Forest Gaps and Isolated
Savanna Trees

An application of patch dynamics in two ecosystems

A. Joy Belsky and Charles D. Canham

ver the past two decades, un-

O derstanding of the dynamics
of forests in tropical and tem-

perate regions has developed prima-
rily through the study of canopy gaps
formed when mature trees die. The
functional significance of gap-phase
dynamics (Watt 1947) in mesic
(moist) forests rests on two widely
documented observations. First, the
surrounding matrix of closed forest
canopy is largely impenetrable to
juveniles of most canopy-tree spe-
cies, either because the saplings can-
not tolerate the shade cast by canopy
trees, or because young shoots are
abraded as they grow into the tree
crowns above them (Kelty 1986). As
a consequence, most of the species
that dominate old-growth forests
appear to require gaps in the canopy
to reach maturity (e.g., Canham
1988). Second, many species, both
canopy and understory, possess a
wide diversity of specialized traits
that allow them to colonize the re-
source-rich gaps and then compete
for these resources (e.g., Canham
and Marks 19835, Collins et al. 1985).
Researchers have documented re-
markable similarities in the processes
of canopy-gap formation and clo-
sure across a wide range of forest
ecosystems (see reviews in Brokaw
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Discontinuities alter
both the microclimate
and the availability of

resources crucial to

component species

1985, Runkle 1985). In the para-
digm that has emerged from these
studies, an intact forest canopy is
viewed as a closed matrix in which
are embedded a population of gaps
that can be described in the terms of
traditional organism-level demo-
graphy: birth (gap formation),
growth (usually negative), and death
(eventual gap closure). Although this
model of patch dynamics (sensu Levin
and Paine 1974, Pickett and White
1985) has proven to be a powerful
tool for organizing understanding of
forest dynamics, it has seldom been
applied to other terrestrial ecosys-
tems.

We propose that tropical savan-
nas represent another important eco-
system in which the model of patch
dynamics may profitably be applied.
Savannas are defined as structurally
simple, seasonally water-stressed
communities that are dominated by
acontinuous layer of graminoids and
a sparse overstory of trees or shrubs.
The trees and shrubs are maintained
at low densities by fire, large herbi-
vores, physical stress, or competi-
tion for limited resources (Norton-
Griffiths 1979, Smith and Goodman

1986); however, they form a distinct
population of structural discon-
tinuities that rise above the low-
statured grassland. They break up
the herbaceous matrix in a style simi-
lar to the manner in which gaps break
up the forest canopy matrix, except
that savanna trees project above the
matrix rather than produce gaps
within it (Figure 1).

There are obvious structural dis-
similarities between savannas and
forests, but we propose that the dy-
namics of both community types can
productively be described in the terms
of patch dynamics. In both systems,
these discontinuities significantly al-
ter both the local microclimate and
the availability of resources crucial
to the dynamics of many component
species (Bernhard-Reversat 1982,
Canham et al. 1990, Chazdon and
Fetcher 1984, Monk and Gabrielson
1985). And, in both systems, the
patches themselves have distinctive
dynamics of birth, growth, and death.

Our goals in this article are to
review and evaluate the literature on
patch dynamics in forests, use this
perspective to examine the emerging
literature on the effects of isolated
trees and shrubs in savannas, com-
pare patch dynamics in savannas and
forests, and identify promising di-
rections for future research on patch
dynamics in both systems. Although
gaps in savannas formed by physical
disturbance or death of herbaceous
plants within the matrix are also
analogous to forest gaps, they are
less important to long-term dynam-
ics of savanna communities than are
patches created by overhead trees
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Tree-dominated
patch

Figure 1. Gaps in forests and isolated trees in tropical savannas produce distinct
understory patches. The patch is likely to have a different size and shape than does

the overstory gap or tree crown.

because in savannas gaps disappear
rapidly (Belsky 1986). Therefore, we
do not address disturbance gaps in
savannas in this article.

A synopsis of patch dynamics
in forests and savannas

There is a critical distinction between
an opening, called a gap, in a forest
canopy and the area it influences,
called a patch (Figure 1). There is a
similar and equally important dis-
tinction in a sparsely wooded sa-
vanna between the tree crown, which
we will call the isolated tree, and its
zone of influence on the ground,
which we will call the tree-domi-
nated patch. In this section, we pro-
vide a brief synopsis of the dynamics
of canopy gaps in forests. Then we
describe the analogous, but less well-
known, dynamics of isolated trees
and shrubs in savannas.

Patch dynamics in forests. Canopy
gaps are ubiquitous features of old-
growth forests. They frequently oc-
cupy 5-15% of the projected area of
the canopy, even after periods that
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have been free of any significant dis-
turbance. The sizes and densities of
canopy gaps are remarkably similar
across a wide range of ecosystems,
with the majority of gaps ranging
from 50 to 100 m? (roughly equiva-
lent to the size of the crown of a
single, large canopy tree). However,
a significant fraction of the total
area in gaps is made up of larger,
less-frequent gaps in the range of
200~500 m? (Brokaw 1985, Runkle
1985).

The overall size distribution of
canopy gaps is a function of two
relatively distinct processes. The first
process is the formation of small
gaps after the death of large branches
or entire crowns of single trees (Table
1). The proximate cause of this single-
tree mortality is frequently some form
of physical disturbance (e.g., wind
or simply the weight of precipitation
intercepted by canopy foliage), but it
usually reflects a structural weak-
ness in the tree due to earlier injury
or loss of vigor. Although these gaps
form abruptly, there are also many
single-tree gaps that form slowly as
canopy trees die gradually in place.

This background mortality results in
the annual formation of gaps that
cover 0.5-1.0% of canopy area.

In contrast, larger multiple-tree
gaps are formed when discrete dis-
turbances kill otherwise healthy trees.
The sources of disturbance vary
among different regions. Extreme
winds associated with severe low-
pressure systems (hurricanes in tropi-
cal and coastal temperate regions
and extratropical cyclones in tem-
perate regions) frequently cause ex-
tensive gap formation over large
regions. Thunderstorms are a pre-
dominant cause of catastrophic
windthrow in some temperate re-
gions (Canham and Loucks 1984),
but smaller-scale downdrafts (micro-
bursts) from thunderstorms also
appear to be a frequent source of
localized gap formation. Local
spread of disease within forests has
been less widely documented, but it
also appearsto be animportant cause
of large-gap formation in some for-
ests (e.g., Menges and Loucks 1980).

Because of their initiation by rela-
tively infrequent disturbances, the
density and age structure of large
gaps tends to be much more episodic
than that of smaller, single-tree gaps.
The average residence time for trees
in the canopy is estimated to be much
shorter (less than 100-200 years)
than the potential life-spans of many
of the dominant tree species of old-
growth forests (e.g., Runkle 1982).

Canopy gaps change in size either
by shrinking, as a result of lateral
growth into the gap by neighboring
trees, or by expanding, as a result of
deaths of trees bordering the gap
(Hibbs 1982, Runkle and Yetter
1987). Given the difficulty of mea-
suring ingrowth of canopy trees, there
is relatively little data on this pro-
cess. The studies of Hibbs (1982)
and Runkle and Yetter (1987) sug-
gest that gaps in temperate decidu-
ous forests of eastern North America
close radially at rates of approxi-
mately 15 cm/yr. Despite consider-
able evidence from the forestry lit-
erature that trees bordering large
clearings are at a much higher risk of
windthrow than trees within a closed
forest canopy (Franklin and Forman
1987), Runkle and Yetter (1987)
found that trees bordering gaps did
not have significantly higher rates of
mortality than trees within closed
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canopies. However, even a random
spatial pattern of single-tree mortal-
ity results in a significant fraction of
gaps expanding in size due to the
death of neighboring trees.

The rate of disappearance of gaps
depends on both the size of the gap
and the rate of growth by neighbor-
ing trees and by saplings within the
gap. Estimates of rate of gap closure
based on extrapolation of direct mea-
surements of sapling height and lat-
eral growth (e.g., Nakashizuka 1984,
Runkle 1982) and reconstruction of
growth patterns from radial growth
rings of trees that successfully reach
canopy size (e.g., Canham 1985) sug-
gest that canopy gaps have relatively
short life-spans of 10-30 years, al-
though the effects of the gaps on tree
size structure persist even after the
gap has closed.

Patch dynamics in savannas.Isolated
trees in tropical savannas are similar
to forest gaps in size and in effect on
canopy structure of the community.
But instead of structural changes be-
ing initiated by the deaths of trees,
changes are initiated by tree seedling
establishment and growth (Table 1).
And instead of the resulting tree-
dominated patches being formed im-
mediately, they develop slowly, start-
ing as narrow concentric rings
adjacent to the bases of tree saplings
and ending as large patches extend-
ing tens of meters from the tree.
Trees invade savannas by wind-
or animal-dispersed seed or by clonal
spread from adjacent woodlands or
forests. They normally remain as dis-
crete, isolated individuals, particu-
larly in areas with frequent fire.
However, in regions where seed-eat-
ing birds and mammals use the tree
environment, additional propagules
of woody species are introduced into
tree-dominated patches, which de-
velop into shrubby thickets. Isolated
trees, therefore, facilitate the forma-
tion of woodland patches, which may
eventually expand and coalesce,
forming extensive woodlands (Ar-
cher et al. 1988, Kellman 1979).
Because tree populations in sa-
vannas have not previously been con-
sidered in terms of patch dynamics,
their density, crown size, and spatial
arrangements have not been investi-
gated. Also, because there is no pre-
dictable annual tree-ring formation,
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Table 1. Comparison of the dynamics of gaps and patches formed by treefalls in
forests and of isolated trees and tree-dominated patches formed by the growth of

trees in tropical savannas.

Discontinuity in
overhead canopy

Forest gaps

Isolated savanna trees

Slow (seedling establishment
and growth)

Gradual (crown expansion)

Rapid or gradual (tree death
or crown dieback)

Formation Rapid or gradual
(episodic or gradual
tree death)

Expansion Episodic {death of
neighboring trees)

Closure Rapid (through ingrowth
of neighboring trees)

Life-span Short (10-30 years)

Patch colonization Rapid

Patch secondary
succession

Patch resource dynamics

Limited to large gaps

Short-lived pulses of

Long (lifetime of trees,
more than 50 years)

Gradual

Rare

Sustained resource enhancement

enhanced resources

tree ages in the tropics are seldom
accurately known. Although baob-
abs are thought to live more than
1000 years, records show that most
other savanna trees live from 50 to
more than 100 years, depending on
the species. Trees may be killed
quickly by fire, wind, or large herbi-
vores such as elephants, or they may
succumb slowly to old age or dis-
ease, paralleling the gradual closure
of treefall gaps. The deaths of these
trees leave distinctive, long-lived
understory patches. In the few cases
where the persistence of such dis-
tinct vegetation patches has been re-
ported, patches are still identifiable
after 5 yearsin Tsavo National Park,
Kenya,! 13 years at the Santa Rita
Experimental Range in Arizona (Tie-
demann and Klemmedson 1986), and
30 years at the Forest Service San
Joaquin Experimental Range in Cali-
fornia (Holland 1980).

In terms of patch dynamics, the
fundamental difference between
treefall gaps and savanna trees is in
the rapidity of their births and deaths.
Most forest gaps form, develop, and
disappear relatively quickly (10-30
years), whereas savanna trees germi-
nate, grow, and persist from 50 to
more than 100 years. As a result,
isolated savanna trees constitute a
more permanent element of the land-

1A. J. Belsky, personal observation, 1993.

scape. These trees are less often
thought of in terms of patch dynam-
ics, but when we adjust forest gaps
and savanna trees to the appropriate
temporal scale, their similarities be-
come more apparent.

Gap dynamics versus
patch environments

The first formal application of the
theory of patch dynamics to natural
communities occurred in marine
rocky intertidal communities, where
waves create bare patches of rock on
a dense background of sessile organ-
isms (Levin and Paine 1974). Given
the compressed vertical structure of
intertidal communities, the gap in
the community matrix is spatially
congruent with the patch of sub-
strate influenced by the gap. In for-
ests and savannas, however, the in-
fluences of gaps and tree crowns
extend well beyond their vertically
projected boundaries (e.g., Belsky et
al. 1989, 1993, Canham et al. 1990,
Runkle 1982).

Forest ecologists have focused on
quantifying the biological responses
of species and communities to treefall
gaps and have expended much less
effort measuring gap effects on for-
est microenvironments. However,
several generalizations on the spe-
cific gap-patch systems have emerged:
treefall gaps have important effects
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not only on light levels in the forest
understory but on the availability of
soil resources and on the microcli-
mate; there is pronounced and pre-
dictable spatial variation in resource
availability and microclimatic con-
ditions within the patches; and dif-
ferent resources do not necessarily
show congruent patterns of spatial
and temporal variation within gaps
(e.g., Canham et al. 1990, Chazdon
and Fetcher 1984, Mladenoff 1987).
The same generalizations are true of
tree-dominated patches in savannas.

Physical conditions
within patches

To justify comparisons of savanna
tree-dominated and forest treefall
patches, we explore the physical con-
ditions created by forest gaps and
isolated trees and the biological re-
sponses by their communities. Be-
cause the effects of forest gaps have
been extensively described and re-
cently reviewed (Denslow 1987,
Pickett and White 1985, Platt and
Strong 1989), we concentrate on the
growing literature on savanna trees.

Light. Light conditions beneath for-
est gaps vary predictably with height
and density of the patch vegetation,
with height of the boundary trees,
and with gap size. Similarly, light
conditions below isolated trees in
savannas vary with height, density,
and diameter of the overhead crown.
As a result, average light intensities
below savanna trees range from 7%
of full sunlight below the crowns of
isolated individuals of Quercus
douglasii (blue oak; Jackson et al.
1990) to 55% under Acacia tortilis
(umbrella acacia; Belsky et al. 1989,
1993).

The intensity and duration of so-
lar radiation reaching ground level is
altered over areas considerably larger
than the vertically projected bound-
aries of tree crowns and overhead
gaps. On the equator in Kenya, for
example, isolated trees of A. tortilis
shade the ground from 40 m west of
trees in the early morning to 40 m
east of trees in the late afternoon,
with zones closer to tree trunks re-
ceiving correspondingly less sunlight
over the course of each day (Belsky et
al. 1989). Additionally, plants grow-
ing on the north side of trees receive
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Figure 2. Soil temperatures measured at
soil depths of (top) 5 cm and (bottom)
10 cm along a transect extending west
(left) and east (right) of the base of an
Acacia tortilis tree. The measurements
were made at four different times: 9:15
(heavy line), 10:40 {dotted line), 12:10
(thin line), and 15:00 (broken line) in
Tsavo National Park, Kenya. The base
of the tree is at 0 m; the tree crown has
a radius of 8 m. (Figure used with the
permission of Journal of Applied Ecol-

ogy-)

continuous shade when the sun is
south of the equator, but no shade at
all when the sun is north of the
equator. Plants growing directly be-
low tree crowns in the tropics, there-
fore, may experience little if any light
reduction during the growing sea-
son, whereas other plants located
beyond the edge of the crowns may
receive significant light reduction.
Similarly, the area of highest light
intesity may not occur directly be-
low the forest gap. At high latitudes
(north of 23.5°N and south of
23.5°S), the sun is never directly over-
head. As a result, the area with the
greatest photon flux in far-northern
and far-southern forests may not be
within the area beneath the gaps, but

several meters north or south of their
boundaries (Canham et al. 1990).

Soil temperatures. Soil temperatures
in forest and savanna patches vary as
a function of light intensity and du-
ration. Temperatures in forest treefall
patches are commonly elevated sev-
eral degrees above those found in the
surrounding matrix (Minckler et al.
1973), whereas temperatures below
tree crowns in savannas are similarly
reduced. For example, isolated sa-
vanna trees of Prosopis juliflora (mes-
quite) in Arizona reduced soil tem-
peratures at a depth of 2.5 cm by an
average of 4°C over the year and by
a maximum of 12°C in the summer
(Tiedemann and Klemmedson 1977).
Similarly, soil temperatures ata depth
of 5 cm near isolated trees of A.
tortilis in savannas of Tsavo Na-
tional Park were commonly reduced
2-4°C in the early morning, but
8-11°C at midafternoon (Belsky et
al. 1989; Figure 2).

Soil moisture. Differences in soil
moisture between patches and their
surrounding communities are less
predictable than differences in light
and temperature, because soil mois-
ture varies with rainfall interception,
soil infiltration, evaporative surface
area, and relative humidity. There
have been few rigorous studies of the
effects of small forest gaps on soil
moisture, but surface soils below for-
est gaps are expected to be more
moist than soils of closed forests
because less precipitation is inter-
cepted by overhead canopies and less
soil water is lost to evapotranspira-
tion (Minckler et al. 1973, but see
Mladenoff 1987).

Soils of tree-dominated patches in
savannas have generally been re-
ported to be more moist than soils of
adjacent communities (Joffre and
Rambal 1988, Kennard and Walker
1973, Parker and Muller 1982), but
seasonal effects on soil moisture are
complex (Vetaas 1992). Early in each
growing season in Tsavo National
Park, Kenya, for example, soils are
dryer below tree crowns than in the
surrounding grasslands due to rain-
fall interception (Belsky et al. 1989).
Later in the growing season, soils are
wetter below tree crowns as a result
of cooler temperatures and reduced
evapotranspiration in the shade. Still
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later in the growing season, soils
below tree crowns and in adjacent
grasslands are equally dry as plants
in _both habitats use all available
moisture.

Chemical and physical properties of
soils.The few studies of the effects of
gap formation on forest soils have
yielded no general patterns.
Mladenoff (1987) found measurable
increases in nitrogen in treefall
patches in one north temperate for-
est, but not in another. Vitousek and
Denslow (1986) speculated that the
absence of significant nutrient en-
richment in tropical forest gaps is
due to rapid uptake of nutrients by
the remaining intact roots and by
rapid adsorption of phosphorus onto
charged clay particles.

The soils of savanna tree-domi-
nated patches, on the other hand,
have been extensively described. They
have consistently been found to have
significantly higher concentrations
of organic matter and of total and
available nitrogen, calcium, potas-
sium, phosphorus, sodium, and sul-
fur (Belsky etal. 1989, Kellman 1979,
Young 1989, Vetaas 1992) than
matrix soils. Where examined, nu-
trient concentrations have been found
to be highest adjacent to the stem
and to decline with distance from the
tree (Belsky et al. 1989, 1993, Bern-
hard-Reversat 1982, Garcia-Moya
and McKell 1970, Kellman 1979).
Because these soils also have greater
total cation-exchange capacities,
higher microbial biomasses, higher
water-infiltration rates, lower bulk
densities, and greater water-hold-
ing capacities than soils in adjacent
communities (Belsky et al. 1989,
1993, Joffre and Rambal 1988,
Kennard and Walker 1973, Young
1989), tree-dominated patches have
been called “islands of high fertility”
(Garcia-Moya and McKell 1970).

Patch dynamics and
species diversity

Patch dynamics have widely been
assumed to be essential for the main-
tenance of species diversity in old-
growth forests (e.g., Denslow 1987).
Most forest species, including shade-
tolerant trees (Canham 1988), shrubs
(Hibbs et al. 1980), and herbs
(Collins et al. 1985), respond posi-
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Figure 3. Zones of altered characteristics surrounding an isolated tree, Acacia

tortilis, in Tsavo National Park, Kenya.

tively to treefall gaps. Denslow
(1987) proposed that the mechanism
linking patch dynamics and species
diversity in forests is the partitioning
of the gradient of resource availabil-
ity created by natural variation in
gap size.

Recent studies of interspecific
variation in the effects of light levels
on tree growth have provided only
limited support for this view. A re-
cently developed model with param-
eters derived from field data from
oak- northern hardwood forests of
southern New England suggests that
although a range of gap sizes can
indeed allow the persistence of rela-
tively shade-intolerant species, the
diversity of shade-tolerant species
depends more on the limitations of
species in their ability to colonize
gaps than on their performance along
resource gradients (Pacala et al. in
press).

The effects of isolated trees on
species diversity in tropical and sub-
tropical savannas have not been ex-
plicitly discussed in terms of niche
partitioning, although these trees
increase community diversity both
by their presence in otherwise herba-
ceous communities and by their cre-
ation of patches of altered resource
availability (Vetaas 1992). These
high-fertility, reduced-light patches
allow the invasion of species that are
less well adapted to the low-fertility,
high-light matrix environment. The
degree to which tree-dominated
patches affect the dynamics of their
surrounding communities has not
been investigated. These patches may
provide important seed sources for

species that also occur in the open
grassland (source-and-sink dynam-
ics [Pulliam 1988]) or, in the absence
of fire, they may develop into wood-
land patches that grow and eventu-
ally replace the original grassland
(e.g., Archer et al. 1988, Kellman
1979).

The patches formed by treefall
gaps and isolated savanna trees pro-
vide essential habitat for specially
adapted wildlife species, further in-
creasing biodiversity in these sys-
tems. In savannas, isolated trees pro-
vide roosting sites for birds, forage
for browsers, and shade for animals
that seek shelter from the sun. Be-
cause below-crown herbaceous
plants have also been found to be
more nutritious (Belsky 1992) and
remain green longer into the dry sea-
son compared to open-grassland
plants (Amundson et al. in press),
tree-dominated patches may also al-
ter the movement of herbivores and
their patterns of forage consump-
tion.

Patch dynamics and
ecosystem processes

Forest ecologists have focused pri-
marily on population and commu-
nity-level consequences of patch dy-
namics, with little attention given to
the effects of patch dynamics on eco-
system processes. In contrast, sa-
vanna ecologists have concentrated
more on the ecosystem-level processes
of productivity and nutrient cycling
than on population and community-
level phenomena. This concentration
most likely reflects the interests of
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savanna ecologists in forage pro-
duction for livestock and in habitat
diversity for wildlife.

One factor that has been found to
be consistently associated with iso-
lated trees in savannas is the elevated
nutrient content in soils below tree
crowns. After discounting several
other possibilities, Kellman (1979)
speculated that the high concentra-
tions of soil nutrients under savanna
trees in Belize were due to increased
wet and dry deposition on the trees.
Other authors, however, attribute
the nutrient loading of below-crown
soils to mass transport of nutrients
from deep or distant soils by tree
roots, to input from perching or nest-
ing birds, and to input from large
mammals that live, rest, or graze in
the tree environment (Belsky et al.
1989, Garcia-Moya and McKell
1970, Vetaas 1992, Weltzin and
Coughenour 1990). The nutrient
content in these patches may also be
increased by reduced decomposition
and leaching rates below tree crowns
and by more efficient nutrient cy-
cling (Young 1989). Because these
hypotheses have not been addressed
empirically, it is not known to what
extent the mass transport of soil nu-
trients from surrounding communi-
ties increases the nutrients available
to plants within the tree-dominated
patches or reduces the nutrients avail-
able to plants in the surrounding
matrix.

Herbaceous-layer productivity in
tree-dominated patches has been
found to differ from that in the rest
of the savanna matrix. In some cases,
understory productivity is higher in
tree-dominated patches, probably
due to the higher soil fertility and
improved water relations of the patch
species (Amundson et al. in press,
Holland 1980, Tiedemann and
Klemmedson 1977, Weltzin and
Coughenour 1990). In other cases,
productivity in tree-dominated
patches is reduced below matrix lev-
els, probably due to low germination
rates in thick litter layers (Monk and
Gabrielson 1985) and to low levels
of solar radiation (Jackson et al.
1990, Parker and Muller 1982). Trees
may also reduce understory produc-
tivity by competing for water and
nutrients (Monk and Gabrielson
1985, Stuart-Hill and Tainton 1989),
but this competition is not universal
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(Belsky in press, Sala et al. 1989).
The probability that savanna trees
reduce, rather than enhance, under-
story productivity increases with in-
creasing tree density. In areas of high
tree density (Belsky and Amundson
1992), trees preempt most of the
light and much of the below-ground
resources. These effects can also be
explained in terms of patch dynam-
ics: as tree density increases, adja-
cent patches interact as tree crowns
shade and tree roots invade neigh-
boring patches. At some tree density,
the resources available to the herba-
ceous layer are reduced below criti-
cal threshold levels and herbaceous
productivity declines (Obot 1988).

Limitations of discrete models
of patch dynamics

Theoretical models used to describe
the dynamics of forest gaps assume
that gaps have discrete boundaries.
And, in fact, both forest gaps and
savanna tree-crowns have clearly de-
fined, physical boundaries. But their
underlying patches do not have dis-
crete boundaries. Although research-
ers have commonly assumed that un-
derstory patches have the same
dimensions as the overhead gaps or
crowns, we have highlighted ample
evidence showing that the patches
are neither the same size nor the
same shape as the overhead struc-
ture.

In addition, the altered levels of
light, soil moisture, and nutrients in
each patch are not necessarily coin-
cident with each other. An intensive
study of A. tortilis—-dominated
patches in Kenyan savannas (Belsky
et al. 1989, 1993) demonstrates the
difficulties of defining a single, dis-
crete understory patch boundary
(Figure 3). For isolated acacia trees,
each having a crown radius of ap-
proximately 10 m, the patches of
enriched soils were confined to within
5 m of the trunks. Beyond 5 m, most
nutrient levels returned to back-
ground levels. In contrast, the grasses
growing within 15-20 m of trunks
had significantly elevated concen-
trations of nitrogen, phosphorus,
potassium, calcium, and copper and
significantly reduced concentrations
of zinc and silicon dioxide compared

with grasses growing further from
the trunks (Belsky 1992).

Similarly, total incoming solar ra-
diation was reduced by crown inter-
ception from 40 m west to 40 m east
of the trunks, but significant differ-
ences in soil temperature were found
only from 20 m east to 20 m west of
the trunks. At one site, the below-
crown herbaceous community had
the same dimensions as the overhead
crowns; but in another site, the be-
low-crown patches extended from 5
to 13 m from the trunks. Understory
productivity, on the other hand, was
significantly elevated as far as 20 m
from tree bases.

We suggest that two features—
spatial heterogeneity of resources
within the patches and continuous
gradation of resources to levels char-
acteristic of the surrounding matrix—
are likely to be ubiquitous features
of patches in both forested and
nonforested systems. One important
ecological consequence of the lack of
a single, discrete patch boundary is
that the response of individual plant
species varies with each species’s
minimal resource requirements. As a
result, the area of patch that is suit-
able for colonization and growth
varies among species. This suitable
size is particularly critical in forests
where patches are relatively tran-
sient, and where many organisms
respond to several successive gaps
during their lifetimes.

Future research directions

Due to differing interests between
forest and savanna scientists, there is
currently little overlap in informa-
tion on the biological effects of
treefall gaps and savanna trees. For-
est ecologists have concentrated on
the effects of gaps on community
dynamics and on adaptive traits,
whereas savanna ecologists have con-
centrated on patch description and
ecosystem-level processes. Both
groups would clearly benefit from
an exchange of ideas and techniques.
The understanding of patch dynam-
ics in forests, for example, would
benefit from more studies contrast-
ing the patch and matrix communi-
ties and from more rigorous studies
of physical conditions within the
patches. Similarly, the field of sa-
vanna ecology would benefit from
studies investigating the effects of
trees on population and community
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dynamics.

To understand the contribution
of treefall gaps and savanna trees to
community and landscape dynam-
ics, we need a more thorough under-
standing of the physical and biologi-
cal properties of the component
patches, including the causes and
consequences of resource heteroge-
neity and the dynamics of nutrient
enrichment and depletion. We also
need to gain an understanding of
ecosystem-level consequences of
treefall gaps and isolated trees in
their respective communities. For
example, do community-wide flux
rates represent simple spatially
weighted averages of processes both
in patches and the matrix, or are
there important processes such as
runoff, litter redistribution, rooting
patterns, and animal foraging pat-
terns that demand integration at spa-
tial scales larger than the individual
patch?

Few studies of forest and savanna
patch dynamics have explicitly ex-
amined the interactions of the patch
and the matrix. Most studies have
examined species dynamics from the
island-biogeographic point of view,
which concentrates on the patch but
ignores the matrix. The following
questions concerning patch/matrix
interactions need to be addressed.
Are there thresholds of patch density
at which the matrix community be-
gins to disintegrate? How do the size
and spatial configuration of patches
within the community influence the
properties of individual patches and
of the patch/matrix system? How do
high population densities of species
in patches influence the population
dynamics of the same species in the
surrounding matrix? And how does
patch frequency or density alter spe-
cies diversity, ecosystem stability, and
energy and nutrient fluxes within the
system?

Finally, forest gaps and savanna
trees can aid the development of gen-
eral theories on patch dynamics. One
unresolved question is whether the
essential dynamics of such systems
can be adequately described with dis-
crete patch models or whether it is
necessary that they be described by
spatially explicit models that allow
continuous variation.

Our comparison of savanna trees
and forest gaps indicates not only

February 1994

that there are striking similarities
between the two community types,
but it also suggests that this com-
parison may contribute to the inves-
tigation of patch dynamics in other
terrestrial ecosystems such as prai-
ries and deserts. Due to the longer
time-scale of tree-dominated patch
formation and persistence, tree-
dominated patches in savannas have
rarely been considered in these terms.
Continued comparison of patch dy-
namics in forests and savannas may
produce important generalities about
the interplay of patch and commu-
nity dynamics in terrestrial systems.
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