


Of Mice and Mast

Ecological connections in eastern deciduous forests

Richard S. Ostfeld, Clive G. Jones, and Jerry O. Wolff

popular characterization of
ecological systems is thatev-
erything is connected to ev-
erything else. Although in some
metaphysical sense it may be true

that influences experienced by a
particular species are transmitted to

all other species in the ecosystem,

such pervasive connections have not
been demonstrated scientifically. In-
stead, the focus of community ecol-
ogy has been on pairwise interac-
tions between species. The paradigm
has been that the determinants of
community structure can be eluci-
dated by studies of direct effects of
populations on one or a few other
populations (Kareiva 1994).

To identify the role of predation
or competition in structuring eco-
logical communities, typically a
predator or competitor is removed,
and the responses of prey or other
competitors are monitored (Connell
1983, Menge and Sutherland 1976,
Schoener 1983, Sih et al. 1985).
These studies reveal the importance
of direct effects in ecological com-
munities. However, such experiments
often produce unexpected results,
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In oak forests, both
direct and indirect
interactions among
species have crucial
consequences for the
behavior of the
entire ecosystem

for example, a prey population de-
creasing in density after removal of
its predator (Holt 1977, 1984), or
qualitatively different results among
so-called replicates of the same ex-
periment (Pimm 1991). Pimm (1991)
argued that these unexpected
changes in community dynamics are
due to pervasive indirect effects of
the removal ramifying through the
community. If the structure and
function of ecological communities
are determined largely by indirect
effects, then an exclusive focus on
direct effects is misleading and coun-
terproductive. Pimm’s assertion is
profoundly important to ecological
theory and practice (Billick and Case
1994, Wootton 1993) but has not
been adequately assessed.

We view the understanding of
indirect interactions among species
as a crucial development in ecology.
Increasingly, ecological systems are
experiencing disturbances from an-
thropogenic sources; and a critical
role for ecologists.is to predict the
system-wide effects of these distur-

bances. Disturbances such as the
exploitation of a commercially valu-
able species, a disease outbreak, or
the introduction of an exotic species
often have a direct impact on one or
a few species. However, effects of
the disturbance may permeate past
the “target” species to its competi-
tors, predators, parasites, and beyond.

The far-reaching effects of a dis-
turbance depend on the nature and
strength of the target species’ con-
nections to other species in the sys-
tem. Indirect effects may or may not
include strong feedback loops, which
occur when the original target of the
experiment or perturbation is af-
fected as an indirect result of the
perturbation. Feedback loops are
governed by either positive or nega-
tive forces and therefore should re-
sultin either a propagation or damp-
ening of the original disturbance.
Some feedback loops (or any other
indirect effects, for that matter) may
be transient or highly contingent on
other interactiens in the system.

Without a better understanding
of indirect interactions, ecologists’
power to predict system-wide ef-
fects of a disturbance is likely to
remain severely limited. In this ar-
ticle we describe an ecological sys-
tem in which both direct and indi-
rect interactions among species have
crucial consequences for the behav-
ior of the entire system.

A conceptual model of oak
forest systems

We have been studying the conse-
quences of episodic events (distur-
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bances) in deciduous forests of the
eastern United States. We have de-
veloped a conceptual model of this
system based on our work and that
of our colleagues (Figure 1). In rec-
ognition of the prominence of pri-
mary producers in ecological sys-
tems (Hunter and Price 1992), we
base our model on the dominant
organisms in our system—oak trees
(genus Quercus). Many oaks are
mast seeders, which means they pro-
duce large seed (acorn) crops every
two to six years, with low produc-
tion or total failure in the interven-
ing years (Janzen 1971, Koenig et
al. 1991, Silvertown 1980, Sork et
al. 1993). Many animal species con-
sume acorns, including weevils, birds
(e.g., bluejays and turkeys), and sev-
eral mammalian species. We focus
predominantly on three consumer

species: white-footed mice (Pero-

myscus leucopus),

munks (Tamias striatus), and white-
tailed deer (Odocoileus virginianus).
We chose these species because of
their high biomass, high consump-
tion rates, strong numerical response
to resource availability, and/or dem-
onstrated linkages to other species
in our system.

White-footed mice, chipmunks,
and white-tailed deer are the pre-
dominant hosts for larval, nymphal,
and adult deer ticks (Ixodes scap-
ularis [formerly Ixodes dammini],
respectively Lane et al. 1991,
Mannelli et al. 1993) and thus play
crucial roles in the Lyme disease
epidemic. Mice also are important
predators on gypsy moth (Lymantria
dispar) pupae (Bess et al. 1947,
Campbell and Sloan 1977) and on
nonoak seeds when acorns are not
abundant. Chipmunks are known
to be important predators on eggs
and nestlings of ground-nesting birds
(Leimgruber et al. 1994, Reitsma et
al. 1990). Chipmunks and mice ap-
pear to be a limiting food resource
for predators such as barred owls!
and may compete with seed-eating
birds for nonmast seeds. Browsing
by deer strongly inhibits growth and
survival of understory tree seedlings
(McShea and Rappole 1992, Tilgh-
man 1989), which in turn can re-

n chin
eastern Ciip-

Jerry O. Wolff, 1994, unpublished data.
Department of Fisheries and Wildlife, Or-
egon State University, Corvallis, OR.
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Figure 1. Conceptual model of the relationships among key functional units in the
oak forests of eastern North America. Arrows represent directions of the predomi-
nant influence between pairs of units. Plus symbols indicate that an increase in
density or biomass of the donor level results in an increase in the recipient level,
minus symbols indicate a decrease in the recipient level. Shadows indicate the
functional units emphasized in this article. Heavy lines represent connections well
established by observational or experimental data; light lines represent relation-
ships that are less well established or only postulated.

duce abundance and species rich-
ness of songbirds (deCalesta 1994).
Songbird abundance is also reduced
when gypsy moth defoliation in-
creases the vulnerability of nests to
predators (Thurber et al. 1994).
Humans are affected by these forest
interactions as well, as victims of
Lyme disease, as hunters of deer,
and as loggers of oak trees.

The oak forest system under study
is exceedingly complex, and some of
the linkages in Figure 1 are only
postulated or are supported by in-
complete evidence. In what follows,
we focus on the better studied spe-
cies and linkages (represented by
shadowed boxes and heavy lines in
Figure 1). We demonstrate that mast
production sets off a chain of reac-
tions that ramify throughout the
system and affect both the function-
ing and appearance of these forest
systems. We emphasize that the pro-
cesses shown in Figure 1 operate on
different time scales: For example,
mouse and moth dynamics are rela-
tively short and produce changes in

population density over several or-
ders of magnitude, whereas tree dy-
namics operate over longer time
scales involving much more gradual
changes in abundance. For simplic-
ity, we present a series of pairwise
interactions but emphasize instances
in which the occurrence or strength
of an interaction depends on the
existence of other interactions in
the system; thus our model is funda-
mentally holistic.

Connections between mast
and rodents

One of us (JOW) conducted studies
of population dynamics of white-
footed mice, deer mice (Peromyscus
maniculatus), and chipmunks at the
Mountain Lake Biological Station
(MLBS) in southwestern Virginia
from 1980 to 1994. At this site, the

(Quercus rubra) and white oak
(Quercus alba), which constitute
54% and 10% of the canopy tree
community, respectively. We have
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also been monitoring population
dynamics of white-footed mice at
the Institute of Ecosystem Studies
(IES) in southeastern New York since
1991. Forests in our New York plots
are dominated by red oak, chestnut
oak (Quercus prinus), and white oak.
At both MLBS and IES we con-
ducted live trapping on at least two
trapping grids, each covering
1.0-2.25 ha. We trapped for three
to four consecutive days every two
to three weeks, generally from April
to October or November. At MLBS,
wooden nest boxes were used to
examine acorn storage and breeding
conditions of mice during winter.
Nest boxes allowed us to sample the
condition and behavior of mice dur-
ing winter, when trapping is diffi-
cult and risky to rodents. Abun-
dance of acorns was estimated by
counting acorns on permanently
marked trees (MLBS), counting
fallen acorns in small quadrats (both
sites), and using nylon mesh seed
traps placed under the canopies of
mature oaks (IES). Although the
methods for determining acorn
abundance varied between sites, we
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Figure 2. Correlations between mast
index for each year and rodent densities
for each following summer at the Moun-
tain Lake Biological Station in Virginia.
Data are from a 13-year study described
in Wolff (in press). The mast index was
derived from acorn counts on ten ran-
domly selected branches on each of ten
permanently marked red oak and white
oak trees. It was converted to a
semiquantitative scale in which 0-1 =
failure, 2-5 = poor, 6-20 = fair, 21-35
= good, and 36+ = excellent. White-
footed mice (Peromyscus leucopus),
eastern chipmunks (Tamias striatus),
and deer mice (Peromyscus maniculatus)
are represented by the dotted line and
triangles, solid line and squares, and
dashed line and diamonds, respectively.
Correlations between mast index and
rodent density were 0.887, 0.799, and
0.751, for the three species, respectively;
P < 0.05 in all cases.
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Figure 3. Time series of the density of white-footed mice in relation to mast
production on two 2.4-hectare live trapping grids at the Institute of Ecosystem
Studies. Triangles represent the Henry Farm grid, and circles represent the Tea

House grid.

were able to generate qualitative or
semiquantitative estimates that re-
flect the extreme variation in annual
mast production.

Over the 15-year period of moni-
toring at MLBS, indices of acorn
production showed peak years in
1980, 1985, 1988, and 1989. Over
this period, densities of rodents were
highly correlated with the previous
year’s mast index (Figure 2). Popu-
lation densities of the three rodent
species reached peaks in the sum-
mersof 1981,1986,1989,and 1990.
Although Peromyscus typically do
not breed during winter at MLBS
(Wolff 1985, Wolff and Durr 1986),
winter breeding was observed dur-
ing each winter preceding a peak.
Observations of nest boxes revealed
that excess stored acorns remained
throughout each winter in which
winter breeding was observed,
whereas stored acorns did not per-
sist past January in other years
(Wolff in press).

Although our IES data set covers
only four years, it demonstrates a
similar strong correlation between
acorn abundance and mouse density
(Figure 3). Heavy acorn production
was noted in 19912 but not in the
following two years.® Densities of
white-footed mice peaked in August

2T. Coulson and C. Canham, 1991, unpub-
lished data. Imperial College at Silwood Park,
England, and Institute of Ecosystem Studies,
New York.

3C. Canham, 1993, unpublished data. Insti-
tute of Ecosystem Studies, New York.

1992, achieving levels at least twice
as high as in the summers of 1991,
1993, or 1994. In addition, the typi-
cal pattern for both MLBS and IES
is that mouse density crashes to ex-
tremely low levels approximately 1.5
years after peak acorn abundance
(Figure 3; Wolff in press). Thus we
concluded that mouse and chipmunk
density at our study sites is con-
trolled largely by acorn abundance.

Similar relationships between seed
crop and rodent density have been
observed in Europe (Pucek et al.
1993). In these forests, the yellow-
necked mouse, Apodemus flavi-
collis, which is similar to
Peromyscus in diet and habitat
choice, experiences high rates of
overwinter survival and breeding
following seasons of heavy acorn
production and reaches peak den-
sity approximately one year follow-
ing mast peaks. Mouse populations
then decline rapidly to a nadir dur-
ing the subsequent winter or spring.

Connections between mast
and deer

The effect of mast seeding on white-
tailed deer is less well understood
than for rodents. Deer are voracious
consumers of acorns (McShea and
Rappole 1992) and may be more
likely to produce twins following
years of heavy acorn production than
at other times.* In addition, deer

“R. Ostfeld, personal observation.
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Figure 4. Life cycle of the tick Ixodes scapularis in the northeastern United States.
Reprinted from Van Buskirk and Ostfeld (1995) with permission from the

Ecological Society of America.

occupying patchy forest mosaics in
the eastern United States spend more
than 40% of their time in oak-domi-
nated stands during the autumn of
mast years but less than 5% of their
time there in nonmast years, when
they favor other patch types, such as
stands dominated by maple (genus
Acer; McShea and Schwede 1993).
Thus, the primary effect of acorn
production on white-tailed deer is
to shift their distribution during the
autumn. During autumn and winter
of mast years, deer may consume
little besides acorns, and their brows-
ing on tree seedlings and saplings
may be lessened at these times.

Connections among mice,
deer, ticks, and Lyme disease

Lyme disease is caused by the trans-
mission of spirochetes (Borrelia
from ticks (genus
Ixodes) to humans during blood
meals. In the eastern and north cen-
tral United States, the primary vec-
tor of Lyme disease is I. scapularis.
The life cycle of this tick consists of
four stages: egg, larva, nymph, and
adult (Figure 4). During each stage
except the egg, the tick takes a single
‘blood meal from a vertebrate host
before molting into the next stage.
Any of these stages may feed on
humans. Larvae, nymphs, and adults

burgdorferi)
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are typically active at different sea-
sons and show different degrees of
host specificity (Figure 4). Adult deer

ticks, however, are much more spe--

cialized than larvae or nymphs in
their selection of hosts, occurring
predominantly on white-tailed deer.
After taking their final blood meal
from a deer in the autumn, adult
ticks drop off their hosts and over-
winter in leaf litter before laying
eggs early the next summer (Fish
1993). The dispersal capabilities of
deer ticks (especially juvenile stages)
are poor; thus the distribution of
larval ticks appears to be determined
by the distribution of white-tailed
deer in the prior autumn.

Because 1991 was a year of heavy
acorn production at IES, we expected
that deer would be attracted to oak-
dominated stands in the autumn and
consequently would import their
burdens of adult ticks into these
habitat types. Because adult ticks
lay eggs in whatever habitat types
their hosts occupy in the autumn,
we predicted that peak numbers of
larval ticks should occur in oak-
dominated habitats in the summer
of 1992. To test this prediction, we
established sets of transects at three
replicate sites within each of five
different habitat types at IES. We
performed transect drag sampling
(Ostfeld et al. 1995) to estimate the

abundance of host-seeking ticks at
frequent intervals from spring to
autumn each year.

As predicted, numbers of larval
ticks peaked in oak sites the summer
following mast production, reach-
ing densities approximately ten times
higher than in any other habitat
type (Figure 5). Encouraged by this
result, we further predicted that,
because 1992 and 1993 were years
of poor acorn production, deer
would not aggregate in oak-domi-
nated habitats in those autumns,
but would select other habitat types
instead. Our observation of peak
densities of larval ticks in maple-
dominated forest stands in both
1993 and 1994 strongly supported
this prediction (Figure 5).

Larval ticks are relatively harm-
less to humans because they typi-
cally hatch devoid of Lyme disease
spirochetes (Lane et al. 1991). How-
ever, larval ticks may acquire the
disease agent during blood meals
taken from an infected host and
then molt into an infected nymph.
The abundance of infected nymphal
ticks is the primary ecological risk
factor in the Lyme disease epidemic
(Falco and Fish 1989). Various spe-
cies of host differ widely in their
likelihood of transmitting spiro-
chetes to feeding larval and nymphal
ticks (i.e., in their reservoir compe-
tence; Mather 1993). White-footed
mice are the most competent reser-
voirs for the Lyme disease spiro-
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Figure 5. Abundance of host-seeking
larval ticks in 1992 (black bars), 1993
(hatched bars), and 1994 (white bars),
as determined by standard drag-sam-
pling along 400-meter transects. Bars
represent means (= 1 SE) of three repli-
cate sites for each of the five habitat
types at the Institute of Ecosystem Stud-
ies, New York. Reprinted from Ostfeld
et al. (1995) with permission from the
Ecological Society of America.
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Figure 6. Long-term trends in density of
gypsy moth egg masses (log scale) on
plots (78.5 m?, N = 20) at the Institute
of Ecosystem Studies, New York. The
dagger indicates that the data for 1980
were obtained by estimating from old
egg mass remnants. The asterisks (*)
indicate low-density censuses of 18.75
ha in 1986 and 11.0 ha in 1992,

chete, and in some regions the mice
are responsible for infecting the ma-
jority of larvae (Mather 1993),
which then molt into infected
nymphs.

The independent effects of acorn
production on density of mice and
on distribution of larval ticks result
in the coincidence in time and space
of peak numbers of parasites and
their most reservoir-competent host.
We have demonstrated that feeding
success of ticks (proportion of the
population attached to hosts) is cor-
related positively with the density
of white-footed mice (Ostfeld et al.
1995, in press). Abundant popula-
tions of tick larvae in 1992 presum-
ably had an unusually high prob-
ability of feeding on a mouse host
and thus of acquiring the Lyme dis-
ease spirochete. Because nymphs
from that generation do not become
active until the following spring or
summer, we predicted that numbers
of infected nymphal ticks would
peak in oak habitats two years fol-
lowing peak acorn production (i.e.,
in 1993). We collected many
nymphal ticks from various habitat
types in 1993, and we will use long-
term monitoring of ticks and mouse
density to determine whether their
spirochete infection rates are higher
than those of tick generations feed-
ing as larvae on sparse populations
of mice.

Predicting the effects of mast pro-
duction on abundance of infected
nymphs two years later is made more
complex by dispersal patterns of
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mice in the patchy mosaic of habi-
tats. The decline in mouse abun-
dance at IES from their peak in Au-
gust 1992 to their winter—spring low
apparently was caused in part by
emigration from oak-dominated
sites (Ostfeld et al. 1995). Popula-
tions of nymphal ticks in shrubby or
herbaceous habitat patches near the
oak forest matrix were largely im-
ported by mice dispersing from oak
habitats (Ostfeld et al. 1995). Thus,
because of the high reservoir com-
petence of white-footed mice, these
tick populations are expected to have
particularly high infection rates.
Ongoing studies are testing the ef-
fects of habitat patchiness and dis-
persal on the distribution and infec-
tion rates of ticks.

Connections between mice and
gypsy moths

The gypsy moth was imported to the
northeastern United States in the
late nineteenth century as a poten-
tial silk producer (Forbush and
Fernald 1896). Populations promptly
escaped human control and invaded
deciduous forests. Gypsy moths are
one of the most conspicuous ex-
amples of herbivores that undergo
outbreaks. Although the caterpil-
lars can consume leaves of many
plant species, they show strong pref-
erences for oak leaves (Houston and
Valentine 1977). When they reach
outbreak levels (densities of more
than 1000 egg masses per hectare),
gypsy moth larvae often defoliate
large expanses of forest and may
cause the death of oak trees
(Campbell and Valentine 1972).
Typically, gypsy moth population
dynamics are cyclic, with approxi-
mately nine to ten years between
peaks (Figure 6).

Several factors appear to be im-
portant contributors to the cyclic
dynamics of gypsy moth popula-
tions. The rapid growth phase from
low (fewer than 100 egg masses per
hectare) to high (more than 1000
masses per hectare) density is facili-
tated by the high fecundity of fe-
males (several hundred eggs per egg
mass), which confers a high intrin-
sicrate of increase (Jones et al. 1990).
Decline from the peak phase is af-
fected by many factors, including
food limitation following defolia-

tion; mortality from specialized en-
emies such as egg and larval para-
sites, a nuclear polyhedrosis virus,
and fungal pathogens (Campbell
1975, Majchrowicz and Yendol
1973); and both immediate and de-
layed effects of poor maternal con-
dition resulting from consumption
of plant defensive chemicals (Ros-
siter 1994). As gypsy moth popula-
tions decline from peak densities,
defoliation, and hence food limita-
tion, ceases, and negative maternal
effects probably relax. The densities
of specialist predators and patho-
gens decline sharply after a time lag
because their gypsy moth prey have
declined (Campbell 1967). Never-
theless, gypsy moth populations usu-
ally do not rebound immediately to
high densities; instead, they rebound
only after a low-density phase has
elapsed. What prevents their imme-
diate recovery?

Our data suggest that a general-
ized predator, the white-footed
mouse, plays a key role in prevent-
ing low-density populations of gypsy
moths from achieving rapid popula-
tion growth toward a peak. Mice, as
well as other rodents and shrews,
eat gypsy moth pupae (Bess et al.
1947). Predation by small mammals
may play only a minor role in regu-
lating gypsy moth populations that
have already achieved high density,
because neither the consumption
rates by individual mice and shrews
nor the maximal growth rates of
their populations are sufficient to
keep pace with moth population
growth at moderate to high density
(Campbell 1967). However, we have
found evidence that predation by
white-footed mice maintains gypsy
moth populations at low density and
that when mouse populations col-
lapse, gypsy moths are released from
control.

To test the hypothesis that a de-
crease in mouse density is necessary
and sufficient to restore low-density
gypsy moth populations to outbreak
levels, we performed predation ex-
periments in which freeze-dried
gypsy moth pupae were attached
with beeswax to small squares of
burlap. These pupal panels were
placed on oak tree trunks 1.3 m
above the ground or at the base of
trees (both of which represent sites
where natural pupation occurs) dur-
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ing the period of natural pupation
(late June—early August) at our study
sites. Predation pressure on moth
pupae was monitored by daily in-
spection for attack or disappear-
ance. In most cases, we could clas-
sify predation as being caused by
invertebrates, mice, or nonmouse
vertebrates based on the occurrence
of various types of damage pattern.
Predation by mice was indicated
by the presence of specific incisor
marks on the wax; insect predation
was indicated by the presence of
drill holes in the pupal case; and
predation by nonmouse vertebrates
was suggested by damage without
tooth marks. In 1993 and 1994, we
introduced 400 and 1368 freeze-
dried pupae, respectively, to our IES
study site. Mouse density on two
2.25-hectare trapping grids averaged
17.9 mice per ha in July 1993 and
3.1 mice per ha in July 1994 (Figure
7).
In 1993 (a year of moderate mouse
density), all of the introduced gypsy
moth pupae were destroyed within
eight days, and more than 90% of
the damage was clearly due to white-
footed mice. In 1994 (a year of low
mouse density), approximately 50%
of introduced pupae persisted after
18 days, and only approximately
20% of the destruction was attrib-
utable to mice (Figure 7). We have
observed that naturally occurring
female gypsy moths at IES typically
require 12-16 days of pupation be-
fore eclosing to adulthood. Because
in 1993 experimental pupae were
completely eliminated before eclo-
sion, the white-footed mice appear
to have controlled the gypsy moth
populations in that year. However,
moths may have been released from
control in 1994 because of the low
pupal predation associated with the
low density of white-footed mice.
This low predation may have initi-
ated a phase of rapid growth of the
gypsy moth population to a peak,
which we expect in three to four
years due to time delays in popula-
tion growth. Because population
crashes of mice tend to be predict-
able, often occurring 1.5 years after
mast production, it appears that the
time of release of gypsy moth popu-
lations may be a predictable, indi-
rect consequence of acorn produc-
tion,
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Figure 7. Persistence of freeze-dried
gypsy moth pupae during field experi-
ments at the Institute of Ecosystem Stud-
ies in 1993 and 1994. Pupae were at-
tached to burlap panels that were placed
on tree trunks 1.3 m above the ground.
Average density of white-footed mice
during the experiments was 17.9/ha in
1993 and 3.1/ha in 1994, Horizontal
bar indicates typical onset of gypsy moth
female pupal eclosion.

The feedback termini

How might the direct and indirect
interactions among species in oak
forests impinge on the oak trees at
the base of the model (Figure 1)?
Recent evidence suggests that oak
species have different intrinsic
rhythms of mast production that are
determined by interactions between
cumulative carbon storage and allo-
cation strategies to growth versus
reproduction (Sork et al. 1993).
Weather patterns that may affect
carbon storage appear to alter natu-
ral species-specific cycle lengths
(Lalonde and Roitberg 1992, Sork
et al. 1993). Defoliation of oaks
during gypsy moth peaks has a clear
effect on carbon balance, such that
successive years of defoliation often
result in reduced growth and tree
death (Campbell and Valentine
1972). Defoliation by gypsy moths
may alter the natural cycle of mast
production, causing delays in or
eliminating mast years (see also
Gottschalk 1990). Moreover, be-
cause gypsy moth defoliation in-
creases light penetration to the for-
est understory, results in a flush of
understory saplings (Leonard 1981),

and causes death of oaks, we hy-
pothesize that the feedback loop
from acorns to mice to gypsy moths
to acorn production may change the
species composition of the forest.

Another possible feedback path-
way in our model, which has not yet
been tested, is from acorns to mice
and other seed predators to the sur-
vival of oak and nonoak seeds to the
species composition of regenerating
forests. Note that the two feedback
pathways share common eclements
that may affect system behavior (Fig-
ure 1). A spatially explicit model of
transition oak-northern hardwood
forests (SORTIE; Pacala et al. 1993)
suggests that forest dynamics de-
pend on demographic processes act-
ing on the various tree species (pri-
marily fecundity of mature trees and
growth and mortality rates of im-
mature stages). When rodents reach
high densities, they are capable of
virtually eliminating seed crops of
species such as red maple (Acer
rubrum; Ostfeld et al. 1994). There-
fore, fluctuating rodent densities are
expected to cause a periodic failure
in recruitment of some non-oak spe-
cies’ seeds to seedlings and saplings,
altering the species composition of
the forest understory. High densi-
ties of deer or concentrated foraging
activities can also change the spe-
cies composition of saplings. Be-
cause defoliation, and consequent
light penetration to the understory,
may be necessary for seedlings to
grow fast enough to survive deer
browsing, the two feedback path-
ways interact. In both cases, the
strength of the feedback pathway is
expected to fluctuate considerably
from year to year, even appearing
and disappearing repeatedly through
time.

Management implications

Our studies of forest dynamics have
implications for management. Some
forests are used for both recreation
(e.g., hiking, bird watching, and deer
hunting) and timber harvest. How-
ever, the complex interactions we
have uncovered suggest that it is
likely to be difficult or impossible to
manage simultaneously for multiple
uses (both recreational and indus-
trial) of the forests.

For instance, timber production
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from oaks and aesthetic attractive-
ness to recreational users could be
increased by minimizing gypsy moth
outbreaks. Thus, one management
strategy might be to provide supple-
mental food for mouse populations
in the postmast year, when mouse
populations normally crash, thereby
preventing gypsy moth populations
from exploding and thus defoliating
the forest. But this practice might
also increase the risk of tick bites
and Lyme disease. The health care
costs of Lyme disease are substan-
tial. Moreover, within Lyme dis-
ease—endemic areas, the epidemic
has resulted in fear and distrust of
nature and has decreased enthusi-
asm for recreational use of the for-
ests (Barbour and Fish 1993). An-
other outcome of this management
strategy might be a reduction in the
density of understory seedlings (due
to more intense seed predation) and
hence forage quality for deer, thus
reducing the attractivess of the for-
est for hunting. If a single manage-
ment option cannot simultaneously
optimize multiple forest uses, then
the set of management outcomes
must be prioritized.

Conclusions

Fifteen years of monitoring interac-
tions between mice and acorns and
16 years of studying the dynamics of
gypsy moths have led to the concep-
tual models of direct and indirect
interactions in the deciduous forests
of the eastern United States. But
even with the benefit of these long-
term studies, many of the interac-
tions we propose are still tentative
and are likely to require consider-
able additional study. However, we
believe we have identified some criti-
cal functional linkages in the web of
connections that defines these forest
ecosystems.

Our studies demonstrate the im-
portance of embedding sets of
pairwise interactions into a larger
system context. Although the basic
pairwise interactions may be pre-
dictable (e.g., more acorns consis-
tently lead to more mice), the effects
of a pairwise interaction on system
behavior depend on other interac-
tions within the system and thus
may be unpredictable without a
knowledge of system infrastructure.
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For instance, a mouse increase dur-
ing a gypsy moth peak is not likely
to prevent defoliation, and thus cur-
rent mouse density is likely to be
essentially irrelevant to tree carbon
storage, masting, and light avail-
ability to tree seedlings. But a mouse
increase during a gypsy moth nadir
may delay or prevent a moth out-
break and avert an effect on acorn
production and seedling growth and
survival. We believe ecological sys-
tems generally are characterized by
such contingencies, which may ex-
plain contradictory or inconsistent
results of field experiments on pairs
or small groups of species.

We have now entered the experi-
mental phase of this research, in
which we plan to manipulate the
abundance of particular key entities
(e.g., acorns and mice) and more
rigorously test the accuracy of our

madel T our concentunal model of

the oak forest system is robust, we
should be able to understand and
predict the system-wide effects of
changes in abundance within all of
the taxa represented.
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Jones CG, Wolff JO, Ostfeld RS. 1996. A Correction to “Of Mice and

Mast’. BioScience 46(8):565.

A CORRECTION TO
“OF MICE AND MAST”

In the recent article “Of Mice and
Mast: Ecological connections in east-
ern deciduous forests” by R. S.
Ostfeld, C. G. Jones, and J. O. Wolff
(BioScience 46: 323-330), the de-
scription of sampling methods for
gypsy moth pupal predation and the
discussion of mouse predation (pp.
327-328) inadvertently omitted two
key references (Smith 1985, Yahner
and Smith 1991). The authors regret
the error. Readers may also be inter-
ested in some additional publications
on thece ranice (Canlk o 1994

al
Uil LHLOU tUPILS {WUUR L @le 15577,

1995, Elkinton et al. 1989, Smith
1989).
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