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The Biological Dynamics of
Tropical Rainforest Fragments

A prospective comparison of fragments and continuous forest

Richard O. Bierregaard Jr., Thomas E. Lovejoy, Valerie Kapos, Angelo Augusto dos Santos,

ropical rainforests may well

be the most diverse ecosystem

on the planet. Even though

they cover less than 7% of the planet’s

land mass, they are home to half to

two thirds of the species of plants and

animals on the earth (Raven 1988,
Wilson 1988).

In the latter half of the current
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A mosaic of small
forest remnants would
suffer significant
alteration by edge
effects and would
lose species

century, the advent of agribusiness,
industrial forestry, and waves of colo-
nization have led to large-scale tropi-
cal deforestation with clearings on the
scale of 102-10° ha. Forest clearing
increased exponentially during the
1970s and 1980s in Brazil (Fearnside
1987) and continues at alarming rates
around the world (Myers 1991). The
speed of this clearing is unprecedented
in the evolutionary history of tropical
rainforests and thus may have pro-
found effects on the ecosystem.

Inevitably, deforestation results in
fragmentation of the rainforests (or
any forests) that are retreating in the
face of regional development and colo-
nization. Either by chance or by de-
sign, islands of forest are left amidst a
sea of nonforest habitat. This process,
which has largely run its course in
developed countries as well as a few
tropical ones, is just beginning in the
Amazon basin and looms as a key
environmental issue over the next sev-
eral decades.

The biological and physical effects
of forest fragmentation are poorly
understood. Certain changes are easy
to predict, atleast qualitatively. Popu-

lation sizes will be reduced, which
may have deleterious genetic conse-
quences. Because some species’ distri-
butions are not homogeneous, some
species will be absent from certain
fragments simply because they were
not in the patches of forest before the
fragments were isolated. Species re-
quiring large home ranges will not
survive in small fragments. Microcli-
mate may change within fragments,
especially along the edges. Local
macroclimatic patterns may be al-
tered.

We are only beginning to learn
how such changes affect ecosystem
function and structure. For example,
as Terborgh (1992) has recently
pointed out, the loss of large preda-
tors may have a destabilizing effect on
populations of seed predators, which
in turn may affect the composition of
tree species in the forest. Understand-
ing the implications of the fragmenta-
tion of tropical rainforests is essential
to rational government planning of
human settlements and land use in
these regions if development is to pro-
ceed with minimal disturbance of the
natural ecosystem. Such basic ques-
tions as “How large should a reserve
be?” or “What shape should a reserve
be?” have been discussed at length
(e.g., Schafer 1990, Wilson and Willis
1975) but remain largely unanswered
by experimental data. Additionally,
regional planning must consider what
happens to forest remnants too small
to be deemed wildlife refuges.

MacArthur and Wilson (1963,
1967) formulated a simple model to
explain the number of species found
on islands as an equilibrium between
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immigration and extinction rates. The
model fit reasonably well the empiri-
cal data on species number on true
islands as well as habitat islands such
as forest fragments. It predicted that
larger islands should support more
species than smaller ones and that an
island close to the mainland should
support more species than an island of
similar size farther from the main-
land. Attempts to document the
model’s predicted turnover of species
(immigration and extinction), how-
ever, have been controversial (e.g.,
Diamond 1969, Diamond and May
1977, Lynch and Johnson 1974).

The MacArthur-Wilson model was
used by conservationists to argue for
the creation of large reserves. How-
ever, in a seminal article, Simberloff
and Abele (1976) pointed out that
MacArthur and Wilson’s theory of
island biogeography is neutral regard-
ing the question of the comparative
efficacy of a single large reserve or a
series of smaller reserves of similar
total area. The article inspired a heated
response from conservation biologists
concerned that such a position would
discourage the creation of large parks
and spur developers to deforest large
areas, leaving small tracts of forest as
their contribution to conservation
(Diamond 1976, Terborgh 1976).
After a decade and a half, the debate
continues in the scientific literature
(e.g., Deshayne and Morrisset 1989)
and detailed information about the
processes of ecosystem change in for-
est areas of different sizes remains
scarce.

The Biological Dynamics of
Forest Fragments Project

In 1979, the World Wildlife Fund and
Brazil’s National Institute for Research
in Amazonia (INPA) launched the
Biological Dynamics of Forest Frag-
ments Project (BDFFP, also known as
the Minimum Critical Size of Ecosys-
tems Project) to address some of these
issues. Since 1989, the National Mu-
seum of Natural History of the Smith-
sonian Institution has administered
the project, which operates in Brazil
under a cooperative research agree-
ment between INPA and the Smithso-
nian.

The project was designed specifi-
cally to investigate the relationship
between the size of a forest fragment
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Figure 1. Aerial view of a 10-hectare and a 1-hectare isolated forest reserve of the
Biological Dynamics of Forest Fragments Project in Manaus, Amazonas, Brazil.

and both the stability and species car-
rying capacity of that forest fragment.
Other factors that affect forest frag-
ments—in particular edge effects and
forest regeneration around the frag-
ments—have been incorporated into
the research activities.

The many studies that have com-
pared species/area relationships on true
islands and in habitat islands have,
with few exceptions, only compared
species number in a series of islands
after the islands were formed and
some changes in the relative abun-
dances of species had occurred. In
contrast, BDFFP researchers have ac-
cess to quantitative pre-isolation sur-
veys of organisms in the habitat is-
lands and have monitored changes in
ecosystem structure from the moment
of isolation. In addition, BDFFP is the
only experimental investigation of the
effects of tropical forest fragmenta-
tion.

The experimental design of BDFFP
is based on comparisons of a repli-
cated series of forest fragments, or
reserves, of different sizes before and
after they were isolated from continu-
ous forest. The most basic studies
consist of inventories through time of
selected groups of plants and animals
in the experimental plots. More de-
tailed studies of the behavior and ecol-

ogy of selected groups of species, as
well as the physical changes in the
forest isolates, have also been per-
formed.

The forest being studied is mature,
terra firme, evergreen, tropical moist
forest (Holdridge 1967), receiving
approximately 2.3 m of rain annually
(MME 1978). Soils are clayey and
sandy yellow latosols (see Lovejoy
and Bierregaard 1990 for a more de-
tailed description of the study area
and ongoing research projects).

The isolation of the experimental
reserves was effected by cattle ranch-
ers clear-cutting to create pastures.
Based on a Brazilian law that requires
that 50% of any landholding under
development in the Amazon basin be
leftin forest, agreements were reached
with the managers of five 15,000-
hectare cattle ranches in an agricul-
tural research and development dis-
trict 30-90 km north of Manaus, Brazil
(approximately 2° S x 60° W), to leave
some of their forest reserve in the
middle of their pastures (Figure 1). In
addition, a 1000-hectare area in con-
tinuous forest not slated for clearing
serves as a control site where popula-
tions of organisms being studied in the
experimental fragments are also moni-
tored. The control area is in forest that
stretches unbroken for hundreds of

BioScience Vol. 42 No. 11



kilometers to the north and east.

One reserve was isolated in 1979,
two in 1980, five in 1983, three in
1984, and finally one in 1990. Pre-
isolation data are available for all but
one reserve, the roughly 200-hectare
forest reserve isolated in 1979. Of the
isolated reserves, three are separated
from adjacent forest by approximately
100 m, seven by roughly 250 m, and
two by 500-700 m. We had expected
12 other reserves to be isolated, but
shortfalls in, and eventual discon-
tinuation of, fiscal incentives to the
cattle ranchers have left these areas in
continuous forest. Therefore, these 12
reserves serve as control plots, in ad-
dition to the 1000-hectare site origi-
nally planned as a control (Table 1).

Maintenance of the pastures around
the experimental reserves varied sub-
stantially through time and space.
Repeatedly, second-growth vegetation
grew up around the reserves and was
cutback tore-establish pasture, chang-
ing the degree to which the reserves
behaved as islands. With increasing
complexity and height of the second-
growth vegetation, immigration to the
reserves became more or less likely for
different taxa. Thus, the project is
able to ask, among other questions,
How great a distance of separation
from continuous forest effectively iso-
lates a forest fragment? What is the
effect of fragment size on the degree to
which the forest community is pre-
served? What is the role of edge ef-
fects? How important is the vegeta-
tion matrix surrounding a forest
fragment?

Distance effects

At what distance from continuous
forest is a patch of rainforest truly
isolated? Our studies indicate that a
break of as little as 80 m is a strong
barrier to movement to an isolated
forest fragment by some insects and
mammals and the vast majority of
understory birds.

Powell and Powell (1987) used
chemical attractants (vanillin, methyl
salicylate, and cineole) to study the
response of euglossine bees to forest
fragmentation. Euglossine bees are
important pollinators for species in as
many as 30 plant families, and many
species of orchids are obligatorily
pollinated by only one species of bee
(Williams and Dodson 1972).

December 1992

Table 1. Number of study areas.

Size (ha)

Area 1 10 100 200 1000

Fragment S 4 2 1 0
Undisturbed forest 3 4 3 0 3

The Powells sampled 15 species of
euglossine bees in continuous forest,
in isolated reserves of 1, 10, and 100
ha, and in the 100-meter clearing that
separated the 10-hectare isolate from
adjacent continuous forest. They
found declines in visitation rates by
male bees in all forest isolates; male
bees of four deep-forest species did
not cross the 100-meter clearing that
separated the reserve from continu-
ous forest. Absence of these bees may
be expected to decrease pollination
rates in some plant species in the
reserve and suggests that a mosaic of
forest fragments surrounded by pas-
ture will not support populations of
certain species of these important pol-
linators.

Klein (1989) showed that move-
ment of dung- and carrion-feeding
beetles was also affected by a break in
continuous forest of only 100 m.
Malcolm (1991a) studied the small-
mammal community (excluding bats)
in continuous forest, forest fragments,
and the pasture and second growth
around the forest isolates. Nineteen
species of marsupials and rodents were
trapped on the forest floor and in
arboreal traps, approximately 15 m
above the ground (Malcolm 1991b).

When Malcolm performed his
study, all but one of the 1- and 10-
hectare isolates were surrounded by
second-growth vegetation. The 1-hect-
are isolate that was surrounded by
pasture was only 80 m from continu-
ous forest and also the only one still
structurally intact, having suffered far
fewer tree falls than other 1-hectare
reserves. Despite a vegetation struc-
ture similar to continuous forest and
the proximity of continuous forest,
this reserve showed the lowest num-
ber of species, biomass, and individu-
als of any area sampled, including all
other isolates, the second-growth veg-
etation around the other reserves, and
continuous forest. Because there was
no replication of these particular con-
ditions, this result remains anecdotal
but nonetheless suggests that most
small mammals find an 80-meter ex-
panse of sparsely vegetated landscape

a formidable barrier to dispersal.

Using radio telemetry and translo-
cation of trapped individuals of two
small marsupials, Malcolm (1991a)
confirmed this barrier effect and
showed that it differs among species.
He found that a 250-meter strip of
pasture significantly inhibited hom-
ing in Caluromys philander, butithad
no effect on the apparent habitat gen-
eralist Marmosa cinerea.

Understory birds show a similar
reluctance to cross narrow gaps of
clear-cut forest or pasture. On a well-
sampled transect in continuous forest,
more than half the birds caught are
unbanded (Bierregaard and Lovejoy
1988). Most of these unbanded birds
are neighbors from adjacent territo-
ries or birds with no territories seek-
ing an uninhabited patch of suitable
forest. Comparisons of recapture rates
among all nine 1-hectare and 10-hect-
are isolated reserves (including those
isolated by only 80 m and 100 m) and
continuous forest show that fewer
unbanded birds are trapped in the nets
in the isolates (Figure 2a). Within
several months of isolation, the per-
centage of a day’s captures that are
unbanded birds drops to approxi-
mately 25 %, demonstrating that birds
rarely cross a gap to get to an isolate
from adjacent continuous forest.

Fragment size

How does the size of a forest fragment
affect animal communities isolated
therein? The MacArthur-Wilson
model predicts that small forest rem-
nants will support smaller popula-
tions and fewer species than larger
ones. Our censuses of beetles, birds,
and primates in 1-, 10-, and 100-
hectare reserves indicate that the num-
ber of species, and in some cases popu-
lation sizes, in these groups varies
with the size of the reserve.

Carrion- and dung-feeding beetle
communities in 1- and 10-hectare for-
est fragments isolated by more than
350 m for 2—6 years were represented
by fewer species, sparser populations,
and smaller individuals than in nearby
continuous forest (Klein 1989). Klein
also was able to correlate the reduced
densities of carrion and dung beetles
with lower rates of decomposition of
dung in 1-hectare isolates, thereby
demonstrating a change in ecosystem
process associated with the restricted
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Figure 2. Recapture percentages (a) and capture rates (b), measured in captures per net
hour, asa function of time inisolated reserves and continuous forest. Three-point running
means of the data from three representative isolated reserves are plotted along with control
data from all nonisolated net lines. Isolation is a prolonged process, which was completed
approximately 300 days after sampling began, as indicated by the vertical line in both

graphs (after Bierregaard and Lovejoy 1988).

forest area.

As forest is felled around a reserve,
many birds find sanctuary in the rem-
nant patch of forest (Bierregaard and
Lovejoy 1989). After isolation, cap-
ture rates increased dramatically in
newly isolated forest fragments, indi-
cating both increased activity (move-
ment) of birds in the reserves as well as
an increased number of individuals
present (Figure 2b). These elevated
numbers, which are inversely corre-
lated with fragment size, persist for
approximately 200 days, at which
point the number of birds in the re-
serves falls sharply to levels below
pre-isolation values. The rate and ex-
tent of this faunal collapse are greater
in smaller reserves than in larger ones
(Bierregaard and Lovejoy 1988).

Avian community structure is most
drastically altered in the smallest frag-
ments. Two important ecological
guilds, army-ant followers and mixed-
species flocks, which represent more
than 41% of all mist-net captures in
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continuous forest, were dramatically
reduced in all 1- and 10-hectare iso-
lates. Three species of birds that obliga-
torily feed on insects fleeing from
swarming army ants (Eciton burchelli)
disappeared immediately upon isola-
tion from all 1- and 10-hectare frag-
ments (Harper 1987). Over a longer
period (1-2 years), the majority of a
larger suite of 13 insectivorous spe-
cies—which forage in complex social
units referred to as mixed species flocks
(see review by Powell 1985)—disap-
peared from all the 1- and 10-hectare
fragments (Bierregaard and Lovejoy
1989).

Changes in the relative abundances
of birds captured in the 100-hectare
reserve isolated in 1983 were not as
dramatic. During the first year after
isolation, the reserve remained con-
nected to continuous forest by a 2-
kilometer-long corridor of gallery for-
est along a small stream, whose
headwaters lie within the reserve. The
forest corridor varies in width from

100 to 300 m. While the reserve was
connected by the corridor, the com-
munity structure of understory birds,
as measured by our netting program,
was indistinguishable from control
plots in continuous forest. The three
obligate ant-following species disap-
peared from the reserve almost imme-
diately after we cleared a 250-meter
break in the corridor (1.6 km from the
reserve) a year after isolation, indicat-
ing that not all 100-hectare forest
reserves will support populations of
army-ant-following birds.

The number of species of primates
that persisted in four 10-hectare ex-
perimental isolates was lower than in
a single 100-hectare isolate (Rylands
and Keuroghlian 1988). Additional,
casual observations by BDFFP re-
searchers in 1-hectare isolates and the
second 100-hectare isolate confirm
that primates conform to the predic-
tions of the MacArthur-Wilson model;
species number varies directly with
fragment size, at least before the
regrowth of substantial second growth
around the isolates.

Edge effects and other
physical changes

By definition, the periphery of a forest
fragmentis an edge between forestand
nonforest habitat. Changes, both physi-
caland biological, that occur along these
edges may affect both form and func-
tion of the isolated ecosystem. In-
creased insolation and wind penetra-
tion along a newly formed forest edge
can be expected to change tempera-
ture and relative humidity in the re-
serve. Structural damage is likely to
occur when storms buffet trees along
a forest edge.

Kapos (1989) quantified penetration
of microenvironmental changes into re-
cently isolated forest reserves to assess
their importance for understory plant
water relationsand changingevapotrans-
piration balances. Patterns of tempera-
ture, humidity, photosynthetically ac-
tiveradiation (PAR), and soil moisture
were measured in transects across 1-
hectareisolates and from edge to core of
a partially isolated (two sides exposed
by clear-cutting) 100-hectare reserve.

Compared to the core of the 100-
hectare reserve, temperatures and vapor
pressure deficits (VPDs) were higher up
to40 minto the reserves from the edges
studied and were also higher in the cores

BioScience Vol. 42 No. 11
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of 1-hectare isolates. PAR in the un-
derstory was higher up to 40 m in
from a 100-hectare reserve edge, and
soil moisture was lower in the outer
20 m of large and small reserves than
in their centers. The depletion of soil
water near the edge suggested in-
creased evapotranspiration, which
may have been triggered in part by the
increase in PAR near the reserve edge.
However, no ecophysiological evi-
denceindicated that understory plants
suffered a shortage of available water.

Subsequent studies on gradients in
relation to older edges (more than §
years after clear-cut) have shown much
more complicated patterns. Air tem-
perature and VPD bore no relation to
distance from the edge, and the edge
effect on soil moisture was complex.'
Changes in vegetation structure caused
by edge-related tree mortality are likely
the major cause of increasing complex-
ity of these microenvironmental gradi-
ents. Altered forest structure may also
influence regional evapotranspiration
budgets and their contribution to rainfall
(cf.Salatietal. 1978).

Biotic changes

Because plants are long-lived and can-
not flee changing microclimatic con-
ditions, the first changes in the plant
community are expected to be mani-

José Luiz Camargo, 1992, personal communica-
tion. Instituto Nacional de Pesquisas da Amazonia,
Manaus, AM, Brazil.
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fested through differential mortality
and growth of established individuals
and through differential recruitment
of seedlings. Through continued moni-
toring of growth and mortality of
individual trees in two isolated re-
serves (10 and 100 ha) and compari-
sons with control data from five 1-
hectare sample plots in continuous
forest (Rankin-de Mérona etal. 1990),
the effects of edge formation by forest
fragmentation on the community of
canopy trees are being assessed. Three
separate 1-hectare plots in the core of
a 100-hectare isolate, three 1-hectare
plots along its edge, and the eastern
half of a 10-hectare reserve isolated in
1980 are included in these analyses.
Control and 100-hectare reserve
samples cover a five-year period,
whereas the 10-hectare isolate has
been studied for ten years.
Demographic trends indicate a
greater flux occurring on the edges of
plots in comparison with continuous
forest. In the two years after isolation
of the 10-hectare fragment, many bro-
ken, dead trees were concentrated al-
most exclusively on the windward mar-
gin of the reserve (Lovejoy etal. 1984).
Mortality of trees was greatest in the
edge plots of the 100-hectare reserve
than in the 10-hectare isolate, which in
turnshowed greater mortality than ei-
ther the core samples from the 100-
hectareisolate or continuous forest (Fig-
ure 3). Within the edge plots, the
incidence of trees damaged by wind
and by other trees was greatest in the

60 m nearest the edge. In another 100-
hectare reserve, the proportion of for-
estarea occupied by tree-fall gaps was
greatest up to 160 m from a four-year-
old edge than in undisturbed forest
(Wandelli 1991).

Recruitment (growth) into the small-
est size class of trees (10-15 cm diam-
eteratbreast height) was greatestin the
10-hectare fragment and lowest in the
core of the 100-hectare reserve and con-
tinuous forest (Figure 3). There was a net
loss of live trees along the edge and in the
core of the 100-hectare reserve, where
recruitment was significantly less than
the total mortality over the five years
studied (Figure 3).

The plant community in the lower
strata of the forest is also subject to
edge-related changes. For example,
an understory palm, Astrocaryum
sociale, was significantly less com-
mon near five- to eight-year-old edges
than in undisturbed forest (Wandelli
1991). This pattern was probably due
to the changes in forest structure near
edges; individuals of A. sociale in gaps
were less vigorous than those in undis-
turbed understory.

Sizer? compared the regeneration
of woody species along newly created
edges of a 100-hectare reserve iso-
lated in 1990 to that in the core of the
reserve. All woody seedlings in plots
at different distances from the edge of
the reserve were tagged and were
measured periodically from nine
months before until two years after
isolation. No edge effect on mortality
rates was apparent, but seedling
growth increased significantly up to
25 m into the forest. Plants < 50 cm
tall and those recruited close to the
time of edge creation responded most
strongly. Growth rates declined expo-
nentially with increased distance from
the edge, suggesting that the seedlings
are using a resource (such as light)
that also declines exponentially with
distance from the edge.

Statistically significant changes in
seedling recruitment patterns were
documented up to 25 m into the for-
est, with similar, although not signifi-
cant, tendencies to more than 50 m.
Recruitment of pioneer species such
as Cecropia spp. increased up to 10 m
from the edge.

Sizer also showed thatlitterfall rates

2Nigel Sizer, 1992, Ph.D. dissertation in prepa-
ration. Cambridge University, Cambridge, UK.
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increased dramatically up to 50 m
into the reserve after edge creation.
The phosphorus content of falling
leaves increased up to 10 m from the
reserve edge. Very high leaf-fall rates
were recorded near the edge after the
adjacent felled forest was burned. A
year later, the pattern was reversed,
with litterfall 100 m into the forest
exceeding that near the edge. The
sudden loss of large numbers of leaves
with high phosphorus content sug-
gests that the adult trees did not have
time to mobilize and retract nutrients
before dropping their leaves, appar-
ently in response to the proximity of
the fire in the adjacent clear-cut. Such
alossof nutrients may play a significant
role in the increased mortality of adult
trees reported by Lovejoyetal. (1984).3

Current models of edge effects are
too simplistic, generally describing
little more than the ratio of the size of
a core area unaffected by edge effects
to the size of a peripheral area modi-
fied by its exposure to an adjacent,
altered habitat (Laurance 1989 in
Malcolm 1991a, Temple and Cary
1988). Malcolm (1991a) has proposed
a more realistic model that assumes
the edge effect decreases curvilinearly
with increasing distance from the edge
to a point D,,,. where it becomes
zero. The tota e(i(ge effectatany given
point less than D, from the edge is
the sum of “point” edge effects—not
only of the edge closest to the point in
question but also, to a decreasing ex-
tent, that from all points along the
edge < D, from the point in ques-
tion. Therefore, edge effects at cor-
ners of reserves are greater than along
an external edge because a point near
a reserve center is in close proximity
to more edge.

Malcolm’s measures of vegetation
structure in both understory and the
canopy of forest fragments fit the model
well. Kapos (1989) showed that the rela-
tionship between distance from the near-
estedge and air temperature and vapor-
pressure deficit differed between
1-hectareand 100-hectare fragments, as
would be predicted by Malcolm’s model.

Surrounding vegetation

Habitat islands are not strictly com-
parable to true islands. The surround-

SEdmund Tanner, 1989, personal communica-
tion. Cambridge University, Cambridge, UK.
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Figure 4. Number of species versus num-
ber of individuals of small mammals
trapped in forest isolates and adjacent
continuous forest. Both average species
number and number of individuals are
greater in 1-hectare isolated reserves sur-
rounded by second growth than in 10-
hectare isolates and greater in both sizes
of isolates than in continuous forest. The
1-hectare isolate with low species num-
ber and low number of individuals is the
only one surrounded by pasture with
little second growth (after Malcolm
1991a).

ing sea of vegetation is dynamic, chang-
ing with natural succession and pasture
maintenance, and not completely in-
hospitable to many of the organisms
in the habitat island. Whereas the
community structure of primates, un-
derstory birds, and some insects seems
strongly affected by patch size, small
nonvolant mammals and some butter-
flies are apparently more sensitive to
the vegetation structure around the
forest fragments than to island size.

Two years after isolation, the rela-
tive abundances of species of small
mammals in four 1-hectare and four
10-hectare fragments were quite dif-
ferent from those in adjacent continu-
ous forest (Malcolm 1991a). In con-
trast to the response of understory
birds, where population sizes and spe-
cies numbers declined most dramati-
cally in the smallest fragments, spe-
ciesrichness, biomass, and abundances
of most small mammal species were
greater in 1-hectare thanin 10-hectare
fragments and higher in both than in
continuous forest (Figure 4). In addition,
the communities in fragments showed a
shiftin the vertical distribution of mam-
malian biomass. In continuous forest,
arboreal biomass was slightly greater
than terrestrial, whereas the reverse was
true in fragments.

Malcolm’s (1991a) measurements of
foliage structure and insect abundance
showed changes parallel to those exhib-

ited by the small-mammal communi-
ties; the foliage density and insect
abundance were greater in the under-
story of fragments than in the canopy,
whereas the reverse was true in con-
tinuous forest. Malcolm related the
changes in mammal community struc-
ture to these habitat changes and was
able to show thata model based on the
effects of the creation of forest edge
and the vegetation structure of the
matrix surrounding the forest accu-
rately explained changes in the mam-
mal community in forest fragments.
Insularization effects as such (frag-
ment size and distance to adjacent
forest) played nosignificant role in struc-
turing the communities. Malcolm sug-
gested that the fragments were small
enough (10 ha orless) and close enough
(1000 m or less) to continuous forest
that, for some species, they did not func-
tion as true islands, where small mam-
mal communities tend to conformto the
predictions of the MacArthur-Wilson
model (e.g., Brown 1986 and other ref-
erences in Heaney and Patterson 1986).

Brown (1991) and Hutchings (1991)
have shown that both the size of a forest
fragment and the treatment of the sur-
rounding forest after felling affect but-
terfly communities in forest fragments.
The intensity of the fire used to clear the
felled forest and the vegetation around
theisolate are important determinants of
post-isolation community structure. If
the fire around a forest fragment was
intense, butterfly species number were
depressed, perhaps due to fumigation of
the reserve by smoke and the subsequent
scarcity of regrowth around thereserve.
Avyear later, species numbers returned to
pre-isolation levels and continued to in-
crease, with more species found in 10-
hectare than in 1-hectare reserves. In
reserves where the surrounding forest
was felled and not burned or only lightly
burned, an exuberant second-growth
vegetation began to surround the re-
serves within months and total butterfly
species numbers in 1- and 10-hectare
isolates exceeded those encountered in
similar areas of continuous forest. Many
of the species encountered, however,
represented light-loving species thatare
rare or absent from continuous forest,
although sometimes found in large
clearings. The complement of some
larger or more specialized deep-forest
species decreases over several years in
1- and 10-hectare fragments (Brown
and Hutchings in press).
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Although the number of species of
birds and euglossine beesin 1-and 10-
hectare reserves declined after isola-
tion, both groups increased somewhat
from postisolation lows when the sur-
rounding second-growth vegetation
around the isolates grew tall enough
to have a relatively open understory
(Becker et al. 1992, Bierregaard and
Lovejoy 1988). The MacArthur-Wil-
son model predicts such a change;
dense second-growth vegetation can
be expected to increase colonization,
asif theisland had moved closer to the
mainland.

Conservation implications

How then can the results of BDFFP be
applied to regional conservation plan-
ning and ecosystem management?
What practical results have we to
show after 12 years of research?

Certain limitations in the BDFFP
experiment must be recognized from
the outset. Both the size range repre-
sented by the experimental reserves
and the number of replicates are small.
Logistical considerations made it im-
possible to plan to sample a series of
reserves larger than 1000 ha, and
changes in such reserves would prob-
ably be undetectable in normal re-
search time spans. As a result of un-
foreseeable changes in government
policy, only half of the experimental
reserves, including neither of the 1000-
hectare reserves, have been isolated,
and the second 100-hectare reserve
was only isolated in 1990.

Because the experimentally isolated
reserves of BDFFP are three to four
orders of magnitude smaller than the
size generally accepted as adequate
for national parks in the Amazon
(10°-10¢ ha; Terborgh 1974, Thiollay
1989), we cannot extrapolate our spe-
cies/area results quantitatively to is-
sues associated with such large pro-
tected areas. However, because it is
safe to assume that the vast majority
of the Amazon basin will be subjected
to development rather than being set
aside in large, protected areas, we can
expect much of the currently exten-
sive rainforest to be changed to the
landscape mosaic typically created by
organized or spontaneous coloniza-
tion, replete with forest fragments of
the size under study by BDFFP.

Given this scenario, data from
BDFFP on the mechanisms by which
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fragmentation affects the rainforest
ecosystem become directly relevant to
the future of vast areas of Amazonia.
There is no other body of data being
generated on the biotic and abiotic
changes that are caused by fragmenta-
tion of Amazonian rainforests. For all
their shortcomings, these are the only
regionally collected data available with
which to address habitat fragmenta-
tion issues in the Amazon basin.

Is the MacArthur-Wilson island
biogeography model appropriate when
discussing habitat islands of 1-100
ha? A major weakness of the
MacArthur-Wilson model is that all
species are treated equally; immigra-
tion and extinction probabilities are
the same for all species (Lovejoy and
Oren 1981). In nature, the different
species have different tendencies to
disperse (e.g., migratory versus nonmi-
gratory species) and require different-
sized home ranges or territories. Such
differences should affect the likeli-
hood that certain species will arrive
and persist on an island or in an
isolated, protected area. For example,
obligate army-ant-following birds are
far more susceptible to extinction in
small reserves than are closely related
species that require far smaller home
ranges (Bierregaard and Lovejoy 1988,
Harper 1987).

Reserve planning requires this type
of detailed knowledge of the ecology
and specific habitat requirements of
target species. For example, Zim-
merman and Bierregaard (1986)
pointed out that because critical breed-
ing habitat for several species of frogs
is not randomly distributed in undis-
turbed forest, a prediction of the mini-
mal size of a forest reserve necessary
to preserve these species cannot be
based on the simple paradigms of the
MacArthur-Wilson model.

How might BDFFP data be applied
in government-controlled colonization
projects? Is the current scenario—of
giving out 100- to 200-hectare lots to
colonists and requiring thateach leave
half of the lot in forest reserve—an ad-
equate model to preserve forest-dwell-
ing flora and fauna? BDFFP data con-
firm that the forest remnants in such a
mosaic would suffer significant alter-
ation by edge effects and lose certain
species of birds, monkeys, and perhaps
important insect pollinators and cop-
rophagousinsects. Nonetheless, aland-
scape with suchimpoverished remnants

would clearly be better than one with
noneatall.

A high percentage (approximately
90%) of forest tree species in Para-
gominas, Brazil, depends on animals
to disperse their seeds, and few poten-
tial dispersal agents are likely to carry
seeds far into large open tracts (Uhl et
al. 1988). Consequently, forest rem-
nants would serve as important cata-
lysts for forest regeneration.

Ideally, smaller fragments should
be connected by forest corridors and
the landscape should include one or
more forest tracts larger than 1000
ha. Plantation forests for the harvest
of fruits or other forest products would
protect the edges of preserved areas
and eventually encourage seed dis-
persal from the forest reserves.

Studies of habitat fragmentation
have taken on an undeniable urgency.
Ability to strike a balance between the
need of tropical countries to use their
forested land and the need to preserve
their forests will depend in no small
part on the understanding of forest
fragments. The established infrastruc-
ture of forest fragments under long-
term study as well as the control areas
in undisturbed forest, both with easy
access to Manaus and the researchers
and facilities of INPA, make BDFFP a
unique opportunity for the study of
the natural history, dynamics, and
conservation of tropical rainforest
ecosystems.*

Acknowledgments

The results reviewed here are the prod-
uct of the hard work and dedication of
researchers, student interns, and sup-
port staff of the Biological Dynamics
of Forest Fragments Project too nu-
merous to thank individually. The
field work was financed by the World
Wildlife Fund-US, INPA, the Instituto
Brasileiro de Desenvolvimento Flo-
restal (IBDF), the US National Park
Service (cooperative agreement CX-
0001-9-0041), the Man and the Bio-
sphere Program of US-AID, the A. W.
Mellon Foundation, the Pew Chari-
table Trusts, the McDonald’s Corpo-
ration, the Tinker Foundation, and
individual donors. Suggestions by R.
Cavalcanti, R. Primack, J. A. Miller,

“The BDFFP directors are eager to include new
research initiatives under the auspices of the
program and welcome inquiries addressed to
the senior author of this article.

865



and four anonymous reviewers sub-
stantially improved previous instars
of this paper. This publication is num-
ber 88 in the Biological Dynamics of
Forest Fragments Project Technical Se-
ries.

References cited

Becker, P., J. S. Moure, and F. J. A. Peralta.
1992. More about euglossine bees in Ama-
zonian forest fragments. Biotropica 23:
586-591.

Bierregaard,R. O. Jr.,and T. E. Lovejoy. 1988.
Birds in Amazonian forest fragments: ef-
fects of insularization. Pages 1564-1579 in
H. Ouellet, ed. Acta XIX Congressus
Internationalis Ornithologici vol 1. Uni-
versity of Ottawa Press, Ottawa, ON,
Canada.

. 1989. Effects of forest fragmentation
on Amazonian understory bird communi-
ties. Acta Amazdnica 19: 215-241.

Brown, J. H. 1986. Two decades of interaction
between the MacArthur-Wilson model and
the complexities of mammalian distribu-
tions. Biol. J. Linn. Soc. 28: 231-251.

Brown, K. S. Jr. 1991. Conservation of
neotropical environments: insects as indica-
tors. Pages 349-404 in N. M. Collins and J.
A. Thomas, eds. Conservation of Insects
and Their Habitats. Academic Press, New
York.

Brown, K. S. Jr.,and R. W. Hutchings. In press.
Dindmica de comunidades de Lepidoptera
(Papilionoidea) em floresta continua e

comunidades de Papilionoidea (Insecta:
Lepidoptera) em fragmentos de floresta na
Amazdnia Central. Masters dissertation,
Instituto Nacional de Pesquisas da
Amazénia and Fundag¢do Universidade do
Amazonas, Manaus, Brazil.

=+ Kapos, V. 1989. Effects of isolation on the

water status of forest patches in the Brazil-
ian Amazon. J. Trop. Ecol. 5: 173-185.

=+ Klein, B. C. 1989. Effects of forest fragmenta-

tion on dung and carrion beetle communi-
ties in central Amazonia. Ecology 70:
1715-1725.

Laurance, W. F. 1989. Ecological impacts of
tropical forest fragmentation on nonflying
mammals and their habitats. Ph.D. disserta-
tion. University of California, Berkeley.

Lovejoy, T. E., and R. O. Bierregaard Jr. 1990.
Central Amazonian forests and the Mini-
mum Critical Size of Ecosystems Project.
Pages 60-74 in A. Gentry, ed. Four Neotro-
pical Rainforests. Yale University Press,
New Haven, CT.

and T. E. Lovejoy. 1990. Tree mortality and
recruitment over a five-year period in undis-
turbed upland rainforest of the central
Amazon. Pages 573-584 in A. Gentry, ed.
Four Neotropical Rainforests. Yale Univer-
sity Press, New Haven, CT.

Raven, P. H. 1988. Our diminishing tropical
forests. Pages 119-122 in E. O. Wilson, ed.
Biodiversity. National Academy Press,
Washington, DC.

Rylands, A. B., and A. Keuroghlian. 1988.
Primate populations in continuous forest
and forest fragments in central Amazonia.
Acta Amazébnica 18: 291-307.

Salati, E., J. Marques, and L. C. B. Molion.
1978. Origem e distribui¢ido das chuvas na
Amazoénia. Interciencia 3: 200-205.

Schafer, C. L. 1990. Nature Reserves: Island
Theory and Conservation Practice. Smith-
sonian Institution Press, Washington, DC.

Simberloff, D.S.,and L. G. Abele. 1976. Island
biogeography theory and conservation prac-
tice. Science 191: 285-286.

Lovejoy, T.E.,and D.C. Oren. 1981. Minimun =+ Temple, S. A., and J. R. Cary. 1988. Modeling

critical size of ecosystems. Pages 7-12 in R.
L. Burgess and D. M. Sharp, eds. Forest
Island Dynamics in Man-dominated Land-
scapes. Springer-Verlag, New York.
Lovejoy, T. E., J. M. Rankin, R. O. Bierregaard
Jr.,K.S. Brown Jr., L. H. Emmons, and M.
van der Voort. 1984. Ecosystem decay of
Amazon forest remnants. Pages 295-325 in
M. H. Nitecki, ed. Extinctions. University

of Chicago Press, Chicago. -
=+ Lynch, ]J.F.and N.K. Johnson. 1974. Turnover

dynamics of habitat-interior bird popula-
tions in fragmented landscapes. Conserv.
Biol. 2: 340-347.

Terborgh, J. 1974. Preservation of natural di-
versity: the problem of extinction-prone
species. BioScience 24: 715-722.

.1976.Island biogeography and conser-
vation: strategy and limitations. Science
139:1028-1029.

.1992. Maintenance of diversity in tropi-
cal forests. Biotropica 24: 283-292.

and equilibria in insular avifaunas, witl=+ Thiollay,].-M. 1989. Area requirements for the

special reference to the California Channel
Islands. Condor 76: 370-384.

fragmentada na Amazdnia Central. Actc=+ MacArthur, R. H.,and E. O. Wilson. 1963. An
equilibrium theory of insular zoogeogra =+ Uhl, C., R. Buschbacher, and E. A. S. Serrao.

Amazénica.

Deshayne, J., and P. Morrisset. 1989. Species-
area relationships and the SLOSS effectin a
subarctic archipelago. Biol. Conserv. 48:
265-276.

Diamond, J. M. 1969. Avifaunal equilibria and
species turnover rates on the Channel Is-
lands of California. Proc. Natl. Acad. Sci.
68:2742-2745.

.1976.Island biogeography and conser-
vation: strategy and limitations. Science
193:1027-1029.

Diamond, J. M., and R. M. May. 1977. Species
turnover rates on islands: dependence on
census interval. Science 197: 266-270.

Fearnside, P. M. 1987. Deforestation and inter-
national economic development projects in
Brazilian Amazonia. Conserv. Biol. 1:
214-221.

Harper, L. H. 1987. The conservation of ant-
following birds in small Amazonian forest
fragments. Ph.D. dissertation, State Univer-
sity of New York, Albany.

Heaney, L. R., and B. D. Patterson, eds. 1986.
Island Biogeography of Mammals. Aca-
demic Press, New York.

Holdridge, L. R. 1967. Life Zone Ecology.
Tropical Science Center, San Jose, Costa
Rica.

Hutchings, R. W. 1991. Dindmica de trés

866

phy. Evolution 17: 373-387.

____.1967.The Theory of Island Biogeogra-
phy. Princeton University Press, Princeton.

Malcolm, J. R. 1991a. The small mammals of
Amazonian forest fragments: pattern and
process. Ph.D. dissertation, University of
Florida, Gainesville.

. 1991b. Comparative abundances of
neotropical small mammals by trap height.
J. Mammal. 72: 188-192.

Ministério de Minas e Energia (MME). 1978.

conservation of rain forest raptors and game
birds in French Guiana. Conserv. Biol. 3:
128-137.

1988. Abandoned pastures in eastern Ama-
zonia. I. Patterns of plant succession. J.
Ecol. 76: 663-681.

Wandelli, E. 1991. Resposta ecofisioldgica da
palmeira de sub-bosque Astrocaryum sociale
Barb. Rodr. as mudangas ambientais
resultantes do efeito de borda de floresta.
Masters dissertation, Instituto Nacional de
Pesquisas da Amazonia and Fundagio
Universidade do Amazonas, Manaus, Bra-
zil.

Projeto Radam Brasil, Folha SA 20 Manaus = Williams, N. H., and C. H. Dodson. 1972.

Departamento Nacional de Produgdo Min-
eral, Rio de Janeiro, Brazil.

Myers, N. 1991. Tropical forests: present sta-
tus and future outlook. Clim. Change 19:
3-32.

Powell, A. H., and G. V. N. Powell. 1987.
Population dynamics of male euglossine bees
in Amazonian forest fragments. Biotropica
19:176-179.

Powell, G. V. N. 1985. Sociobiology and adap-
tive significance of interspecific foraging
flocks in the neotropics. Pages 713-732in P.
A. Buckley, M. S. Foster, E. S. Morton, R. S.

Selective attraction of male euglossine bees
to orchid floral fragrances and its impor-
tance in long distance pollen flow. Evolu-
tion 26: 84-95.

Wilson, E. O. 1988. The current state of bio-
logical diversity. Pages 3-18 in E. O. Wil-
son, ed. Biodiversity. National Academy
Press, Washington, DC.

Wilson, E. O., and E. O. Willis. 1975. Applied
biogeography. Pages 522-534 in M. L. Cody
and J. M. Diamond, eds. Ecology and Evo-
lution of Communities. Belknap Press, Cam-
bridge, MA.

Ridgely, and F. G. Buckley, eds. Neotropi =+ Zimmerman, B. L., and R. O. Bierregaard Jr.

cal Ornithology. American Ornithologists’
Union, Washington, DC.
Rankin-de Mérona, J. M., R. W. Hutchings,

1986. Relevance of the equilibrium theory
of island biogeography with an example
from Amazonia. J. Biogeog. 13:133-143.

BioScience Vol. 42 No. 11



	Cover Page
	Article Contents
	p.859
	p.860
	p.861
	p.862
	p.863
	p.864
	p.865
	p.866

	Issue Table of Contents
	BioScience, Vol. 42, No. 11, Dec., 1992
	Volume Information [pp.890-894]
	Front Matter [pp.809-883]
	[Introduction]: Change and Stability
	Features
	Central and Eastern Europe Aim to Protect Their Ecological Backbone [pp.810-814]
	Research Update [pp.815-817]

	Tropical Community Dynamics and Conservation Biology [pp.818-821]
	Short-Term Dynamics of a Neotropical Forest [pp.822-828]
	Biodiversity and Forest Change in Malaysian Borneo [pp.829-837]
	Population Variation in a Tropical Bird Community [pp.838-845]
	Catastrophic Change in Species-Rich Freshwater Ecosystems [pp.846-858]
	The Biological Dynamics of Tropical Rainforest Fragments [pp.859-866]
	Roundtable
	Ecology, Government Legitimacy, and a Changing World Order [pp.867-869]

	Correction: One Ecologist's Opinion on the So-Called Stanford Scandals and Social Responsibility [p.869]
	Education
	Methods for Teaching Investigative Skills in College Introductory Biology: Pilot to Program [pp.870-873]

	Washington Watch: Ethics Muddle NIH's Genome Patent Application [p.874]
	Books
	Paleontological View of Life [pp.875-876]
	Bizarre and Extinct [p.877]
	Providing for the Future [pp.877-879]
	Morphology and Magnoliophyta [pp.879-880]
	New Titles [pp.880-881]

	People and Places [pp.884-887]
	BioBriefs [p.888]
	Back Matter [pp.889-896]



