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EFFECTS OF MEADOW VOLE POPULATION DENSITY ON TREE
SEEDLING SURVIVAL IN OLD FIELDS!

RICHARD S. OSTFELD AND CHARLES D. CANHAM
Institute of Ecosystem Studies, The New York Botanical Garden, Mary Flagler Cary Arboretum,
Box AB, Millbrook, New York 12545 USA

Abstract.  Voles (Mammalia: Arvicolidae) are reported to be key consumers of tree
seedlings in some habitats, but their importance in old-field succession is not known.
Natural populations of voles fluctuate widely in density, and we sought to determine the
effects of vole density on seedling predation. We used a randomized block design, with
meadow voles maintained at three density levels (low, medium, high; three replicates of
each) in field enclosures for 17 mo. We introduced young seedlings of five tree species into
the enclosures. Three cohorts of seedlings were planted under intact vegetation, and one
was planted in small areas from which we had cleared all vegetation. Overall predation
rates were high for all cohorts planted under intact vegetation. There was a significant effect
of vole density on seedling predation rates for two of these three cohorts; nearly all seedlings
were destroyed in enclosures with high vole density. Predation rates by voles were highest
for white ash and red maple, intermediate for white pine, and lowest for eastern hemlock
and red oak. For the cohort planted in small clearings, mean predation rates were low and
there was no density effect. Spatial variation in seedling predation rates was higher in
enclosures with low and medium densities of voles than in high-density enclosures. In
three of the cohorts there was a significant block effect, with the same block consistently
having the highest predation rates. Evidence suggests that the block effect was caused by
genetic differences among voles. Seedling predation by voles can: (1) delay old-field suc-
cession by reducing the number of tree invaders; (2) create patchiness by concentrating
surviving seedlings in certain microsites; and (3) alter relative abundances of invading
species via differences in palatability or apparency. We suggest that the population dynamics

of voles be viewed as a keystone process in old-field succession.

Key words: density dependence,; herbivory; keystone process; Microtus pennsylvanicus; old-field

succession; tree invasion, tree seedlings; voles.

INTRODUCTION

In many terrestrial habitats of eastern North Amer-
ica dominance by herbaceous vegetation occurs only
in early stages of succession after natural disturbance
or release from farming or other human management
(Marks 1983). Seedlings of trees and shrubs often per-
sist under the herbaceous canopy for several years, but
eventually saplings emerge and begin to shade plants
of smaller stature, giving rise to rapid and profound
changes in community structure and composition (e.g.,
Pickett 1982). Eventually, most communities develop
into forests or shrub thickets. Factors affecting the sur-
vival of tree seedlings within herbaceous communities
are fundamental to this process of old-field succession.

Invasion of herbaceous communities by tree seed-
lings can be affected by small mammals (Myster and
McCarthy 1989, De Steven 1991), especially voles
(family Arvicolidae) (Gill and Marks 1991). Although
the diet of voles consists primarily of grasses, sedges,
and forbs (Batzli 1985, Ostfeld 1985), these rodents
are known to gnaw tree seedlings and saplings, and are
sometimes an important agent of tree mortality (Byers

' Manuscript received 13 March 1992; revised 11 Novem-
ber 1992; accepted 25 November 1992.

1985, Rousi et al. 1990). Voles are capable of killing
tree seedlings by severing the main stem near ground
level or uprooting the entire seedling.

The impact of voles on tree seedlings and saplings,
and thus their importance in successional processes,
varies tremendously in space and time (Gill and Marks
1991), but the causes of this variation are unknown.
Population density of many vole species is known to
fluctuate an order of magnitude or more, often with
fairly regular peaks every 3-5 yr (e.g., Hansson and
Henttonen 1990). In some forest plantations, damage
by voles coincides with outbreak years and is minimal
or absent otherwise (Rousi 1988). Therefore, it is pos-
sible that gnawing on trees is a response by voles to
nutritional and other stresses associated with peak den-
sities. Alternatively, some tree herbivory may occur at
all densities, but cumulative damage may be noticeable
only at vole peaks.

Voles show distinct food preferences for certain spe-
cies of herbaceous plants, and their foraging behavior
can rapidly change the composition of plant commu-
nities, especially at high vole densities (e.g., Batzli and
Pitelka 1971, Cockburn and Lidicker 1983, Batzli 1985).
Preferences by voles for particular tree species (Bucy-
anayandi et al. 1990) may cause differential mortality
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among seedlings and strongly influence the likelihood
that these species will successfully invade old fields. In
addition, because voles rely on vegetative cover for
protection from predation (Birney et al. 1976), the lo-
cation of a tree seedling (under cover or in the open)
is likely to have a strong effect on its probability of
being killed by a vole.

In this report we describe an experimental approach
to understanding the importance of meadow vole (Mi-
crotus pennsylvanicus) density to tree seedling survival
within herbaceous communities. Our general goals are
to understand: (1) the effects of vole population dy-
namics on the rate and direction of old-field succession;
and (2) the factors affecting the likelihood that indi-
vidual seedlings will escape from vole predation. To
this end we tested whether vole density affects preda-
tion on tree seedlings, and if so whether the effect varies
with species of tree seedling. In addition, we tested for
differences in the effects of vole density when tree seed-
lings were placed in small clearings vs. under intact
vegetation.

MATERIALS AND METHODS
Study site and experimental design

We performed a series of experiments in a 2-ha old
field on the property of the Mary Flagler Cary Arbo-
retum of the Institute of Ecosystem Studies in Dutchess
County, southeastern New York. The field had been
mown every 1-2 yr since abandonment from corn cul-
tivation in the early 1970s. Dominant plants in the
field included the grasses Bromus inermis, Poa praten-
sis, Arrhenatherum elatius, and Phleum pratense and
the forbs Galium mollugo, Solanum carolinense, Gle-
coma hederacea, Oxalis repens, Potentilla spp., Hier-
acium pratense, and Solidago spp.

We employed a randomized block design to study
the effects of vole density on tree seedling survival. In
May and June 1990 we constructed nine 40 x 40 m
fenced enclosures (Fig. 1). Fences were made of 1.3 m
wide galvanized hardware cloth (1.3 cm mesh), with
0.5 m belowground and 0.8 m aboveground. The nine
enclosures were divided into three blocks. Blocks 1 and
2 were contiguous, and were separated from block 3
by a hedgerow (Fig. 1). The plant species composition
of blocks 1 and 2 was similar, whereas block 3 was
more mesic and had a higher percent cover of sedges
(Carex spp.) and goldenrods (Solidago spp). The three
enclosures within each block were assigned randomly
to either a low, medium, or high vole density treatment
giving us three replicates of each density level.

Manipulation of vole density

Live-trapping grids were established in June 1990
within each enclosure. Each grid consisted of 25 trap
stations 7.5 m apart, with 5 m between the outermost
trap stations and the fence. Initially, one Longworth
live trap was placed at each station; when vole density
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Fic. 1. Diagram of the study site, consisting of nine 0.16-

ha enclosures divided into three blocks, as represented by
different line thicknesses. Blocks 1 and 2 were separated from
block 3 by a hedgerow, indicated by cross hatching. Within
each enclosure was a trapping grid. Enclosures were assigned
randomly to either low, medium, or high vole density treat-
ments.

grew such that =80% of traps contained voles on any
single trapping day, a second trap was placed at each
station within that enclosure. Thus, high density en-
closures typically had two traps per station. Traps were
supplied with crimped oats for bait and cotton batting
for insulation, and were covered with a board for pro-
tection from rain and snow. Traps were set for two
consecutive nights every 2nd wk from June 1990 to
November 1991. All small mammals captured (except
shrews) were given individually numbered metal ear
tags on first capture, and on all captures were checked
for tag number, body mass, sex, reproductive condi-
tion, and trap station. All small mammals were then
released at the point of capture. Traps were locked open
between trap sessions. In addition to meadow voles,
low numbers of shrews (Blarina brevicauda and Sorex
cinereus), white-footed mice (Peromyscus leucopus),
meadow jumping mice (Zapus hudsonius), and eastern
chipmunks (Tamias striatus) were captured. None of
these other species is herbivorous.

In late June 1990, vole density in all enclosures was
reduced to two breeding pairs by removing adults and
independent young. Vole density was subsequently
managed at three different levels. Density of voles was
estimated using the minimum number alive method
(Krebs 1966). Designated high density enclosures were
allowed to grow freely throughout the experiment. In
low and medium density enclosures, vole numbers were
regulated by removing subadults (20-30 g) during the
regular trapping sessions. We avoided removing adults
in order to minimize the impact on social organization,
which is dominated by interactions among adults (Ost-
feld 1985, Wolff 1985). For the medium density en-
closures, if >15 adult + subadult voles were caught
on day 1, the excess were removed on day 2. For the
low density enclosures, voles were removed in excess
of 5§ adults + subadults. For both densities, fewer voles
were removed if removing the excess would (1) require
removing an entire litter, or (2) seriously alter the sex
ratio. Voles removed from the enclosures were released
several kilometers away. Due to high population growth
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rates, during some seasons we trapped on selected low
and medium density enclosures each week in order to
maintain targeted densities. We felt it unnecessary to
have a “no voles” control because we were able to
ascribe virtually all seedling mortality (see below) to
either vole predation or other causes.

In order to remove medium-sized herbivorous
mammals common in the area, such as woodchucks
(Marmota monax) and eastern cottontails (Sy/vilagus
foridanus), we set six Tomahawk live traps for five
consecutive days in each of the enclosures during July
1990. One woodchuck was captured and removed; no
further evidence of the presence of woodchucks or rab-
bits was detected. Feces and other sign of white-tailed
deer (Odocoileus virginianus) were seen inside the en-
closures occasionally in June-August 1990, but not
thereafter.

Introduction and monitoring of seedlings

Tree seedlings were introduced to the enclosures in
four distinct cohorts. Cohort 1 was introduced in Sep-
tember 1990. At a distance of 1-2 m from each of five
randomly chosen trap stations within each enclosure,
10 16-mo-old red maple (Acer rubrum [Aceraceae))
seedlings and 5 16-mo-old white ash (Fraxinus amer-
icana [Oleaceae]) seedlings were planted. Seedlings were
arranged in three parallel rows of five seedlings each,
with 40 cm between seedlings and rows. The row of
white ash seedlings was placed between the two rows
of red maple seedlings. For this and all other cohorts,
seedlings were planted in holes made with the sharp
end of a pickaxe or a trowel, and were watered im-
mediately after planting but not thereafter. Latex or
cotton gloves were worn during planting.

Cohort 2, planted in November 1990, consisted of
two parallel rows of five 30-mo-old red maple seedings,
placed 40 cm apart, at each of two randomly chosen
trap stations per enclosure.

For cohort 3, 6-wk-old seedlings of red oak (Quercus
rubra [Fagaceae]), red maple, white pine (Pinus strobus
[Pinaceae]), and eastern hemlock (Tsuga canadensis
[Pinaceae]) were planted in June 1991 at each of three
randomly chosen stations per enclosure. At each sta-
tion, the seedlings were planted into an array of four
rows, with 30 cm between seedlings and rows. Each
row consisted of 10 seedlings of a given species, and
the row position of each species was randomized. Co-
horts 1-3 were planted under intact vegetation.

For cohort 4, all aboveground and overhanging veg-
etation was clipped from three randomly located 60 x
330 cm quadrats per enclosure. Resprouting vegetation
was treated with the herbicide Roundup (glyphosate)
to create patches of bare soil. In July 1991, 10 8-wk-
old red oak seedlings were planted 30 cm apart in a
single row in the middle of each cleared quadrat. Thus
the seedlings were 30 cm from the edge of the intact
vegetation.
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Seedlings from all species were germinated from
commercially obtained seed and grown in a lath house
(two growing seasons for cohort 1, three growing sea-
sons for cohort 2) or a greenhouse (6-8 wk for cohorts
3 and 4). The only exception was for red maple seed-
lings in cohort 3, which were collected as naturally
occurring, newly germinated seedlings from a local for-
est. Seedlings for cohorts 1 and 2 had no leaves and
were winter-hardened at the time they were planted.

Seedlings were monitored approximately on a
monthly basis from the time of planting to the end of
the study. The fate of each seedling was categorized as:
Live (no sign of predation); Damaged Live (gnawed
leaves, stem, or terminal bud but still alive); Damaged
Dead (evidence of gnawing and dead); Dead (intact
dead seedling with no sign of predation); Missing (seed-
ling not found despite locating site); and Unknown
(planting site not located; this applied to only three
seedlings in cohort 3). For our analysis, Missing seed-
lings were considered Damaged Dead. We are confi-
dent that this was correct in almost all cases because:
(1) Seedlings were planted in precisely designated lo-
cations, and the chances that an existing seedling was
missed were extremely small; therefore, Missing seed-
lings were truly gone. (2) Often there were signs of vole
activity, e.g., diggings, runways, or feces, within a few
centimeters of the Missing seedlings. (3) There were
no other mammalian herbivores present in the enclo-
sures. Two other potential causes of disappearance, i.e.,
snail and slug herbivory and frost heaving, were deemed
unlikely. Most seedlings were large and woody enough
that snails and slugs were incapable of removing them
completely (cohort 3 is one possible exception). More-
over, no molluscs were active at the time of planting
cohort 2 (November 1990; R. S. Ostfeld and C. D.
Canham, personal observations), which experienced the
most immediate and severe predation (see Results:
Seedling predation). No evidence of frost heaving was
found; frost heaving was a rare cause of seedling mor-
tality within intact vegetation in an old field in south-
central New York (Gill and Marks 1991).

Statistical analyses

We used analysis of variance of the randomized block
design to examine the effects of tree species, vole den-
sity, and block on seedling predation rate (SAS 1987).
Predation rates were transformed with an angular
transformation (arcsin(\/x)) before the analyses. We
have presented only the results of the final census taken
for each cohort because (1) in almost all cases, treat-
ment effects, if they appeared at all, were present in all
census periods, and (2) differences in the cumulative
predation rates at the end of the experiment are more
relevant to the demography of tree invasion in these
communities than any transient differences in seedling
predation rate on interim dates. We have also used
data on predation rates at the three to five individual



September 1993

VOLE DENSITY AND TREE SEEDLING SURVIVAL

1795

MICROTUS PENNSYLVANICUS

100

80

1

60

40

20

AN AR B SN

MINIMUM NUMBER ALIVE

JUN ©

1900 1991

NOV o -

WEEK

FiG. 2.
are means (= | Sg) of the three replicates of each density level.

stations used within each enclosure for cohorts 1 (red
maple only) and 3 to examine vole density effects on
variability in predation rates within enclosures. For
this analysis, the standard deviation (rather than the
mean) of the untransformed predation rates for the
stations within each enclosure was used as the depen-
dent variable inan ANOVA. All of these analyses treat-
ed individual enclosures as the unit of replication (i.e.,
n = 3 for each density level). Thus, the two to five
stations within each enclosure were pooled for esti-
mates of predation rate. Although the enclosure is clearly
the most appropriate level of replication for our ex-
perimental design, it reduces the power of the analyses
to detect significant effects of the density treatments.
Whereas the two to five individual stations within each
enclosure represent pseudoreplicates (sensu Hurlbert
1984) in that they are all located within the same 40
x 40 m enclosure, our data on vole movement (R. S.
Ostfeld and C. D. Canham, unpublished data) show
that voles were rarely caught at traps adjacent to more
than one of the individual stations. Thus, the predation
rates at individual stations reflected the activity of dif-
ferent animals. It can also be argued that the station-
level analysis is at a more appropriate spatial scale from
the point of view of tree invasion in old fields than the
larger, enclosure-level analysis. For these reasons, we
have also done ANOVASs on mean predation rates us-
ing individual stations as the unit of replication in cases
where the results of the more conservative enclosure-
level analyses were not significant. Pairwise compari-
sons among treatment means were done using the
REGWEF test in PROC GLM in SAS to control for the
experimentwise error rate (SAS 1987).

Population density (minimum number alive) of meadow voles in the three density treatments through time. Values

RESULTS
Vole density

By late August 1990, the densities of meadow voles
(adults, subadults, and juveniles) in the low, medium,
and high density treatments were distinctly different,
and remained different throughout the remainder of
the study (Fig. 2). Density on one of the high density
enclosures declined during midsummer of 1991 to ap-
proximately the same level as the medium density en-
closure from that block (block 3). By late summer,
however, recruitment had restored population size on
that enclosure to a higher level. Averaged over the
whole study period, vole densities under the three dif-
ferent treatments were equivalent to =75, 180, and
380 voles/ha, for low, medium, and high density, re-
spectively. All these densities fall within the range of
naturally occurring densities for this species (Boonstra
and Rodd 1983, Taitt and Krebs 1985). However, typ-
ical low densities for unenclosed populations of this
species are on the order of 10-50 voles/ha (Taitt and
Krebs 1985). Such low densities could not be main-
tained in the enclosures due to the risks of extinction
in low density enclosures.

Seedling predation

Cohort 1.—More than 80% of red maple and white
ash seedlings had been killed by voles on high vole
density treatments within 1 mo after planting. After 1
yr, cumulative predation reached 96.0% for each spe-
cies (Fig. 3). Red maple seedlings on medium density
treatments experienced mortality similar to high den-
sity treatments (Fig. 3A), and both maple and white
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ash seedlings reached an apparent asymptote of 93.3
and 89.3% cumulative predation, respectively, after 1
yron medium density treatments. On low density treat-
ments, predation was substantially less intense only for
red maple, reaching 50.7% after 1 mo and 73.3% after
1 yr. For white ash, predation even on low density
treatments reached 84.0% after 1 yr (Fig. 3B). Given
the high degree of between-enclosure variability in pre-
dation, particularly in low density treatments (Fig. 3),
the enclosure-level ANOVA showed no significant ef-
fect of vole density on seedling predation for either red
maple or white ash. The ANOVA did reveal a block
effect (F,, ,, = 12.17, P = .0013), with block 1 having
the highest predation rate. An analysis at a smaller
spatial scale, using individual stations as replicates,
showed a highly significant effect of vole density on
seedling predation, with no difference between red ma-
ple and white ash (density: F, ¢, = 8.61, P < .001;
species: F, g, = 0.80, P = .38).

Cohort 2. —Within 10 d after planting, 91.1% of red
maple seedlings in high density treatments had been
killed by voles. After 1 mo, predation reached 95.6%,
and gradually climbed to 97.8 £+ 1.1% (mean =+ 1 SE)
after 11 mo. On the low and medium density treat-
ments, predation after 10 d was 60.0 and 62.2%, re-
spectively. Over the following 10 mo cumulative pre-
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dation climbed gradually to 76.7 +
21.2%, respectively.

Given the high variability in predation among low
and medium density grids, neither the enclosure-level
nor station-level ANOVAs showed statistically signif-
icant effects of vole density on seedling predation. A
block effect was not detected for this cohort.

Cohort 3. —For all four species, predation occurred
soon after planting and increased only modestly over
the following 4 mo. ANOVA at even the conservative
enclosure level showed significant effects of vole den-
sity, tree species, and block (density: F, ,4 = 5.35, P =
.011; species: F; ,; = 2.98, P = .048; block: F, 4=
3.79, P = .035). Predation was consistently lowest on
low density treatments (Fig. 4). The ranking of pre-
dation among tree species was red maple > white pine
> eastern hemlock > red oak, although only red maple
and red oak were significantly different in pairwise
comparisons. Block 1 again had a significantly higher
predation than the other two blocks.

Cohort 4.—Predation on red oak seedlings planted
in small clearings was much lower than observed for
any of the cohorts of seedlings planted under intact
vegetation. Predation was not significantly different
among the density treatments, ranging from 26.7 =+
25.0% (mean =+ 1 sg) for low density, 18.8 + 17.2%
for medium density, to 20.0 + 20% for high density
enclosures after 4 mo. Virtually all predation occurred
in block 1, resulting in a significant block effect (block:
F, ,=93.62, P < .001).

Within-grid variability. —In addition to the substan-
tial degree of variability at the between-enclosure level
(as measured by the standard errors in Figs. 3 and 4
and the block effects), predation also varied among
stations within enclosures. Cohorts 2 and 4 were not
examined for within-enclosure variability due to the
low number of stations used in cohort 2, and the low
predation in cohort 4. Similarly, white ash in cohort 1
was not analyzed because of the low number of seed-
lings planted at individual stations. For cohort 1, with-
in-enclosure variability was highest for the medium
density treatments (standard deviations of cumulative
proportion of seedlings killed by predators [n = 5 sta-
tions per enclosure]: low = 0.059; medium = 0.123;
high = 0.041). Block 1, with the highest average pre-
dation, had the lowest variability in predation within
enclosures (sp = 0.030 vs. 0.123 for block 2 and 0.070
for block 3); however, the differences among density
treatments and blocks for cohort 1 were not significant.
For three of the four species in cohort 3, low and me-
dium density treatments had the highest within-enclo-
sure variation in seedling predation (Fig. 5). Although
the effect was strongest during intermediate census pe-
riods, vole density still had a marginally significant
effect on variability in predation at the final census
(F> 33 = 2.74, P = .08) (Fig. 5). Enclosure-level ANO-
VA revealed no species or block effect on within-en-
closure variability in predation for cohort 3. Our results

16.7% and 75.5 +
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suggest that high vole densities will result in fairly uni-
formly high seedling predation; however, low and even
medium vole densities can give rise to highly variable
seedling predation within areas the size of our 0.16-ha
enclosures.

DiscuUssION

Our experiments confirm recent conclusions that
meadow voles are voracious predators of tree seedlings
in old fields (Gill and Marks 1991), and that seedling
predation by mammals (including voles, gophers,
woodchucks, rabbits, and deer) can play an important
role in affecting the rate and direction of old-field suc-
cession (Huntly and Inouye 1988, Myster and Mc-
Carthy 1989, Rankin and Pickett 1989, De Steven 1991,
Gill and Marks 1991). Although previous studies have
documented high levels of herbivory by mammals, there
has been little effort to identify the species of herbivore
responsible for seedling predation or the effects of her-
bivore population dynamics on patterns and rates of
herbivory. Our results show that even when larger
mammalian herbivores are excluded, meadow voles
alone can have a profound effect on tree seedling sur-
vival, and that the intensity and spatial pattern of her-
bivory depend on vole density.

For all three cohorts of seedlings planted under intact
vegetation, predation exceeded 40% (averaged across
replicates) within 1-2 mo, irrespective of vole density

or species of seedling. Predation leveled off rapidly,
reaching asymptotic levels varying from =50% (red
oak under low vole density; Fig. 4) to near 100% (red
maple under high vole density; Fig. 3). There was a
clear effect of vole density on predation for two of these
three cohorts, and mean predation always was highest
in high vole density treatments. Predation in medium
density treatments was sometimes nearly equivalent to
that in high density treatments (cohort 1; Fig. 3), and
sometimes similar to that in low density treatments
(cohort 2), indicating that the effects of vole density
may incorporate thresholds rather than varying con-
tinuously. In contrast to seedlings planted beneath in-
tact vegetation (cohorts 1-3), seedlings planted in small
clearings (cohort 4) were much less likely to be killed
by voles, as also shown by Gill and Marks (1991), and
there was no effect of vole density on predation.

Small mammals are important predators of tree
seedlings and saplings in Fennoscandia (Kanervo and
Myllymaiki 1970, Larsson 1975), England (Pigott 1985),
Canada (Bucyanayandi et al. 1990), the United States
(Huntly and Inouye 1988, Myster and McCarthy 1989,
De Steven 1991, Gill and Marks 1991) and Chile (Mu-
rua and Rodriguez 1989). Despite anecdotal observa-
tions of damage coinciding with outbreaks of small
mammals (Myllymaki 1977, Rousi 1988), our study is
the first to show experimentally a relationship between
small mammal density and seedling predation.
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FiG. 5. Degree of variability among stations (within each grid) in predation rates for cohort 3 seedlings. Values are means
(£1 sg) of the standard deviations of the three replicates within each density level.

Populations of many species of voles, including M.
pennsylvanicus, fluctuate cyclically with 3—4 yr between
peaks (e.g., Taitt and Krebs 1985, Hansson and Hent-
tonen 1990). The densities at which we maintained
vole populations were representative of the natural
range of density variation in this species, with the pos-
sible exception of the very low phase of the natural
cycle. Because seedling predation was substantial even
where vole density was low, we expect that under nat-
ural conditions voles will have a consistently strong
negative impact on tree seedling survival in old fields.
However, since extreme levels of predation occurred
primarily in high vole density treatments, we expect
that virtually complete elimination of cohorts of tree
seedlings is episodic.

Lower predation under low vole density may be a
result of a smaller proportion of space being used in-
tensively by voles. At low population density, vole
home ranges tend to be more widely spaced, and in-
terstitial areas exist where little activity occurs (Ostfeld
et al. 1985, Wolff 1985, Zwicker 1989). As density
increases, the degree of overlap of home ranges of ad-
Jjacent individuals increases, and interstitial areas tend
to disappear (Gaines and Johnson 1982, Ostfeld et al.
1985). On a broader spatial scale, the degree of ho-
mogeneity of habitat use increases with density in many
vole species (Ostfeld 1992). Thus we hypothesize that
refugia for seedlings from vole predation are more

common or more extensive at low than high vole den-
sity, giving rise to higher predation at higher vole den-
sity. This hypothesis is supported by the higher degree
of within-enclosure (station-to-station) variation in
seedling predation in low and medium density enclo-
sures than in high density enclosures (Fig. 5).

Most seedling predation occurred quickly after seed-
lings were introduced, and there was relatively little
predation after 1-2 mo. A similar pattern was observed
by Myster and McCarthy (1989) and Gill and Marks
(1991). It is possible that by planting seedlings we ar-
tificially attracted voles to their vicinity and inflated
their likelihood of being killed. We doubt this is true,
since our use of gloves avoided scent contamination,
and we were careful to restore surrounding vegetation
to its predisturbance conditions. Individual small-
mammal herbivores tend to use ~20%-50% of their
entire home ranges each day (meadow voles and Cal-
ifornia voles (M. californicus): R. S. Ostfeld, unpub-
lished data; cotton rats: Spencer et al. 1990). Thus, any
individual vole is likely to visit its entire home range
within a few days, which is likely to lead to a rapid
response of voles to newly appearing seedlings.

We suspect that seedling predation has at best a mi-
nor functional role in the nutritional biology of mead-
ow voles. The tree seedlings we planted cannot be an
important component of the voles’ diet because of their
insignificant biomass, poor nutritional quality (Batzli
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1985, Bergeron and Jodoin 1987), and potential tox-
icity (particularly the conifers: Roy and Bergeron
1990a). Seedlings for cohorts 1 and 2 had no leaves at
the time they were planted (September and November,
respectively). Moreover, many of the damaged seed-
lings were severed at or near ground level and left in
place, indicating that they were rejected as food (but
see Roy and Bergeron 199054). Predation levels were
approximately the same for cohort 3, planted in sum-
mer when food availability is high, as for cohorts 1
and 2, planted in autumn, when alternative foods are
less abundant. We hypothesize that voles killed seed-
lings largely in the process of sampling (tasting) plants.
If in the process of sampling potential food items, voles
learn that seedlings are relatively unpalatable, then this
would explain the observed rapid response to seedlings
after introduction.

Our results show clear differences in levels of pre-
dation among tree species, with the following overall
ranking: white ash > red maple > white pine > eastern
hemlock > red oak. These differences were not simply
due to differences in size or “woodiness.”” Although red
maple tends to be the most ““herbaceous,” and red oak
was the largest of the 6-wk-old seedlings in cohort 3,
the 2-yr-old red maples from cohort 2, which were
quickly decimated, were larger than the red oaks from
cohort 3, which suffered the lowest predation. Species
differences in predation probably represent differences
in palatability or apparency. Differences in palatability
among different provenances or species of tree seed-
lings have been shown for meadow voles in Quebec
(Bucyanayandi et al. 1990, Roy and Bergeron 1990a)
and field voles (M. agrestis) in Finland (Rousi 1988,
Rousi et al. 1990).

For all cohorts block 1 had the highest predation,
and for three of the four cohorts there was a highly
significant block effect on seedling predation. However,
this block effect was not a result of any habitat differ-
ences we could detect (cf. Bergeron and Jodoin 1989).
Block 1 was contiguous with and similar to block 2,
and these two blocks were much more similar to each
other in community composition than either was to
block 3. Overall, block 1 tended to have slightly lower
vole density than the other two blocks. Thus we hy-
pothesize that the voles in block 1 were intrinsically
more likely to kill seedlings than were voles in the other
blocks. These behavioral differences persisted from
September 1990 (introduction of cohort 1) to June 1991
(introduction of cohort 4), during which there was >80%
turnover of individuals in the vole population. Because
there is little or no evidence for cultural learning in
voles that could explain the persistence of their be-
havior across several generations (Wolff 1985), we hy-
pothesize that this behavior has a genetic basis. Geo-
graphic variation in bark consumption that appears to
be genetically based has been shown in bank voles
(Clethrionomys glareolus) (Hansson 1986). Persistent
differences among individual voles in their aggressive-
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ness towards tree seedlings, whether or not they are
heritable, may be critical in giving rise to spatial vari-
ation in seedling survival and old-field succession. In-
dividual differences among animals are increasingly
being viewed as essential to population dynamics
(Lomnicki 1988, Pulliam 1989), and we suggest they
may be important to community level interactions as
well.

Variation in seedling predation as a result of fluc-
tuating populations of small mammals is likely to be
a major factor regulating the invasion of old fields by
trees, and hence is critical to old-field succession. While
some tree seedlings may become established imme-
diately following abandonment of land from cultiva-
tion (e.g., Rankin and Pickett 1989), and before vole
densities may have built up, successful tree invasion
(i.e., emergence above the herbaceous or shrub canopy)
often requires periods of >50 yr in the Hudson Valley
(C. D. Canham, personal observations). During much
of this period, old fields, particularly on mesic sites,
have a dense herbaceous cover that provides suitable
habitat for meadow voles. Moreover, many fields in
the region are abandoned not from cultivation but from
hayfields or pastures with an existing, dense herbaceous
community.

Because the highest predation occurred at densities
corresponding to a cyclic peak, and predation was re-
laxed somewhat at lower densities, we predict that
seedlings invading in a nonpeak year will be more likely
to escape from vole predation. Escape from predation
will be particularly likely if seedlings grow to a size at
which they are substantially less palatable before the
next vole peak. However, this “escape in size” may
require several years of growth. Therefore, we predict
that both the timing and the magnitude of multiannual
fluctuations in vole density will be critical to the pro-
cess of tree invasion of old fields.

High spatial variation in predation at low and me-
dium densities (Fig. 5) may offer some seedlings a high
probability of escape simply by virtue of their location.
Relaxed predation may occur in the interstices between
vole home ranges, or in certain microsites that are less
likely to be used by voles. Small disturbances clearly
offer seedlings protection from vole predation.

We have not attempted to address the effects of seed-
ling density on predation. Natural seed rain and ger-
mination patterns result in a continuum of local pop-
ulation sizes and distribution patterns of seedlings. In
our experiments, seedlings consistently were planted
with 30-40 cm spacing, but a wider or narrower spacing
may affect predation. Individual seedlings that are
within a local group may be more detectable, and there-
fore at higher risk of predation by foraging voles. Con-
versely, seedlings with many neighbors may be indi-
vidually less likely to be killed by a vole than those
that are more isolated.

We suggest that the population dynamics of voles
be viewed as a keystone process in old-field succession.
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This view differs from the keystone species concept
(Paine 1969) in that the dynamical properties of the
animal population, rather than simply its presence or
absence, are emphasized (see also Hunter 1992). Seed-
ling predation by voles can: (1) delay succession by
reducing the number of tree invaders; (2) create patch-
iness by concentrating surviving seedlings in certain
microsites; and (3) alter relative abundances of invad-
ing species via differences in palatability or apparency.
Vole populations with different dynamical patterns,
particularly their degree of “cyclicity”” (Henttonen et
al. 1985, Ostfeld 1988) may exert profoundly different
effects on the rate and direction of succession.
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