7 24.3 21.0 13.9 9.8 5.2 
1967 4.0 3.1 8.2 13.3 18.1 23.6 24.4 23.5 20.1 14.5 8.2 6.0 

aData fromn Bloomington LU. Station. 
bTemperature and precipitation recorded on Grasslands Rcsearch Area unlena otherwise indicated. 
cRecorded at Indianapolis, Indiana. 
dRecorded at Dubois Southern Indiana Forage Farm under fescue sod. 

At the present time we do not know which, if 
any, of the many variables of weather are signifi- 
cant to vole populations, but because some weather 
variations probably have population effects, we 
describe in a general mannier the climatic regime. 

Snow is not uncomnmon during the winter in 
southern Indiana but it rarely stays onl the ground 
for more than a few days before melting. \Ve 
have not nmissed one weekly trapping in three winl- 
ters because of snow. From about December to 
April the soil is usually saturated with moisture 
an(d because of poorly (Irained soils on the study 
area, local flooding occurs after heavy rains. Voles 
probably live in surface nests during these months, 
and we have been unable to find any evidence that 
local floodings produce any substantial mortality 
in the trappable population. 

Yearly differences in the weather of this area 
(Table 1) are small compared with the seasonal 
changes. Spring 1965 was warmer than average, 
and fall 1966, cooler than average. Fall 1965 was 
particularly dry while late fall 1966 was very wet. 
Hours of sunshine show a general trend: 1965 > 
1966 > 1967. This is true for both summer and 
winter periods. Soil temperatures provide a 
crude measure more relevant to the microclimate 
of a vole. They are surprising mainly in the 
summer maxima which reached 30?C (86?F) in 
1965 and 1967 and 33?C (91?F) in 1966. July 
1966 showed particularly high soil temperatures. 
To reach a mean soil temperature of 21?C (700F) 
or less a vole must burrow to 51 cm (20 in.) or 
more during July and August. 

VEGETATION 

The study area shown in Figure 1 was part of 
the soil-bank grassland program and consequently 
was not disturbed from fall 1959 onward. Domi- 
nant plants for the four trapping areas are given 
in Table 2. The fence row almost on the boundary 
between grids B and C (see Fig. 1) divides this 
area into two parts which differ in cultivation his- 
tory. Grids A and B are very similar, dominated 
by fescue (Festuca sp.). Grids C and D are also 
similar to one another, but are dominated by or- 
chard grass (Dactylis glomerata). T hese and 
other grasses present were planted and are not 
natural stands. The fields tend to be rapidly 
colonized by small tree seedlings. Our only dis- 
turbance to the vegetation during this study has 
been to cut out these small trees. 

B3oth species of Microtus occupy a great diver- 
sity of grass and weed communities in our study 
area (see Keller and Krebs MS, in prep. for more 
details), and the vegetational differences between 
the four trapping areas reported here are minor in 
comparison with this habitat spectrum. 

POPULATION DENSITY 

Enumeration technique 
We have abandoned attemptinig to estimate 

population density by capture-recapture tech- 
niques because of noniranidom sampling (see Krebs 
1966 for a discussion of this problem) and instead 
rely onl complete enumerationi of the trappable 
population by intensive live trapping. Note that 
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IABLE 2. DoIIiniaiit plalats oin the four live-trappinig 
grids. + =- coImImloIn; + + = abuindaint; + + + = very 
abuIndaint 

Grid 

Species A B C D 

Festuca sp. +++ +++ + + 
Dactylis glomerata ++ + + + 
Agrostis sp. + 
Solidago altissima ++ +++,+++ +++ 
Solidago temuifolia + + 
Solidago junwea + + + + 
Veronia altissima + 
Aster sp. + + ++ +++ 
Eragrostis alba + 
Campsis radicans + 
Asclepias syriaca + + + + 
Rubus sp. + 
Chyrcanthemum 

leucanthemum + + + 
Prunello vulgaris + 
Ambrosia artemistifolia + + + + 
Eupetoriumn rugosum + 
Carex ?p. + 
Helenium flexuosum + + 
Circium sp. + + 
Solanum carolinense + + + 
Rosa sp. + + 
Desmodium sp. + + + 
Plantago lanceolata + 
Achillea millefolium + 
Pycnanthemum flexuosum + + 
Convolvulus sepium + + 
Rhus rodicans + + 
Trifolium pretense + + 
Melilotus spp. + + + 

the population referred to here is the trappable 
population. Voles are on the average about 25 g 
and about 4-6 weeks old when first caught in our 
traps; females are caught at slightly lighter weights 
than males. 

Microtus ochrogaster is much more "trappable" 
than M. pennsylvanicuts. Two types of data illus- 
trate this. Table 3 gives estimates of "trappa- 
bility" obtained by comparing the actual catch in 
each trapping period of 2 days with the number 
of voles known to be alive on the area. These 
estimates were summed over 4-month periods. 
They are maximum values because the numbers 

known alive are minimal estimates, but the error 
here is believed to be small. Table 3 shows with 
one possible exception no differential trappability 
of the two sexes. Finally, these data show that 
M. pennsylvanicus become relatively untrappable 
during the summer. This is striking particularly 
when new areas are live trapped in the summer; 
it may be possible then to catch only a few voles 
of this species in live traps even during the peak 
summer. 

Additional information on relative trappability 
is given in Table 4 which chronicles four complete 
removals of voles from fenced grids. All these 
removals were begun during the summer when M. 
pennsylvanicus is least trappable, anid this tends 
to maximize the differences between the two spe- 
cies. Many of the M. pennsylvanicts caught sev- 
eral weeks after the start of removal were young 
animals just entering the trappable population. 
Consequently "trappability" as measured in Table 
3 cannot be applied to these series directly. These 
complete-removal observations indicate clearly that 
M. ochrogaster is more easily trapped out of an 
area than is M. pennsylvanicus. 

We believe that we can enumerate at each 
trapping period about 90% of the M. ochrogaster 
on an area and about 75% of the M. pennsylvani- 
cus (50% in summer). By repeating these enu- 
merations at 2-week intervals we can obtain a 
reasonably precise description of demographic 
trends. 

Experimental maniputlations 
Each of the four areas live trapped was subject 

to a different experimental treatment, as follows: 

grid A control, unfenced 
grid B unmanipulated, fenced 
grid C cropped of adults, fenced 
grid D introduction experiment, fenced 

Each of these grids occupied about 0.8 hectares (2 
acres). None of these treatments were done in 
replicate at this stage because of the prohibitive 

TABLE 3. Trappability of Microtus pennsylvanicus and M. ochrogaster on grid A. Trappability is measured by the 
percentage of mice known to be alive which were actually caught 

Microtus pennsylvanicus Microtus ochrogaster 

Males Females Males Females 

Period Na trappability N trappability N trappability N trappability 

Oct.-Jan. 1965-66 .231 64.1% 277 82.3% 79 92.4% 85 91.8% 
Feb.-May 1966 .427 75.4% 417 74.6% 113 96.5% 153 93.5% 
June-Sept. 1966 .238 57.6% 403 56.8% 297 92.9% 286 93.0% 
Oct.-Jan. 1966-67 .296 72.0% 362 72.1% 107 97.2% 128 92.2% 
Feb.-May 1967 . .......... 216 81.5% 260 86.2% 28 96.4% 19 100.0% 

aN=number of mice known to be alive on the area at the time sampled, summed over the indicated time period. 
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TABLE 4. Complete removal of voles from fenced areas. Dates are start of removal live trapping. Asterisks in each 
series mark the division between initial trapping on the normal 2-days-a-week schedule and terminal trapping on 
a 7-days-a-week schedule 

Total no. 
Weeks after start of removal voles removed 

Grid D July 26, 1965 ........................ 0 2 4 6 8 10 12 14 16 18 20 22 
M. ochrogaster ............................ 6 I 1 2 0 0 0 0 0 0* 0 0 10 
M. pennsylvanicus ........................ 3 0 1 5 4 18 3 5 1 1* 0 0 41 

Crid P Julv 17, 1967 ........................ 0 2 3 4 5 6 
M. ochrogaster ............................ 38 18* 0 0 0 0 56 
M. pennsylvanicus ............ ..... 2 3* 12 5 1 0 23 

Grid C July 10, 1967 ........................ 0 2 3 4 5 6 7 8 9 10 11 12 13 
M. ochrogc. ster ......................... 21 5* 2 0 0 0 0 0 0 0 0 0 0 28 
M. pennsylvanicus ........................ 0 4* 7 8 12 4 2 4 2 2 1 1 0 47 

Grid Da July 10, 1967 ....................... 0 2 3 4 5 6 7 
M. ochrogaster ............................ 28 14* 3 3 1 0 0 49 

ASiiigle species population. 

amount of work involved and because we believe 
that any interesting results should be replicated 
at a later date. 

(rid B was set up to measure the effects of 
fencing per se on the population. We must deter- 
mine what size of area is a "universe" to a vole 
population, and this size of pen (91.5 m by 91.5 m) 
is at least an order of magnitude larger than any 
previously tried (cf. van Wijngaarden 1960; 
Clarke 1955). Nothing was done to the popula- 
tion in this grid; we merely fenced in the voles 
already resident on the area. 

(rid C was designed to test Chitty's (1960) 
suggestion that a cropped population should re- 
main in the phase of increase. This experiment 
has previously been attempted by Smyth (1968) 
and Krebs (1966) and failed in both cases, be- 
cause of induced immigration into the cropped 
area. The cropping procedure was irregular. We 
began removing one half of all voles above 30 g 
every time we trapped, keeping species and sexes 
tallied separately. This was apparently an ex- 
cessive removal rate and we lowered it later to 
one-third of all voles above 30 g during each 
trapping period. When population size became 
very small we stopped cropping altogether to 
avoid extinction. We attempted to keep the two 
species in roughly equal numbers, so that some- 
times we cropped one species but not the other. 

Grid D was used to explore the general question 
of what happens if one removes a sample of voles 
from another population and seeds them into a 
vacant area. This can be viewed as one possible 
technique for producing expanding populations 
out of phase with the surrounding areas. A pilot 
experiment of this type was tried by Krebs (1966, 
p. 248). Grid D was trapped out in the summer 
and fall of 1965 and then seeded on February 22, 

1966 with 18 M. ochrogaster (4 d 8, 14 9 9 ) 
taken from a field which was at peak density just 
south of Yellowwood Lake (4.8 km NE of study 
area). This grid thus differs from the other 
three in being a single-species population. 

The populations on grids B, C, and D were 
removed beginning July 10, 1967, and this set of 
experiments was terminated. 

Results 

Grid A.-Microtus pennsylvanicuts began in- 
creasing in summer 1965 as this study began (Fig. 
2). The explosive increase in the summer and 
fall of 1965 (15% per week) tapered to a slower 
increase rate (5% per week) during the winter 

70 MOFEMALES P ICTUS 
60 PENNSYLVANICUS 

50 1 
~ Q GRID A 

40- 

30. 

20 S: $MALES 

SURVIVAL RATE. d i:::: ; ;:: 

>~~~ .5 

2 MALES . . 4 .1 ..7.......3 
FEMALES .8. .8.... 7 ....85 .87 .76 

JUVNL~E .TI 85: .88 i:0 .68 . i.00 0 g .87 

. :E . . i: i :E i iEER: g iEiR~~~~~~~~~~~. .... ... 

J2'J'''ON 'D'J A MJ'J'A'SO N'D'J .7A M J 

1965 1966 1967 

FIG. 2. Population changes in Microtuts pennsylvaiiicus 
on unfenced grid A, 1965-67. Vertical lines mark divi- 
sions between "summer" and "winter" breeding periods. 
Winter months (November to February) are shaded. 
Survival rates are mean survival per 14 days for the five 
periods. Juvenile production is the mean number of 
young recruited per lactation (cf. Table 8). 
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1965-66. The nulmlber of males declined markedly 
during early spring of the peak year 1966, falling 
14%,o per week during April and M\/ay, and then 
remlaining virtually stationary until October 1966, 
wlhen an abrupt rise in the number of miiales partly 
offset the spring drop. Females slhowed neitlher 
the slharp spring drop in numbers nor the autunin 
rise found in males. The winter of 1966-67 was 
anotlher period of stationary numbers, but a slharp 
clecline b)egan in late March 1967 in both sexes 
(8-9c0o per week decline). Thlis decline was not 
excessively prolonged or severe, and numbers hiad 
begun recovering again in late summer 1967. 

Microt/us ochrogastcr also began increasing in 
sunmnmer 1965 (Fig. 3), but the rate of increase 
was lower, averaging about 4'%o per week in suIml- 
mer 1965 and winter 1965-66. This slow increase 
was accompanied by mlany reversals and the wlhole 

80 T 
70 I MICROTUS 
60: OCHROGASTER 

MALESS.67O.84 |M .7S 
GRID A 

40 

30. 

20 MALES .98FEMALES 9 

JUENL \. o .0 0 .60 ? l 1 10 

10~~~~~ 

PRODACTION. : l I 

J J A S O N D J F M A M J J A S ON D J F M A M J 
1965 1966 1967 

FIG. 3. Populationl chlanges inl Mificr otus )chlrogastcr 
Onl unfenlced grid A, 1965-67. Vertical linles mnark clivi- 
SiOnlS between "summner" and "winter" breedling periocls. 
Winter months ( November to lFfebruary) are shadledl. 
Survival rates are meanl survival per 14 clays for the five 
periocls. Juvenile prodluction is the meanl numnber of 
young recruited per lactationl (cf. Table 8). 

increase phase was very irregular compared with 
that in MX. pennsylvaniculs. The peak phase was 
short, July to early October 1966, and an ex- 
tremely rapid decline began in early October 1966 
(38% per week) and by early December the popu- 
lation was reduced to very low numbers. This 
decline inl M. ochrogaster occurred while M. penn- 
sylvanicufs on the same area remained at peak 
numbers. The slight recovery which occurred at 
the end of this decline in December 1966 was 
produced by the immigration of unmarked sub- 
adult and adult voles. During the rest of winter 
1966-67 numbers were low and stationary. A 
further decline occurred in April 1967 andl only 
a few individu1als were present through summer 
1967. 

Both species were thus in phase, reaching peak 
populations in the same year, 1966. In M. ochro- 
gaster the increase was less intense and more 
prolonged and the decline miiuch earlier and mlore 
severe, compared with that in All. pcnnsylvanicuts 
living on the samiie area. 

Grid B.-Tlhese fenced but otherwise unma- 
nipulated populations also began to increase in 
summiiier 1965. Microtits pcnnsylvanicus increased 
during this time at a rate sliglhtly hiigher than did 
gri(d A (Fig. 4), 1)ut the differences in density 
between grids A and 13 were small through winter 
1965-66. Then in the spring of the l)eak year 
densities on these two areas diverged sharply, 
gri(l A remaining constant an(I grid B' increasing 
to very higlh numbers by August 1966. Over four 

lMICROT US 
600| GRID S PENNSYLVANICUS 

400: 
3000. o 

200 

100 0 
m GRID A 

J40 0 000 
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2I 

J'J'A'S0ND JF M'A'M'JTTA S'0N'DJFM' A'M' JJA' 
1965 1966 196? 

I 1G. 4. Populationi chianiges in All. pcnns1.lvanicus on 
fenced gricl B contrastecl with those on unfenicecd grid A, 
1965-67. 

times as many M. pennsylvanicts were present on 
gridl B as on grid A during late summer 1966. 
This high density in the fenced area B resulted 
in severe overgrazing, even during the growing 
season, and by late September much of the grass 
was grazed to ground level. During October and 
November 1966 this population (leclined at an 
average rate of 18% per week, from 292 voles to 
55. During this decline some vegetation recovery 
occurred, and through the remainder of winter 
1966-67 numbers fell much more slowly. This 
slow fall continued through the spring and early 
summer of 1967, with only a slight recovery being 
madle in July as the experiment was terminated. 

Microtus ochrogaster numnbers on grid B also 
diverged sharply from those on grid A (Fig. 5). 
From low numbers in summer 1965 the grid B 
population increased rapidly to a peak in February 
1966 at an average rate of 9% per week, over 
twice the rate of increase of grid A. Numbers fell 
slowly from February to June 1966 and then rose 
sharply back to about the same level by September 
1966. During October and November 1966 this 
population declined at an average rate of 11 % per 



Summer 1969 DEMOGRAPHIC CHANGES IN MICROTUS POPULATIONS 593 

MICROTUS 
600C OCHROGASTER 

400- 
300? 

200 GRID B- GRID A 

70? 
000 

40 p 

z27 o-o 0 - 
i-- 

010 0 

J JA S O N D J F M A M J J ASONUDJ F M A M JJA 

1965 1966 1967 

FIG. 5. Population changes in M. ochrogaster on 
fenced grid B contrasted with those on unfenced grid A, 
1965-67. 

week, from 64 voles to 22. This decline coin- 
cided with the M. pennsylvanicus decline and se- 
vere overgrazing. During the rest of the winter 
of 1966-67 numbers continued to fall, but began 
recovering again in spring 1967 at an increase rate 
of 11% per week, similar to the population trend 
2 years previous. Peak densities of M. ochrogas- 
ter were nearly identical on grids A and B. 

Fencing the grid B population thus produced 
higher rates of population increase than occurred 
on unfenced grid A. This resulted in M. penn- 
sylvanicus reaching a density level on grid B about 
four times that on grid A, severe overgrazing, 
and a sharp population drop. Such high density, 
and associated overgrazing, has not been encoun- 
tered anywhere in a natural population during this 
study. Thus silmnply fencing a population of these 
voles has serious repercussions on population den- 
sity regulation. 

Grid C.-The fence effect described above for 
grid B unfortunately confounds the interpretation 
of population density changes associated with crop- 
ping this fenced population. Figure 6 shows popu- 
lation changes in the grid C population of M. 
pennsylvanicus. Unfortunately we overestimated 
what peak density to expect on grid A and while 
we thought we were cropping the population 
around a low level of 40-60 voles, this turned out 
to be nearly peak densities in these populations. 
This experiment thus inadvertently became a 
cropping experiment on a high-density population 
rather than on a low- to moderate-density one. 
Differences between grids C and A are shown 
more clearly in Figure 7, which plots the rate of 
population density increase against time. This 
shows that grid C consistently maintained much 
higher increase rates through the autumn of 1966, 
when cropping was stopped for the winter. A 
temporary renewal of heavy cropping in March 

1967 also seemed to stimnulate population growth 
of the remainder in spring 1967. 

Microtus ochrogaster was also cropped on grid 
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FIG. 6. Population changes in M. pennsylvanicus on 
fenced grid C, contrasted with those on unfenced grid A, 
1965-67. Vertical drops in population curve represent 
cropping of adult voles. 
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FIG. 9. Instantaneous rates of population increase in 
M. ochrogaster on fenced and cropped grid C, 1965-67, 
contrasted with those on unfeniced grid A. Curves 
smoothed by three-point running average. 

C with the samie problems just described (Fig. 8). 
Figure 9 shows that this cropped population main- 
tained higher rates of population increase oIn the 
average than grid A. The grid C population did 
not suffer the catastrophic decline in fall 1966 
which occurred on grid A, but it decreased steadily 
through the winter of 1966-67. Some recovery 
occurred in spring 1967 on grid C and this experi- 
ment was then terminated. 

Cropping these populations at relatively high 
densities in a fenced area thuis resulted in an in- 
creased rate of population growth which strongly 
compensated for the continual removals. 

Grid D.-The single species population of M. 
ochrogaster which was introdtuced into this vacant 
grid on February 22, 1966 increased very rapidly 
from the initial 18 colonizers (Fig. 10). From 
March to M1ay 1966 this population increased 
about 23% per week and from June to September 
about 7% per week, reaching an extreme density 
just over 494 per hectare (200 per acre) in Octo- 
ber and November 1966, 7 months after the intro- 
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FIG,. 10. Pop)ulation chanlges in M. ochtrogaster Onl 
gri(l D contrastedl withl those Onl unfenlced gri(l A, 1965-67. 
Eighteenl voles were introdlucecl inltO vacant gricl D Onl 
February 22, 1966. 

duction. This population remained very high 
through December and January, and began to 
decline in February 1967. The decline accelerated 
during March 1967 and reached a maximum rate 
for 2 weeks in mid-March when 54% of the popu- 
lation was disappearing per week (117 voles pres- 
ent on March 6 to 24 voles on March 20). This 
decline was associated with overgrazing of the 
habitat which was unable to support such a high 
vole density during the nongrowing season. A 
heavy wet snow during the second week of March 
may have helped to accelerate the decline. After 
falling to a low of 11 voles in early April 1967, this 
population began to increase in April and increased 
steadily at an average rate of 14% per week until 
the experiment was terminated on July 10, 1967. 

The peak density of 1I4-. ochrogaster on grid D 
was almost equal to peak density of both Microtits 
species combined on grid B. The peak reached 
on grid D was over five times as high as that 
reached oIn grid A by M. ochrogaster (Fig. 10). 

REPROIU CTIO N 

Reproductive changes are assessed mlost accu- 
rately by a detailed autopsy program, and we re- 
port on this in another paper (Keller and Krebs. 
MS in prep.). Only a crude measure of reproduc- 
tive activity is obtained by recording the external 
appearance of live-trapped voles and we confine 
ourselves here to interpretations of gross changes 
in reproduction. 'We use the position of the testes 
as an in(lex of reproductive condition in the males. 
The size of the nipples is an index of lactation for 
females, and the pubic symphysis of females be- 
comes open for a few days before and after par- 
turition. Females were recorded as obviously 
pregnant if they showed a bulging abdomen while 
being suspended for weighing. Probably only the 
last week of pregnancy could be detected this way. 

Length of breeding season 

The annual cycle of breeding in teImperate zone 
Microtuts can he divided into two segments, here 
called "sumimler" and "winter." The best variable 
to use for determining the breeding activity of a 

population is probably the percentage of females 
with medium to large nipples ("lactating"). This 
criterion will underestimate the start of active 
breeding by about 3 weeks, the length of the ges- 
tation period, and the following data are corrected 
for this time lag. 

The summer 1965 breeding season tapered off 
by November for M. ochrogaster (Fig. 1 1 ) and by 
December for Al. pennsylvanicuts (Fig. 12). 
Breeding continued at a reduced rate throughout 
the winter of 1965-66 in both species, and picked 
up again in early March 1966 for M. pennsylvani- 
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males in M. ochrogaster on all gri(ds, 1965-67. 
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Fic,. 12. Monthly percentages of "lactating" adult fe- 
males in M. pennsylvanicus on all gri(ds, 1965-67. 

cts and late March for M. ochrogaster. Breed- 
ing continue(l through the peak summer of 1966 
until late September for M. ochrogaster and late 
October for M. pennsylvanicuts. In both species 
summer breeding began to fall off about 1 month 
earlier in the peak year 1966 than in the increase 
year 1965. 

During the winter of 1966-67 female M. penn- 
sylvanicus went completely out of breeding con- 
dition, but a few M. ochrogaster females remained 
in breeding conditioni. In M. pennsylvanicuts, 
breeding resumed in late February and early 
March 1967, about the same time as the precedinig 
year. In M. ochrogaster the normal level of breed- 
ing resumed in mid- to late-March 1967, similar 
to the previous year. There was little difference 
between the various grid populations in the timing 
of breeding seasons. In particular, the effects of 
fencing the B, C, and D populations and cropping 
the C populations have not changed the length of 
breeding seasons in any significant amounit. 

Two effects, in summary, are notable: (1) sum- 
mer l)reeding ended about one month earlier in 
peak populations than in increasinig populations; 
(2) extensive winter breeding occurred only dur- 
ing the winter of population increase and not 
during the winter following the peak. 

Intensity of breeding 
Major changes in the weight at sexual maturity, 

pregnancy rates, or prenatal mortality should 
register in at least some of the external sexual 
characteristics recorded in this live-trapping study. 
Data on these characteristics have been summed 
over summer and winter breeding periods de- 
limited in Figures 11-12. These breeding periods 
are marked on all time-series figures in this paper, 
and are referred to as follows: period I-summer 
1965; period II-winter 1965-66; period III- 
stummer 1966; period IV-winter 1966-67; and 
perio(l V-summer 1967. 

Table 5 gives the various measures of breeding 
performance on both species for each live-trap 
grid. Data on the condition of the vaginal open- 
ing are not given because of the great variability 
found in this character and because it did not seem 
to respond closely to changes in reproductive per- 
formance. Chi-square analyses were employed 
in order to test: (i) for homogeneity among grids 
within periods (e.g. are the percentages of scrotal 
males significantly different between grids A, B, 
and C for summer 1965 in M. ochrogaster?) ; and 
(ii) for homogeneity among years (summers) 
within grids (e.g. are the p)ercentages of scrotal 
males significantly different for grid A between 
summer 1965, summer 1966, and summer 1967 
in M. ochrogaster?). 

The repro(luctive data for M. ochrogaster are 
almost completely homogeneous. Of the 25 com- 
parisons between grids, only 3 are significant. 
The winter 1966-67 data on nipple size are sig- 
nificantly heterogeneous (P < .01) but this is 
produced by the heterogeneity in March 1967 be- 
tween grids (see Fig. 11). Two sets of the per- 
centage of pregnanicy data are also heterogeneous: 
winter 1965-66 and summer 1966, both because 
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FIG. 13. Seasonal means for the p)ercentage of "lac- 
tating" adult females in M. ochrogaster, 1965-67. Verti- 
cal limits replresent 95% confidenice intervals. 
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TABl E 5. Intensity of bree(ling as mleasured by external characteristics for all populationis, 1965-67. Data are 
the proportions of appropriate inidividuals falling into each category,a summed over the entire breedinig seasoll. 
(Sample size in parentlheses) 

Microtus penmsylvanicus Microtus ochrogaster 

Season and group Grid A Grid B Grid C Grid A Grid B Grid C Grid D 

Summer 1965 
Testes scrotal 

Adultsb ............. 1.00 (74) .98 (40) .81 (26) .93 (41) .95 (59) .92 (52) - 

Subadultsb .03 (40) .23 (35) .16 (19) .60 (25) .50 (10) .56 (41) - 

Nipples medium to large 
Adults ...;. .... .67 (129) .64 (58) .74 (53) .64 (50) .76 (29) .57 (63) - 

Public symphysis open 
Adultsc ..30 .35 .23 .16 .38 .21 - 

Obviously pregnant 
Adultsc. .16 .29 .13 .24 .34 .32 - 

Winter 1965-66 
Testes scrotal 

Adults ..70 (84) .61 (138) .60 (106) .73 (67) .78 (214) .64 (75) 
Subadults ..06 (34) .00 (52) .04 (48) .09 (23) .17 (53) .17 (23) 

Nipples medium to large 
Adults ...;..... .24 (108) .22 (97) .30 (96) .18 (82) .33 (218) .30 (61) 

Public symphysis open 
Adultsc ..21 .10 .12 .07 .12 .12 

Obviously pregnant 
Adults ..07 .12 .15 .02 .17 .26 _ 

Summer 1966 
Testes scrotal 

Adults . . .98 (354) .96 (502) .95 (237) .98 (252) .95 (204) .98 (157) .96 (805) 
Subadults .. 25 (68) .22 (582) .21 (141) .43 (75) .54 (76) .53 (87) .43 (204) 

Nipples medium to large 
Adults ..44 (431) .44 (641) .61 (296) .67 (273) .61 (223? .58 (188) .64 (831) 

Pubic symphysis open 
Adultc ..27 .17 .16 .19 .18 .16 .17 

Obviously pregnant 
Adultsc ..10 .12 .14 .12 .30 .22 .27 

Winter 1966-67 
Testes scrotal 

Adultsu. .46 (56) .06 (16) .35 (106) .62 (37) .60 (102) .58 (69) .62 (572) 
Subadults ..07 (125) .03 (157) .00 (99) .25 (79) .15 (33) .11 (27) .17 (241) 

Nipples medium to large 
Adults. .10 (61) .00 (10) .03 (58) .29 (45) .18 (83) .17 (101) .08 (1272) 

Pubic symphysis open 
Adults ..05 .00 .00 .04 .00 .02 .02 

Obviously pregnant 
Adultsc ..02 .00 .00 .00 .01 .04 .04 

Suummer 1967 
Testes scrotal 

Adults ..93 (122) .91 (35) .93 (60) .60 (5) .89 (37) 1.00 (8) .96 (23) 
Subadults ..37 (38) .52 (25) .46 (26) .50 (10) .68 (44) .46 (37) .48 (42) 

Nipples medium to large 
Adults ..23 (123) .31 (32) .37 (67) 1.00 (4) .61 (92) .71 (21) .56 (61) 

Pubic symphysis open 
Adults .. 15 .16 .05 .00 .11 .00 .05 

Obviously pregnant 
Adultse . 09 .06 .05 .50 .10 .14 .18 

aFor example, in the second column of the second row, 23% (0.23) of the 35 subadult males had scrotal testes. 
bAdults defined as 34 g or heavier; subadults, 22-33 
oThese are the same females as in the nipple-size category preceding, hence, samp!e size is the same. 

of the very low pregnancy rate for grid A. This 
appareint difference between grid A aind the other 
areas is not substaintiated in either the nipple size 
data (Fig. 13) or the pubic symphysis data; it 
may represent a bias in judging which females are 
"obviously pregnant." 

In coIntrast to this, the M. pennsylvanicits re- 
productive (lata are quite heterogeneous. The 

principal effect of significance is a general trend 
toward lower reprodi.ctive performaince in the 
series of summers: 1965 > 1966 > 1967. This 
effect occurs on all grids and is siginificaint in most 
of the characteristics measured. The percentage 
of adults with scrotal testes decreases from 1965 
to 1967, while that of subadults increases over 
this time. The percentages of females with me- 
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FIG. 14. Seasonal means for the percentage of "lac- 
tating" adult females in M. pennsylvanicuis, 1965-67. Ver- 
tical limits represent 95% confidenice intervals. 

dium to large nipples (Fig. 14), with open pubic 
symphysis, and obviously pregilaint, all decrease 
from 1965 to 1967. This uinainimity of chainge 
suggests a siginificaint declinle in total reproductive 
output from the increase summer of 1965 to the 
peak summer of 1966 to the decline summer of 
1967. 

Differences between grids which are significaint 
are listed below for M. pennsylvanicuts: 

Characteristic Time period Reason 
Testes adults Summer 1965 grid C low 
Testes subadults Winter 1966-67 grid B low 
Nipple size Summer 1965 grid A low 
Pubic symphysis Winter 1966-67 grid A high 

Summer 1966 grid C high 
Winter 1965-66 grid A high 
Summer 1966 grid A high 

These differences are not all readily explained. 
The low percentage of scrotal adults in grid B 
during the winter of 1966-67 followed the period 
of habitat destruction and malnutrition. Possibly 
the other differences are consequences of the same 
causes which produced the general decline in re- 
productive output from 1965 to 1967. 

To summarize, total reproductive intensity dur- 
ing the summer breeding season, as measured by 
crude external sexual characteristics, seemed con- 
stant and independent of the population trends 
in Ml. ochrogaster. In M. pennsylvanicus there 
was a generalized trend toward lower reproduc- 
tive effort in the sequence of summers 1965 > 
1966 > 1967, corresponding with the increase, 
peak, and decline phases of the cycle. Reproduc- 
tive changes were similar in both fenced and un- 
fenced populations. 

MORTALITY 

Mortality in a live-trapping study is equated 
with disappearance from the trappable populatioin 
and thus includes emigration. We are interested 
here in temporal chaInges in survival rates, mea- 
sured by direct enumeration. Two components 
are discussed: survival in the trappable popula- 
tion; and early juvenile survival. 

Survival in the trappable poputlation 

Survival rates enumerated in the trappable 
population refer mainly to the adult and subadult 
components of the populatioin. 

Do adults, subadults, and juveniles caught in 
live traps have the same survival rates? We know 
that survival rates are different between males and 
females (see below) and hence we segregate sexes 
in this analysis. Tables 6 and 7 give the mean 
survival rates for these weight groups in the two 
Microtus species. These survival rates are summed 
over whole seasons to provide these data, and an 
individual vole is tallied each time it is trapped. 

Data oIn the juvenile weight class (< 22 g) are 
very few and inadequate for detailed analysis. We 
concentrate here oIn the subadult (22-33 g) and 
adult (> 33 g) groups. If we look for hetero- 
geIneity in these two groups for each season and 
each grid separately, we find I0o sigilificaint dif- 
fereInces in M. ochrogaster except for grid A, 
summer 1966, when the survival rate of subadult 
males was significaintly lower than that of adult 
males. In A4. pennsylvanicus most of the six 
heterogeneous groups are in summer 1966, where 
all the females and the grid B and grid C males 
showed subadult survival rates significaintly below 
adult survival rates. The same occurred iln M. 
pennsylvanicus females oIn grid A in summer 1965. 
These differences range from about .05 to .21 in 
magnitude, and average .13 per 2 weeks. 

We conclude that subadult males and females 
of M. pennsylvanicus did have lower survival 
rates than adults particularly during the summer 
b)reeding season when densities were high. In 
winter survival rates were always similar for 
adults and subadults in both Microtus species. In 
summer survival of M. ochrogaster subadult males 
may be reduced compared with that of adult males, 
but no clear evidence for this can be seen in sub- 
adult females. 

Figure 15 presents total survival rates for M. 
pennsylvanicus on grid A. Two points are shown: 
(1) female survival rates were high, relatively 
constant, and independent of density until spring 
1967 when the population declined; and (2) male 
survival rates were highly variable, showing pe- 
riods of very poor survival sporadically through- 
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TABLE 6. Microtus pennsylvanicus minimum survival rates per 14 days. (Sample size in parentheses) 

Males Females 

SeaSOD and Group Grid A Grid B Grid C Grid A Grid B Grid C 

Summer 1965 
Adults ...................... .77 (68) .85 (39) .93 (15) .93 '110) .93 (58) .91 (32) 
Subadults ................... .62 (26) .89 '35) .82 (17) .57 (21) .94 (33) .93 (14) 
Juveniles .................... .O (5) - .64 (11) 1.00 (6) .75 (4) 1.00 (6) 

Winter 1965-66 
Adults ...................... .87 (86) .89 '135) .88 (58) .88 (106) .89 (93) .95 (60) 
Subadults ................... .81 (47) .88 (52) .88 (43) .89 (57) .92 (85) .92 (49) 
Juveniles .................... .67 (6) 1.00 (8) .89 (9) .60 (10) 1.00 (11) 1.00 (5) 

Summer 1966 
Adults . ..................... .73 (339) .81 (587) .86 (169) .87 (410) .86 (790) .91 (224) 
Suibadults ............ ....... .63 (60) .76 (608) .68 (128) .78 (94) .76 (626) .70 (141) 
Juveniles .................... 45 (11) .86 (76) .78 (9) .83 (12) .79 (169) .77 (13) 

Winter 1966-67 
Adults ...................... .77 (65) .55 (22) .93 (75) .87 (77) .67 (18) .82 (45) 
Slbadults ............ ....... .85 (127) .68 (212) .87 (93) .88 (144) .66 (224) .95 (163) 
Juveniles .................... .63 (19) .23 (13) _ .84 (25) .66 (32) 1.00 (3) 

Summr.er 1967 
Adults ...................... .73 (1 18) .80 (30) .67 (66) .77 (122) .68 (25) .84 (61) 
Subadults . .................. 69 (32) .73 (22) .57 (23) .78 (87) .87 (53) .74 (50) 
Juveniles .................... .82 (11) - .80 (10) .43 (7) 1.0C (9) .77 (13) 

TABLE 7. Microtus ochrogaster minimum survival rates per 14 days. (Sample size in parentheses) 

Males Females 

Season and Group Grid A Grid B Grid C Grid D Grid A Grid B Grid C Grid D 

Summer 1965 
Adults ........................... .79 (34) .98 (47) .97 (32) _ .80 (44) .96 (23) .98 (43) - 
Subadults .......................... .58 (24) .87 (8) .86 (36) _ .69 (16) 1.00 (7) 1.00 (15) - 
Juveniles ........................... .14 (7) - 1.00 (5) _ .71 (7) - 1.00 (6) - 

Winter 1965-66 
Adults ........................... .86 (73) .88 (222) .93 (56) _ .92 (87) .91 (22.) .92 (47) - 
Subadults .......................... .79 (24) .76 (55) .89 (18) _ 1.00 (31) .89 (54) .83 (12) - 
Juveniles ........................... .67 (3) .64 (11) 1.00 (4) - 1.00 (3) .73 (11) 1.00 (8) 

Summer 1966 
Adults ........................... .83 (234) .91 (181) .91 (129) .94 (661) .87 (248) .87 (19i) .96 (147) .94 (717) 
Subadults .......................... .47 (66) .82 (65) .90 (83) .97 (177) .78 (50) .81 (47) .91 (68) .95 (157) 
Juveniles ........................... .82 (17) .91 (22) .90 (19) .94 (32) .74 (19) 1.00 (9) .90 (30) .86 (49) 

Winter 1966-67 
Adults ........................... .65 (51) .82 (120) .90 (63) .90 (1491)a .69 (65) .89 (99) .93 (91) .93 (1114)a 
Subadults .......................... .62 (84) .75 (44) .83 (24) .96 ( 24)a .66 (86) .83 (93) .83 (42) . 5 (350)a 
Juveniles ........................... 90 (10) .67 (3) 1.00 (2) 1.00 (11)a .64 (11) 1.00 (5) .50 (2) .92 (12)a 

Summer 1967 
Adults ........................... .60 (5) .95 (19) .80 (5) 1.00 (9) .25 (4) .94 (68) .68 (19) .81 (43) 
Subadults .......................... .13 (8) .82 (34) .87 (30) .90 (31) .50 (2) .81 (26) .80 (20) .84 (25) 
Juveniles ... .50 (2) .93 (15) .86 (7) .88 (8) - 1.00 (7) 1.00 (4) .92 (13) 

&The period of population decline from February 6 to April 8, 1967 excluded from these totals. For this decline period survival rates were: adult males, .51 (209); 
subadult males, .54 (44); adult females, .59 (261); and subadult females, .59 (90). 

out the cycle. These periods of poor male sur- 
vival were reflected in some of the density changes 
(Fig. 2), e.g. October-November 1965, April- 
May 1966. Note that the low survival rate in 
early December 1966 in both sexes was a result of 
fox (Urocyon cineroargenteus) depredation on 
the live traps during a trapping period. The male 

survival rates are not well correlated with female 
survival rates (r .37, n 46) and consequently 
the loss process must be sex selective. 

Total survival rates for M. ochrogaster on grid 
A are shown in Figure 16. Except for a period in 
July 1965 female survival rates again tended to 
be high and fairly constant, while male survival 
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FIG. 16. Meani survival rate per 14 (lays for male and(i 
female M. onshrogantcr Onl unifenice(d gri(d A, 1965-67. 
lIorizonital linie is an arbitrary (livisioni at a survival rate 
of 0.71; survival rates below this linle represenlt losses 
of more thani 50%7o of the population every 4 weeks. 

rates showed three periods of very poor survival 
in 1965 and early 1966. Both se.xes showed 
greatly reduced survival rates during the popula- 
tiOnl declinle in fall 1966 (cf. Fig. 3). Correlation 
between male and female survival rates inl this 
populationl of All. ochrogaster is good ( r _.73, 
1 -55), and tis reflects principally the corre- 
sponldenlce found during the decline phase. There 
iS no0 correlationl betweenl the survival rates of 
these two Microtuts species living side by side On1 
the same area (r -.19, n1 -44). The large de- 
clinle inl M. ochrogaster durinlg fall 1 966 was nlOt 
reflected in the survival rates of M. pennsylvani- 
cus. None of the sporadic periods of low survival 
inl M. pennsylvanicufs males correspon(1ls with 
similar type of periods inl Al. ochrogaster males. 

From1 this we conclude that the factors cau,sing 
low sutrvival rates in these vole populfations are 
spvecies specific, and within a spvecies, often sex 
specific. 

Tables 6 and 7 show how fencinlg affected sur- 
vival On1 grids B, C, and( D). The fenced popula- 
tiOnlS all had higher survival rates, often approach- 
ing 100%o, during the incr-ease and early peak 

phase in M. pennsylvanicuis and throughout this 
study in M. ochrogaster. This effect seemed to 
begin as soon as the fence was set out in June 
1965. Associated with this high survival in the 
fenced populations is the absence of sporadic pe- 
riods of high mortality in males, as shownl by the 
uInfeInced populatioIns. OIn grid B there were Ino 
periods of hiigh mortality during the increase and 
peak phases until the habitat destruction in fall 
1966 caused reduced survival. OIn grid D exactly 
the same pattern emerged--continuous high sur- 
vival in both sexes until the habitat becaimie se- 
riously damaged and thein a population decline 
witlh low survival rates. Botth Microtus species 
seemed to respond (juickly after these habitat de- 
structioins, since on grids B and 1), the survival 
rates of these species were similar in the sumimier 
before the lhabitat (lestructioni and in the summiler 
after. 

The effect oIn survival of cropping the grid C 
population canniot be clearly dissociated from the 
fence effect. Both species maiintaiined very high 
survival rates oIn this area, M. ochrogaster through- 
out the study and M. pennsylvanicuts through the 
winter of 1966-67. Survival deteriorated in M. 
pennsylvanicus during the period of high deinsity 
in August-September 1966 and againi in the sprinig 
and summer of 1967 after a winter of high density 
and good survival. 

Most instainces of low male survival in these 
two species were appareintly not selective for a 
particular weight group. There are however 
times whein mortality seems to fall heavily and 
selectively oIn subadults of one sex but not on 
adults of the same sex or either group of the oppo- 
site sex. For example, (luriing November and 
December 1965 Ml. pennsylvanicus subadult fe- 
imiales oIn grid A showed low survival rates while 
adult females had high survival rates. During 
June and july 1966 M. ochrogaster subadult males 
oIn grid A had a very low survival rate while adult 
males and females and subadult females had high 
survival rates (Fig. 17). We cain detect Ino clear 
patterin in whein and where to expect this weight- 
group specific mortality to occur. This type of 
mortality was much1 less coImIm1onI in the enclosed 
populations (B, C, and D) of both species. 

lTo sumimiarize, survival in the trappable popu- 
lation of both species oIn unfenced grid A tended 
to be high and relatively coinstaint in feimiales 

throughout the cycle until the decline, while in 
males sporadic periods of low survival punctuated 
both the increase and peak phases. Survival rates 
did Inot correlate between the two species living 
side by side oIn the same area. In the fenIce(d popu- 
lations survival rates were very high in both 
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Fi(;. 17. Minimum survival rates per 14 days for Mi- 
crotus ochrogaster sex and weight groups during an epi- 
sode of selective high mortality, grid A. 

sexes and Ino sporadic periods of low survival oc- 
curred in males. 

Early juvenile survival 

Since few juveniles are caught in live traps, 
direct observations on survival during the possibly 
critical period from weaning to reaching trappable 
size at approximately 25 g (from about 2 to 6 
weeks of age) are rare. We attempt to measure 
survival in this period by an index relating re- 
cruitmeint of young into the trappable population 
to the number of possibly lactating females (Krebs 
1966): 

iidext Ino. inew voles less thain 30 g in week t 
no. females with medium-large 

nipples caught in week (t-4) 

Because of our high trapping intensity we feel 
that changes in this index provide a reasonably 
reliable indicator of large changes in early juvenile 
survival. 

Table 8 gives the mean indices for both species, 
and from these data we make three poiInts. First, 
early juvenile survival was apparently recluced 
about 20-30% during the peak summer oIn grid A, 
but was otherwise the same during the increase 
summer of 1965 and the decline summer of 1967 
in both species. Thus the population decline was 
not associated with poor early juvenile survival. 
Second, the cropped grid C population of both 
species showed very high juvenile survival indices, 
at times twice as high as those oIn uincropped aind 
unfeinced grid A. Third, the fenced grid B popu- 
lation had even higher indices than grid C for M. 
pennsylvanicus during the summers of 1965 and 
1966. The index remained high during the sum- 
mer of 1966 oIn grid B and this was the main rea- 
sonI why this population reached a very high 
deInsity in fall 1966 (Fig. 4). In contrast, M. 
ochrogaster oIn grid B did not show indices any 
higher than those found onI uInfenIced grid A. Even 
during the rapid populatioin increase in 1965 oIn 
grid B (Fig. 5) M. ochrogaster did not have 
higher indices of early juvenile survival, and this 
suggests that population density changes are not 
closely correlated with the early juvenile survival 
rate in this species. OIn grid B the low index of 
summer 1966 in M. ochrogaster resulted in a peak 
populatioin oIn grid B which did not differ greatly 
from that oIn grid A. Finally, the introduced grid- 
D 1M. ochrogaster population had very good early 
juvenile survival for the first 3 months, but this 

TABLE 8. Mean indicesa of early juvenile survival. Ranges are based on samples including three or more females 

Grid A Grid B Grid C Grid D 

Species Season Mean Range Mean Range Mean Range Mean Range 

M. pennsylvanicus 
Summer 1965 0.9 0.5-1.2 2.4 1.5-2.5 1.2 0.8-1.5 - 

Winter 1965- 0.9 0.4-2.0 1.5 1.2-2.5 2.5 1.3-4.5 - 

66 
Summer 1966 0.7 0.0-2.2 1.5 0.8-3.7 1.0 0.1-3.0 - 

Winter 1966- .- 1.4b 0.5-1.6 - 
67 

Summer 1967 0.9 0.3-1.7 0.7 _ 1.3 0.0-2.2 - 

M. ochrogaster 
Summer 1965 1.0 0.2-1.7 0.6 _ 1.5 0.8-2.0 - 

Winter 1965- 1.0 - 1.0 0.4-3.0 2.1 - - 

66 
Summer 1966 0.7 0.1-2.0 0.5 0.1-1.1 1.2 0.6-2.2 1.7 1.2-3.8 (March 

to May) 
0.4 0.3-0.6 (June to 

Sept.) 
Winter 1966-67 - _ - _ _ _ 0.4 0.1-0.6 
Summer 1967 1.0 - 1.0 0.5-2.2 1.3 _ 1.8 0.3-2.7 

aNo. of young trapped per lactating female. 
bEarly winter breeding only, Nov. 1 to Dec. 17, 1966. 
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quickly deteriorated to poor juvenile survival once 
high density was reached. In spite of the low 
indices during the summer and fall of 1966, this 
grid D populatioin cointiinued to iincrease uintil No- 
vember 1966. 

To summarize, the survival of voles between 
weaniing and trappable size (c. 25 g) does not 
seem to be correlated closely with population dein- 
sity chainges. A high rate of early juvenile sur- 
vival is not necessary for rapid inicrease, and a 
low rate is not sufficient to cause a decline. 

GROWTI-I 

Growth rates of voles are highly variable and 
provide a further index of conditioins within the 
population. Three aspects of growth are coIn- 
sidered here: Individual growth rates for body 
weight; body weight distributions; and individual 
growth curves. 

Growth rates 

Growth rates were calculated as instaintaineous 
relative growtlh rates in per cent increase per day. 
Only male voles caught at 2- or 4-week intervals 
were used. Data for each 4-week period were coIn- 
densed by the use of linear regressioni between 
mean body weight and growth rate for each timiie 
period. These regressions change from miionth to 
montlh in slope and elevation. A single repre- 
sentative growth rate was calculated from each 
regression by adjusting the growth rate to a hly- 
pothetical 35-g vole. These adjusted mleani growth 
rates seem to describe adequately the pattern of 
growtlh changes in these populations. 

Adjusted growth rates for Mll. ochrogaster are 
showni in Figure 18 and for M. pennsylvanicits in 
Figure 19. Two general poinlts are shown by 
these figures: (1) growth rates were nmuch lower 
durin- the winter 1966-67 than the previous winl- 
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Fic.. 18. Growth rate chianges in Mlicrobtus ochrogjaster 
males, 1965-67. Data grouped inito 4-week periods, anid 
adjulsted by regressioni to a stanidard 35-g vole. 
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FIG. 19. Growth rate changes in Hiicrotuts pennsylvani- 
cus males, 1965-67. Data grouped into 4-week periods, 
and adjusted by regression to a standard 35-g vole. 

ter 1965-66; and (2) spring growth rates were 
lower in 1967 than in 1966 when the populations 
were at peak densities. More specific chaniges for 
each grid are summarized as follows: 

Grid A.-Growth rates were low in M. ochro- 
gaster during summer 1965 as the increase phase 
began but they renmained nmoderate to low through 
the following winter when winter breeding oc- 
curred. High growth rates in both species were 
reached in spring and early sumnmer of 1966, the 
peak phase, but these fell off steadily through the 
sumumer and fall to values near zero in the winter 
of 1966-67. M. ochrogaster retained near-zero 
growth rates through this winter, after the popula- 
tion declined, and the few aninmals present in mid- 
summer 1967 had high growth rates at that time. 
Microtuts pennsylvanicuts showed an anomalous 
spurt of growth durinig January anid February 
1967, just before the population b)egan to decline, 
but these high growth rates were not sustainied 
into the spring of 1967 and growth was particu- 
larly poor froml MXarch to June durinig the popu- 
lation decline. 

Grid B.--During the rapid increase of M. ochro- 
gaster onl this fenced area, growth rates were typi- 
cally greater than those onl grid A. This trend is 
reversed in summer 1966 when grid B voles 
showed slightly lower growth rates than those of 
grid A. I)uring the winter of 1966-67 after the 
catastrophic decline associated with habitat de- 
structioln, growth rates of M. ochrogaster were 
very low, but perhaps slightly above those of grid 
A aniimals. Spring 1967 growth rates were very 
low but high growth rates returnied by early 
summer as this population began increasinig 
againi. Microtuts pennsylvanicus growth rates 
on this grid were slightly above those of grid 
A during winter 1965-66 and spring 1966 
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when this population was increasing rapidly. By 
July 1966 a rapid deterioration in growth began 
which cullninated in negative growth rates during 
fall 1966 when the catastrophic population decline 
occurred. Growth rates remained negative through 
early winter but recovered to a moderate level in 
January and February 1967. Spring growth was 
poor in 1967 and the population continued its de- 
cline. 

Grid C.-Cropping this population seemed to 
produce a substantial increase in growth rates 
until both species reached relatively high densities 
in late spring 1966. After this point growth rates 
were not unusually high or particularly different 
from those on other grids. 

Grid D.-This introduced M. ochrogaster popu- 
lation had very high growth rates during its rapid 
population expansion from March to July 1966. 
In spite of its very high density from August 1966 
to February 1967, growth rates were not unusu- 
ally low but similar to those of grid A voles. After 
the catastrophic population decline in March- 
April 1967, when growth rates remained very 
low, the population began to increase in May and 
growth rates returned to a moderately high level. 

Thus there is a general pattern of high growth 
rates associated with periods of population in- 
crease. Winter growth rates were good during 
the period of winter breeding but near zero during 
the following winter, after the peak, when no sig- 
nificant breeding occurred. 

Body weight distributions 

Figures 20 and 21 show the monthly body 
weight distributions for males of the two species. 
The trapping period closest to the middle of the 
month was utilized for these data. These figures 
show strikingly the change in maximum size over 
the population cycle-increasing and peak popu- 
lations are characterized by adults of large body 
size. In M. ochrogaster (Fig. 21) there were 
almost no voles above 40 g except during the in- 
crease and peak phases. In M. pennsylvanicus 
(Fig. 20) there were many voles above 46 g dur- 
ing the increase and peak. These large animals 
disappeared during the winter of 1966-67 after 
the peak. A sudden spurt of growth (Fig. 19) 
in early spring 1967 produced March weight dis- 
tributions which essentially were identical with 
those of the previous March. But as the popula- 
tion declined these large males were eliminated 
and almost no large voles were seen during sum- 
mer 1967. 

We do not present data here for the other grid 
populations. They were very similar to the grid A 
data just presented, except that neither grid B 
nor grid C M. pennsylvanicus populations showed 
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FIG. 20. Body weight distributions of Microtus penn- 
sylvanicus males from grid A, 1965-67. Each small 
square represents one vole. Data grouped into 4-g inter- 
vals. 
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FIG. 21. Body weight distributions of Microtus ochro- 
gaster males from grid A, 1965-67. Each small square 
represents one vole. Data grouped into 4-g intervals. 

the large-sized voles that occurred on grid A 
during spring 1967. 

Peak and expanding populations of M. ochro- 
gaster and M. pennsylvanicus thus seem to be 
characterized by adult males of large size in much 
the same manner as other cyclic microtines (Krebs 
1964, p. 51). 

Growth curves 

An explanation of why some phases of the cycle 
have larger sized adults must ultimately come 
down to an analysis of individual voles and their 
course of growth. The difficulty here is that 
relatively few voles live long enough and are re- 
captured often enough to provide a detailed 
growth curve. Some selected cases from grid A 
for both species are shown in Figure 22. 

Two general observations may be made from 
these data and that of other individuals not given 
here. First, many of the large-sized adults were 
already large when first captured (e.g. A-57, 
A-52; Fig. 22). Data on the earlier growth of 
these voles would be most desirable. A few cases 
of growth from subadult size to large-sized adults 
are available (A-166, A-131) to suggest that these 
large voles are not just very old ones. Second, 
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FIG. 22. Selecte(d growth curves for individual male 
Microhts peinnsylzvanicus and M. ochrogaster from gri(d A, 
1965-67. 

many animals reach stable asymptotes of weight 
(A-186, A-134) at small adult body size. In many 
cases these individuals stopped growth when other 
voles are growing at moderate to high rates (cf. 
Figs. 18, 19). Some cases of stable asymptotes 
occurred at the end of the 1966 growing season in 
M. pennsylvanicuts and low body weights were 
retained over the winter of 1966-67 (e.g. A-500) 
when growth rates were nearly zero. Some of 
these overwintered small M. pennsylvanicuts in- 
creased to high body weights in early spring 1967 
(A-500, A-694). One juvenile M. pennsylvanicus 
born in spring 1967 during the population decline 
seemed to stop growing at a very low body weight. 
Very few M. ochrogaster were cauglht in 1967 
and growth data after the population decline were 
few. 

Thus we conclude that, althouigh many voles do 
not survive long enough to reach their full adult 
size, some voles do reach asymptotic weights and 
these asymptotes may be at a range of values from 
small to large body size. 

DISCUSSION 

Two difficulties plague studies of small mammal 
populationis and decrease the utility of much of the 
research reported in the literature. First, reason- 
ably accurate census information at closely spaced 
intervals is a prerequisite for discussions of popu- 
lation processes. Yet many workers continue to 
sample at monthly intervals or longer, using esti- 
mation procedures like the Lincoln Index without 
any attention to the assumptionis involvedl. Sec- 
ond, studies whiclh escape the first problem often 
fail to aclhieve the transition from a simple (le- 
scription of demographic changes to testing postu- 
lated causal relationships. The converse of this 
second difficulty is also comnmon. Many of the 
hypotlheses proposed to explain population changes 

in small rodents are argued on the basis of more 
or less detailed information on the supposed causal 
factor and very little data on the population pro- 
cesses which require explanation. 

The outcome of this is the current situation in 
wlhiclh the number of theories proposed to explain 
population fluctuations in rodents is larger than 
the number of good descriptions of the variations 
in birth, deatlh, and growth rates wlhiclh accompany 
the population density changes. We will consider 
here demograplhic events in Microtuts pennsvlvani- 
cuts and M. ochrogaster populations. This is 
part of a continuing effort to provide a descrip- 
tive background of periodic fluctuations in rodents 
and to test causal hypotlheses (Krebs 1964, 1966). 

Poputlation density 

Unfenced populations.-Microtus pennsylvani- 
clts is widely believed to undergo periodic fluctu- 
ations througlhout its range, but few data are avail- 
able wlhiclh slhow the detailed pattern of density 
changes in this species. Hamilton (1937), the 
basic reference for this vole, described a pattern 
of slow buildup in his New York populations over 
2 years and then a rapid decline over apparently 
a few months in the spring. The explosive in- 
crease found in the present study was not found 
in Hamilton's populations. Golley (1961) fol- 
lowed density changes in a lM. pennsylvanicuts 
population in southern Michigan for 1 year, ap- 
parently during the increase and early peak phases 
of the cycle. His population changes closely re- 
semble ours for grid A (Fig. 2) for the first half 
of the cycle. Highest density was reached in Feb- 
ruary 1957, 136-148 per hectare (55-60 per acre) 
(Golley 1961, Fig. 1). Getz (1960) also followed 
M. pennsylvanicits population changes in southerni 
Michigan for 1 year, apparently during a pllase of 
low numbers. His populations did not exceed 
17 per hectare (7 per acre) in one area and 62 
per hectare (25 per acre) in another area and 
showed an annual cycle of summer increase and 
winter decrease in numbers. Bole (1939) re- 
corded M. pennsylvanicuts densities in rich mead- 
ows in the Cleveland area between a higlh of 210 
per hectare (85 per acre) and a low of 35 per hec- 
tare (14 per acre) over 4 years. 

Microtus ochrogaster population changes are 
less well documented than those of M. pennsyl- 
vanicus. Martin (1956) and Fitch (1957) have 
reported on populations of this vole in eastern 
Kanisas for a 4-year period. Population changes 
reported by these authors are similar to those 
described here (Fig. 3), including a slow and 
somewhat erratic approach to peak densities [ap- 
proximately 334-358 per hectare (135-145 per 
acre), Martin 1956, Fig. 5], a short peak phase, 
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a decline beginning in the fall of the peak year, 
and a gradual decrease to very low numbers by 
fall of the following year. Unfortunately these 
Kansas data are confounded with successional 
changes in the habitat, severe flooding and later 
drought conditions of unknown relevance. 

Peak densities for our undisturbed populations 
were about 136-148 per hectare (55-60 per acre) 
for Microtuts pennsylvanicuts and 86-99 per hec- 
tare (35-40 per acre) for M. ochirogaster. These 
are considerably below estimated peak (lensities 
given by Ilamilton (1937) for M. pennsylvanicus 
(395-568 per hectare or 160-230 per acre) and by 
Martin (1956) for M. ochrogaster (361 per hec- 
tare or 146 per acre). There is unfortunately no 
way to determine the reliability of these litera- 
ture estimates, and Aumann's (1965) acceptance 
of Microtus densities reported in the literature 
requires a faith in the reliability of these estimates 
whiclh we do not have. Combined peak (lensities 
of these southerni Indiania Microtus were about 
one-third those of Ill. californicus populations 
(Krebs 1966) and were only two to three times 
greater than those of leiiumings (Krebs 1964). 
These Indiana Microtits reached densities about 
one-half to one-third those of L-ake Vyrnwy M. 
agrestis populations in Britain (Chitty 1952), and 
approximately the same densities as Wytham M. 
agrestis populations (CChitty and Phipps 1966). 

The possibility of competition between these 
two Microtus species cannlot be discounted. The 
very high density reached by M. ochrogaster 
alone on grid D might suggest that this species 
does better in the absence of M. pennsylvanicus. 
The comparison of grids R) and D thus supports 
a prima facie case for somle competition. Unfor- 
tunately this comparison is confounded with the 
"fence-effect," and this competition may only be 
noticeable at very high densities. If comlpetition 
were strong, we would expect these two species 
to fluctuate 1-2 years out of phase, but this does 
not necessarily happen. I-labitat segregation does 
not seem to occur in this study area. Other grass- 
lands in this area may support pure or mixed 
populations of these two species (Keller and 
Krelhs MS in prep.), and further work is needed 
to determiine whether pure species p)optilations are 
a result of habitat unsuitability, inadequate dis- 
persal, or competitive exclusion. 

Fenced populations-The "fence-effect" de- 
scribed previously is not a new effect. Similar 
demographic effects have been described by Clarke 
(1955), Louch (1956), and van Wijngaarden 
(1960) for Microtus populations in small enclo- 
sures. We have merely extended this observation 
to a universe approximately 80-600 times larger 
than those previously used. This raises the vex- 

ing question of how large an area would be re- 
quired before normal population processes could 
operate to regulate density. These enclosed popu- 
lations are essentially islands, and consequently 
these results impinge on the problem of why spe- 
cies on islands are often more abundant than they 
are on the mainland (cf. MacArthul- and Wilson 
1967). 

We consider two mechanisms which might pro- 
duce this "fence-effect." First, predation. If the 
fence prevents predators from preying on the en- 
closed population, then we might attribute this 
effect to reduced predation pressure. WATe can 
see no evidence from our field observations 
to stupport this idea. The following predators 
seemed to have free access to these fenced areas: 
Red-tailed Hawks (Butteo jamaicensis), owls, 
foxes (Vulpes vulpes and Urocyon cinereoargen- 
teus), raccoons (Procyon lotor), skunks (Me phi- 
tis mephitis), feral cats (Felis domesticus), and 
dogs (Canis familiaris). The fence p)revents most 
snakes and weasels (Mustela frenata) from enter- 
ing, but weasels are not common in this area (we 
catch them in our L-ongworth traps when they are 
present) and the snakes in these open fields do not 
subsist on mice [neither the copperhead (Agcistro- 
don contortrix) nor the rattlesnake (Crotalus 
horridus) have been taken on the Grassland Re- 
search Area]. Botlh grids B and D had resident 
shrew (Blarina brevicauda) populations but 
shrews did not seem to be more or less abundant 
inside the fenced areas compared with outside. 
Thus we can see no clear indication that this 
"fence-effect" is caused by predation. 

Second, dispersal. The fence clearly prevents 
all imlmigration and emigration. In the absence 
of dispersal, the fenced populations (lid not regu- 
late their densities below the level set by food sup- 
ply, and they overgrazed the habitat. This sug- 
gests that dispersal is somehozw necessary for 
normal population regulation in these voles. This 
dispersal effect may be simply a net movemlent of 
"surplus" voles away from the live trapping area. 
This implies that there must be a continual over- 
production of voles, providing "surplus" animals, 
at least in the increase and peak phases, and these 
voles must be continually moving into and out of 
any arbitrarily defined grid area whiclh is unfenced. 
We infer from the differences between our fenced 
and tinfenced grids that this "surplus" group does 
not normally accumulate anywhere and must there- 
fore suffer a very high mortality rate, perhaps by 
eventually moving off into woodland areas (Fig. 
1). This is essentially the suggestion made by 
Andrzejewski (1962) (see discussion in Krebs 
1966, p. 268). 

The mechanism which causes dispersal must 
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involve some form of aggressive behavior. Data 
from our fenced populations suggest that the be- 
havioral interactions which produce these "sur- 
plus" voles are not sufficiently strong to cause 
death in these Microtus, and when the "resident" 
and "surplus" voles are forced to remain together, 
no high mortality ensues in either sex. Note that 
crowding per se with all its possible physiological 
effects (Christian and Davis 1964) was not suffi- 
cient in either grid B or grid D to stol) the 
population from increasing to the point of food 
shortage. 

Many authors have talked about the possible 
role of dispersal in population regulation (e.g. 
L-idicker 1962; Howard 1960; Murray 1967) but 
no one has set up adequate experimental studies 
to investigate dispersal. The first difficulty is to 
devise a rigorous operational definition of a dis- 
persing animal. Not every unmarked adult animal 
which appears oIn a sampling area can be auto- 
matically assumed to be a disperser. Probably 
two techniques would be most useful for recog- 
nizing dispersing voles: (1) providing vacant areas 
from which there is a continual removal of inmmii- 
grants; and (2) devising exit doors for fenced 
populations. These would allow one to determine 
the populational attributes of dispersers. Further 
information could then be obtained on the genetic, 
physiological, and behavioral characteristics of in- 
dividual dispersers to see if they are a random 
sample of the resident population. 

Reproduction 

\We review reproductive changes in these Mi- 
crotus in detail in a later paper (Keller and Krebs 
MS in prep.) and here we point out only the great 
similarity between reproductive changes recorded 
here and those found in cycling lemming popula- 
tions in northern Canada (Krebs 1964) and cyclic 
red-backed vole populations in Finland (Kalela 
1957). 

Mortality 

No data are available in the literature for Mi- 
crotus pennsylvanicus giving changes in survival 
rates over several years. Getz (1960) estimated 
an average survival of 12% for the first month of 
life for IV!. pennsylvanicus in southern Michigan. 
Golley (1961) suggested about 10% survival dur- 
ing the first month for this species. These esti- 
mlates are slightly below our crude estimate of 18% 
survival from birth to recruitment into the trap- 
pable population (0.9 recruits per lactation, aver- 
age litter size 5, grid A, Table 8). Getz (1960) 
estimated mean lifespan of about 8 weeks in both 
sexes during his 1-year study. This is consider- 

ably less than the mean expectation of life at first 
capture for M. pennsylvanicus found in this study 
(grid A): 

Increasing and peak Declining 
Males 9-13 weeks 6 weeks 
Females 17-21 weeks 7 weeks 

This lends further support to the suggestion that 
Getz was sampling populations in the low phase 
of the cycle. Note that the mean expectation of 
life is not very biologically meaningful in this situ- 
ation of large changes in week-to-week survival 
rates of males. 

Martin (1956) suggested that Microtus ochro- 
gaster born during the fall and winter months 
had a higher expectation of life (4-5 months) 
than those born during the spring and summer (1- 
2 months). The major part of his fall-winter 
cohorts were voles born during the increase phase 
of the cycle, and most of the spring-summer co- 
horts were voles born during the peak and decline 
phases. These results seem to agree with our data 
on mean expectation of life at first capture (grid 
A): 

Increasing and peak Declining 
Males 8-11 weeks 5-6 weeks 
Females 16-18 weeks 5-8 weeks 

The sporadic episodes of high losses found espe- 
cially in males were also found in Microtus agres- 
tis populations by Chitty and Phipps (1966). 
However, the pattern of these episodes differed 
somewhat. \We found little evidence of sporadic 
losses in females, contrary to the findings for M. 
agrestis, and we also found no difference in the 
timing of high losses in the two sexes when the 
population declined. Chitty and Phipps (1966) 
suggested that these sudden losses were caused by 
intraspecific strife, and it is difficult to attribute 
them to conventional agents of loss particularly in 
the mixed species populations we have studied. 
The absence of these high-loss periods in the 
fenced populations suggests that they are asso- 
ciated with periods of dispersal. 

The very high losses which occur between birtl 
and recruitment into the trappable population 
(about 80% in M. ochroglaster and 85% in MLl. 
pennsylvanicus) seem to be a constant part of the 
demlography of these voles. Population trends in 
unfenced areas thus do not depend on variations 
in this high loss of young juveniles, and the as- 
pects of mortality that are demographically more 
significant involve the trappable (mainly adult and 
subadult) segment of the population. Krebs 
(1966) reached the same conclusion for Mlllicrotits 

californicus populations. 
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Growth 

These Microtus populations show the same se- 
quence of changes in mean body size recorded for 
other cyclic microtines by Chitty and Chitty 
(1962), Kalela (1957), and Krebs (1964, 1966). 
Growth rates are higher in increasing and peak 
populations of both Microtus pennsylvanicus (Fig. 
19) and M. ochrogaster (Fig. 18). The size va- 
riations shown by these two Microtus species 
seem to be the result of variable asymptotic size 
limits for individual voles. Some individuals grow 
rapidly and continue growing to large adult size, 
others grow rapidly and stop growth at small adult 
size. Growth is clearly associated with breeding 
seasons, and winter breeding during the increase 
phase of the cycle is closely linked with good win- 
ter growth. 

Conclusions 

We have presented the demography of Microtus 
pennsylvanicus and M. ochrogaster populations in 
southern Indiana through approximately one cycle 
of abundance. The results are similar to those 
described for Microtus agrestis by Chitty and co- 
workers in Britain, for Lemmus trimucronatus 
and Dicrostonyx groenlandicus in the central 
Canadian arctic (Krebs 1964), for Clethrionomys 
rufocanus in Finland by Kalela (1957), and for 
Microtus californicus by Krebs (1966). The 
demography of these species is not identical but 
the similarities are very great in view of the ob- 
vious differences in life history and in the en- 
vironmental conditions from tundra to temperate 
grasslands. Thus winter breeding, which is an 
important part of the increase phase in lemmings 
and also in M. pennsylvanicus and M. ochrogas- 
ter, is not involved in Clethrionomys rufocanus 
fluctuations (Kalela 1957). The mechanisms by 
which total reproductive output is raised in the 
phase of cyclic increase may not be identical in all 
populations. 

Speculation about whether all cyclic small ro- 
dents have a similar mechanism preventing un- 
limited increase or whether several mechanisms 
might be involved is seriously hampered by the 
absence of a single instance of cyclic population 
changes which can be explained. What ecological 
parameters must be measured to allow us to pre- 
dict subsequent population events? No one yet 
has been able to find any variables which provide 
the required predictive insight into these popula- 
tion fluctuations. We report here the necessary 
demographic background to achieving an adequate 
explanation. Whatever mechanism one proposes 
must produce the demographic syndrome we have 
just described in detail. 

We will consider in a second paper (Tamarin 
and Krebs 1969) genetic changes at the trans- 
fer in locus in the populations described above and 
will show that there are genetic events associated 
with these demographic changes. In a third paper 
(Keller and Krebs, MS in prep.) we will trace 
the detailed changes in reproduction in other local 
populations of these two Microtus species. In a 
fourth paper (Krebs MS in prep..) behavioral 
changes in male activity and aggressiveness will 
be examined and the demographic events will be 
shown to be associated with changes in male ag- 
gressive behavior. 

ACKNOWLEDGMENTS 

We thank Michael Gaines, Paul Whitney, Fred Sam- 
son, Vicki Schultz, and Susan Campbell for assistance 
with field work. This research was sponsored by Na- 
tional Science Foundation grants GB-3509 and GB-6273. 
The National Institutes of Health supported R. H. T. 
through the Genetics Training Grant (GM-82) and 
B.L.K. through the Ecology Training Grant (TO1 ES- 
75) at Indiana University. We thank Dennis Chitty, 
Robert Semeonoff, Judy Myers, and Michael Gaines for 
their valuable comments on the manuscript. 

LITERATURE CITED 

Andrzejewski, R. 1962. Estimation of resident and 
transient part of small mammal population by the 
capture-recapture method. Symp. Theriologicum, 
Brno, 1960. p. 34-39. (Russian with English sum- 
mary). 

Aumann, G. D. 1965. Microtine abundance and soil 
sodium levels. J. Mammal. 46: 594-604. 

Birch, L. C. 1960. The genetic factor in population 
ecology. Amer. Naturalist 94: 5-24. 

Bole, B. P., Jr. 1939. The quadrat method of studying 
small mammal populations. Sci. Publ. Cleveland 
Mus. Natur. Hist. V: 15-77. 

Chitty, D. 1952. Mortality among voles (Microtus 
agrestis) at Lake Vyrnwy, Montgomeryshire in 1936- 
9. Phil. Trans. Roy. Soc. London, Ser. B, 236: 505- 
552. 

. 1960. Population processes in the vole and 
their relevance to general theory. Can. J. Zool. 38: 
99-113. 

. 1964. Animal numbers and behavior, p. 41 to 
53. In J. R. Dymond [ed.], Fish and wildlife: a 
memorial to W. J. K. Harkness. Longmans Canada 
Ltd., Don Mills. 

Chitty, D., and E. Phipps. 1966. Seasonal changes in 
survival in mixed populations of two species of vole. 
J. Animal Ecol. 35: 313-331. 

Chitty, H., and D. Chitty. 1962. Body weight in re- 
lation to population phase in Microtus agrestis. Symp. 
Theriologicum, Brno, 1960, p. 77-86. 

Christian, J. J., and D. E. Davis. 1964. Endocrines, 
behavior, and population. Science 146: 1550-1560. 

Clarke, J. R. 1955. Influence of numbers on reproduc- 
tion and survival in two experimental vole popula- 
tions. Proc. Roy. Soc. London, Ser. B, 144: 68-85. 

Fitch, H. S. 1957. Aspects of reproduction and de- 
velopment in the prairie vole (Microtus ochrogaster). 
Univ. Kansas Publ. Mus. Natur. Hist. 10: 129-161. 

Ford, E. B. 1964. Ecological genetics. London, Me- 
thuen. 



Summer 1969 DEMOGRAPHIC CHANGES IN MICROTUS POPULATIONS 607 

Getz, L. L. 1960. A population study of the vole, 
Microtus pennsylvanicus. Amer. Midland Naturalist 
64: 392-405. 

Golley, F. B. 1961. Interaction of natality, mortality 
and movement during one annual cycle in a Microtus 
population. Amer. Midland Naturalist 66: 152-159. 

Hamilton, W. J., Jr. 1937. The biology of microtine 
cycles. J. Agr. Res. 54: 779-790. 

Howard, W. E. 1960. Innate and environmental dis- 
persal of individual vertebrates. Amer. Midland 
Naturalist 63: 152-161. 

Kalela, 0. 1957. Regulation of reproduction rate in 
subarctic populations of the vole Clethrionomys rufo- 
canus (Sund.). Ann. Acad. Sci. Fenn. Series A, IV, 
34: 1-60. 

Krebs, C. J. 1964. The lemming cycle at Baker Lake, 
Northwest Territories, during 1959-62. Arctic Inst. 
N. Amer. Tech. Pap. No. 15. 104 p. 

. 1966. Demographic changes in fluctuating popu- 
lations of Microtus californicus. Ecol. Monog. 36: 
239-273. 

. 1967. Computer programs for analysis of demo- 
graphic data from small mammal populations. Indiana 
Univ. mimeo. ms. 

Iidicker, W. Z., Jr. 1962. Emigration as a possible 
mechanism permitting the regulation of population 

density below carrying capacity. Amer. Naturalist 
96: 29-33. 

Louch, C. D. 1956. Adrenocortical activity in relation 
to the density and dynamics of three confined popu- 
lations of Microtus pennsylvanicus. Ecology 37: 701- 
713. 

MacArthur, R. H., and E. 0. Wilson. 1967. The 
theory of island biogeography. Princeton Univ. 
Press, Princeton. 

Martin, E. P. 1956. A population study of the prairie 
vole (Microtus ochrogaster) in northeastern Kansas. 
Univ. Kansas Publ. Mus. Natur. Hist. 8: 361-416. 

Murray, B. G., Jr. 1967. Dispersal in vertebrates. 
Ecology 48: 975-978. 

Smyth, M. 1968. The effects of the removal of indi- 
viduals from a population of bank voles Clethrionomys 
glareolus. J. Animal Ecol. 37: 167-183. 

Tamarin, R. H., and C. J. Krebs. 1969. Microtus popu- 
lation biology. II. Genetic changes at the transferrin 
locus in fluctuating populations of two vole species. 
Evolution 23: 183-211. 

Wijngaarden, A. van. 1960. The population dynamics 
of four confined populations of the continental vole 
Micro tus arvalis (Pallas). R.I.V.O.N. Mededeling No. 
84: 1-28. 


	Article Contents
	p. [587]
	p. 588
	p. 589
	p. 590
	p. 591
	p. 592
	p. 593
	p. 594
	p. 595
	p. 596
	p. 597
	p. 598
	p. 599
	p. 600
	p. 601
	p. 602
	p. 603
	p. 604
	p. 605
	p. 606
	p. 607

	Issue Table of Contents
	Ecology, Vol. 50, No. 4 (Jul., 1969), pp. 535-761
	Front Matter
	Commentary
	Confrontation or Cooperation in the Cornfield [p. 535]

	Principal-Component Analysis of Interrelations Among Fungi, Mites, and Insects in Grain Bulk Ecosystems [pp. 536-547]
	Influences of Light on Activity of Small Mammals [pp. 548-557]
	Population Ecology of Desert Rodent Communities: Habitats and Environmental Complexity [pp. 558-572]
	Ecology of the Weddell Seal in McMurdo Sound, Antarctica [pp. 573-586]
	Microtus Population Biology: Demographic Changes in Fluctuating Populations of M. Ochrogaster and M. Pennsylvanicus in Southern Indiana [pp. 587-607]
	Applying Models Incorporating Age-Size Structure of a Population to Daphnia [pp. 608-615]
	Pertinent Stimuli for Habitat Selection by the Juvenile Manini, Acanthurus Triostegus Sandvicensis [pp. 616-623]
	Effects of Temperature, Salinity and Substrate on Distribution of Clymenella Torquata (Leidy), Polychaeta [pp. 624-631]
	An Analysis of Density Effects and Predation in Bufo Americanus Tadpoles [pp. 632-644]
	Succession in Algal Mat Communities at Three Different Nutrient Levels [pp. 645-652]
	Competitive Relationships of Annual Ryegrass (Lolium Multiflorum Lam.) [pp. 653-657]
	Distribution of Fine Roots in Three Pinus Radiata Plantations Near Canberra, Australia [pp. 658-662]
	Derivation of Leaf-Area Index from Quality of Light on the Forest Floor [pp. 663-666]
	Cuvette Temperatures and Transpiration Rates [pp. 667-670]
	Some Vegetation and Sil Characteristics of Mountain Grasslands in Central Idaho [pp. 671-678]
	Age and Space Distribution of the Desert Shrub Larrea Div Aricata [pp. 679-685]
	Carbon Dioxide Exchange Patterns of Cacti from Different Environments [pp. 686-688]
	Distribution of Fungi in a Waste-Stabilization Pond System [pp. 689-694]
	Plant Succession on the Sand Dunes of the Oregon Coast [pp. 695-704]
	Reports
	Periodicity and Energetics of Torpor in the Kangaroo Mouse, Microdipodops Pallidus [pp. 705-709]
	Morphological Changes in Swine Associated with Environmental Temperature [pp. 710-713]
	Species Diversity of Euglossa in Panama [pp. 713-716]
	The Effect of Clumped Distributions in Sparse Populations [pp. 716-721]
	Dependence of Desert Rodents on Winter Annuals and Precipitation [pp. 721-724]
	Distribution of P in Ambrosia Artemisiifolia; Its Implication for Trophic Transfer Studies [pp. 724-726]
	An Inexpensive Pressure Chamber for Xylem Water Tension Measurements [pp. 726-728]
	Feeding Rates of Freshwater Snails (Goniobasis Clavaeformis) determined with Cobalt [pp. 728-730]
	Effect of Sea Water on Seed Germination in Two Pacific Atoll Beach Species [pp. 730-734]
	Differences in the Life Tables of Tropical and Temperate Milkweed Bugs, Genus Oncopeltus (Hemiptera:Lygaeidae) [pp. 734-737]
	Yello Skunk-Cabbage (Lysichitum Americanum Hult & St. John)--An Indicator of Water-Table Depth [pp. 737-739]
	Effect on Leaching on Pine Litter Decomposition Rate [pp. 739-740]
	Influence of Temperature and Humidity on Distribution of Lichens in a Minnesota Bog [pp. 740-746]
	Populational Variation in Germination of Weedy Species [pp. 746-748]

	Reviews
	Review: Cold-Weather Microbiology [p. 749]
	Review: Vegetation Map Bibliography [pp. 749-750]
	Review: Plant Ecology of a North German Archeological Site [pp. 750-751]
	Review: Floristics and Ecology of Some Ural Mountains Vegetation [pp. 751-752]
	Review: Forest Site Description [pp. 752-753]
	Review: Fungal Ecology [pp. 753-755]
	Review: Management of Water Resources [pp. 756-757]
	Review: Lichen Ecology [pp. 757-758]
	Review: Panamanian Birds [p. 758]
	Review: Tropical Crops [pp. 758-759]
	Review: Books and Monographs Received for Review [pp. 759-761]

	Back Matter



