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Researchers studying forest edge effects in fragmented landscapes have begun to
move beyond merely documenting changes along the edge itself to examining the
dynamic influences that edges may have on processes in adjacent areas. One such
“edge-mediated effect” is the influence that edges may have on canopy gap replace-
ment processes within the forest interior by acting as seed sources for shade-intoler-
ant plant species. In this paper, we coupled analyses of woody species composition in
gap and non-gap areas within the interior of an Ohio hardwood forest with a simple
cellular automata model of forest dynamics. Non-gap composition was primarily
correlated with disturbance history and site conditions (topographic position and
slope) while a comparable analysis using a 24-year time series of composition in gaps
showed that gap composition was related most strongly to the proximity of edge
communities for the first 10—15 years. However, after 15-20 years of gap succession,
composition was correlated with essentially the same variables and to the same
degree as non-gap vegetation, suggesting that the influence of edge proximity on
interior stand dynamic processes was transient. These results were used to develop a
simple mathematical model of stand dynamics that showed that losses of interior
forest area may be much greater than typically predicted by core-area models, which
do not consider dynamic, edge-mediated effects. Further, our findings suggest the
importance of considering disturbance interval in mediating edge-interior relation-
ships, particularly as it may interact with forest size and shape.

J. A. Kupfer, Dept of Geography and Regional Development, Harvill Building Box 2,
Univ. of Arizona, Tucson, AZ 85721 USA (kupfer@email.arizona.edu). — J. R. Runkle,
Dept of Biological Sciences, Wright State Univ., Dayton OH 45435 USA.

Many of the most severe impacts of forest fragmenta-
tion are related to the increased susceptibility of forest
remnants to edge effects — changes in microclimate,
forest structure, biotic composition, and ecological
function that occur along forest edges exposed to non-
forested habitats such as agricultural fields, roads or
clear cuts (Lovejoy et al. 1986, Laurance 1997). Charac-
teristics of edge effects such as depth of edge influence
have been documented for a wide range of variables,
locations and organisms (Forman 1995), and the stand-
level importance of edge habitats has often been evalu-
ated indirectly through the use of patch shape indices
such as perimeter-area ratio and fractal dimension
(Jorge and Garcia 1997). It is clear, however, that
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studies of forest edges must not only document the
characteristics of the edges themselves (the traditional
edge effect) but also seek to uncover the dynamic
manners by which edges alter key ecological processes
in forest remnants and across the landscape as a whole
(boundary dynamics: Wiens et al. 1985, edge-mediated
effects: Fagan et al. 1999). This conceptual shift necessi-
tates the utilization of stand- and landscape-level ap-
proaches to the study and understanding of the diverse
nature of edge effects (Kupfer 1995, Laurance 2000).
In many temperate forests, the creation of canopy
gaps following the death of one or a few large trees is
one of the most critical processes structuring patterns
of forest composition and diversity because gaps in-
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crease understory light levels, alter soil moisture
regimes, and provide a temporary pulse of nutrients to
the soil (Watt 1947, Chazdon and Fetcher 1984, Vi-
tousek and Denslow 1986, Peet and Christensen 1987,
Canham et al. 1990, Denslow et al. 1998). Through the
creation of heterogeneity in the forest understory, gaps
help to maintain plant species diversity (Brokaw 1987,
Whitmore 1989) and are central in the replacement of
dead or dying canopy trees via both the release of
advanced regeneration and the germination of propag-
ules (Foré et al. 1997). Temporal changes in environ-
mental conditions that occur as gaps close favor species
with differing strategies and adaptations. Thus, many
methods used to project stand dynamic processes asso-
ciated with canopy gap openings stress the importance
of physiological adaptations in determining future
canopy composition (e.g. matrix transition models:
Brisson et al. 1994, gap simulation models: Shugart
1987).

While abiotic conditions influence the course of gap
succession, mechanisms of species dispersal and pat-
terns of seed arrival in gaps may be equally important
(Brokaw 1986, Schupp et al. 1989, Alvarez-Buylla and
Garcia-Barrios 1991, Dalling et al. 1998). It follows
that changes in the spatial arrangement of ecosystems
across a landscape that affect the composition of the
seed rain may affect the successional trajectory of a
gap. Ranney et al. (1981), Kupfer and Runkle (1996),
Laurance (1997) and Goldblum and Beatty (1999) have
all suggested that composition within gaps may be
influenced by the proximity of forest edges, which
typically contain a high percentage of shade-intolerant
species. While otherwise excluded from the forest un-
derstory by low light levels, edge species may be well
suited to conditions within canopy openings, and the
proximity of a canopy gap to an edge (and thus to the
source of edge propagules) might thus be expected to
influence gap composition.

In this study, we examined patterns of understory
woody species composition within canopy gaps and
non-gap areas within the interior of an old growth
beech-maple (Fagus-Acer) forest as a function of site
conditions and spatial proximity to edges. Our hypoth-
esis for non-gap areas was that species—environment
relationships would be evident but that composition
would not be significantly related to edge proximity
because the sample plots fell outside of the microcli-
matic forest edge. We contrasted these results with
those from a similar analysis of a 24-year time series of
composition within 36 canopy gap openings. We hy-
pothesized that a high percentage of variance in gap
composition would be explained by edge proximity
because of the altered composition of the seed rain in
gaps located near a forest edge, but expected that as the
gaps closed and the understory microenvironment re-
turned toward that which existed prior to gap creation,
the correlates of gap composition would shift toward
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those related to non-gap composition. Using this field
data, we developed a simple cellular automata model to
examine the consequences of edge proximity on gap
dynamics at the stand level, focusing especially on the
interactions among forest size, shape and disturbance
interval.

Methods
Study area

We conducted the study in Hueston Woods Nature
Preserve in Preble County, Ohio, USA (39°34" N,
84°45" W). Although a portion of its area was selec-
tively logged > 75 years ago, Hueston Woods contains
ca 70 ha of contiguous, old-growth hardwood forest.
The dominant canopy species (comprising > 80% of
canopy individuals and basal area) are Fagus grandifo-
lia and Acer saccharum, with Fraxinus americana, Lirio-
dendron tulipifera and Prunus serotina as co-dominants
in some areas. The woody understory is largely com-
prised of smaller individuals of the dominant canopy
species (although in different proportions) along with
Lindera benzoin and Asimina triloba. Soils are Russell
silt loams (a Typic Hapludalf) and are deep and well-
drained, having formed in silt-mantled glacial till over-
lying limestone (Lerch et al. 1969). Summers are hot
(mean July temperature: 23.7°C), winters are cold
(mean January temperature: — 2.0°C), and precipita-
tion occurs year round (mean annual precipitation:
102.5 cm, Averages 1950-1988 for Hamilton, Ohio;
National Climatic Data Center).

Hueston Woods has been the subject of considerable
ecological research, including studies of canopy compo-
sition (Adams and Barrett 1977), understory composi-
tion and processes (Foré et al. 1997), non-woody
species processes (Moore and Vankat 1986), canopy
gap patterns and processes (Vankat et al. 1975, Runkle
1981, 1982, 1984, 1990, 2000, Kupfer and Runkle 1996,
Kupfer et al. 1997), and forest edge communities
(Kupfer 1996). Vegetation in gaps is often a mix of
advanced reproduction from the seedling and sapling
layers (<2 m tall) as well as regeneration from seed.
Most small (< 100 m?) gaps close by lateral expansion
of adjacent individuals within a few decades, meaning
that understory species need to survive several gap
creation and closure events to reach the canopy. While
much of the work on gap dynamics at Hueston Woods
has focused on the relationships between gap composi-
tion and gap age and area, Kupfer and Runkle (1996)
and Kupfer et al. (1997) examined composition in
canopy gaps in the interior of Hueston Woods (38-232
m from the nearest forest edge) as a function of edge
proximity. They found that gaps located near road
edges contained a greater proportion of edge species
and a different assemblage of species than more interior
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gaps shortly after gap creation. They suggested that
such a pattern was the result of differences in seed
inputs since the gaps were all located outside of the
range of microclimatic edge effects. This research builds
on those previous findings.

Field data collection and analysis

Data on canopy gap composition were taken from
repeat samples of 36 gaps in which the density and
species of all woody individuals > 1 m tall have been
recorded at four-year intervals from 1977-2001. The
median age of the gaps was 3 years in 1977, and nearly
all were the result of small openings (< 100 m?). By
1997, most of the gaps had been closed by lateral
growth of individuals bordering the gap or by vertical
growth of understory vegetation, although some gaps
were affected by mortality of surrounding canopy trees.
In 1997, we also recorded the density of woody individ-
uals > 1 m tall in 36 10 x 10 m plots that were located
in non-gap areas. These plots were randomly located
throughout the forest interior but represent a similar
range of edge proximity distances to that for the gaps.
Gaps comprise 5—10% of the total canopy area, and the
mean disturbance rate is 1-2% of the land surface per
year (Runkle 2000).

Patterns of gap and non-gap composition were ana-
lyzed as a function of disturbance history, topographic
variables, edge proximity, and, for gaps, gap age and
gap area (Table 1). The locations of gap and non-gap
plots were surveyed and entered into a geographic
information system (ARC/INFO) to derive the distance
to edges as well as the length of edges within various
radii around the plot/gap. Because of differences in
edge structure and composition (Kupfer 1996), edge
proximity variables were calculated with respect to two
types of forest edges: 1) new edges, which bordered
wide roads built in the 1960’s and were characterized by
open canopies and high light environments, and 2) old

edges, which bordered an older, narrow road that has a
generally closed canopy and lower light environment.
For both gap and non-gap plots, woody species
density was analyzed by using each independent vari-
able as the only constraining variable in a canonical
correspondence analysis (CCA: ter Braak 1986, Okland
and Eilertsen 1994). A Monte Carlo permutation test
(with 200 permutations) was used to test whether the
amount of species variation explained by the variable
was statistically different from that explained by a
random variable. Canopy gap data through 1993 were
analyzed using detrended correspondence analysis and
reported elsewhere (Kupfer and Runkle 1996); in this
study, the data are updated and reanalyzed using CCA
to provide a contrast to the analyses of non-gap plots.
Due to a high degree of correlation among a number
of independent variables, we also used a variant of
CCA, partial canonical correspondence analysis
(PCCA), to examine the amount of variation in species
composition that was attributable to variable subsets
(including only those variables in the analyses that were
found to be statistically significant (p <0.05) in the
single variable analyses). In PCCA, the ordination axes
are constrained to be linear combinations of the inde-
pendent variables after removing the effects of covari-
ables by multiple linear regression (Borcard et al. 1992).
We partitioned variation in gap composition into four
groups (Borcard et al. 1992, Kupfer et al. 1997):

1. Non-spatial environmental variation: the % of species
variation explained by site characteristics while con-
trolling for the effects of edge proximity on species
composition.

2. Spatially-structured environmental variation: the %
of species variation explained jointly by edge prox-
imity and site characteristics (i.e. the effects of envi-
ronmental variables that are systematically
structured in space).

3. Non-environmental spatially-structured variation: the
% of species variation explained by edge proximity

Table 1. Variables used in the analysis of Hueston Woods vegetation data. (Adapted from Kupfer et al. 1997)

Variable Comments

Site conditions and history
Disturbance rating
Topographic position
Slope
Aspect:

Gap age
Canopy gap area
Expanded gap area

Proximity to new and old edges
Distance (m) from nearest
Distance (m) from upwind

0 = eastern half of reserve (uncut); 1 = western half of reserve (selectively cut)

0 =lowland, 1 =slope, 2 = upland

Slope measurement in degrees

cos(aspect-225) x tan (slope angle); SW slopes: high values; NE slopes: low values
Determined by establishment and release dates suggesting canopy gap creation
Estimated canopy gap area (m?) in a given sample year

Area in the canopy gap plus the adjacent areas extending to the bases of canopy trees
surrounding the canopy gap

Straightline distance from the gap edge to the nearest new and old edge
Straightline distance from the gap edge to the nearest new edge in the direction of the

dominant prevailing wind (180-270° azimuth)

Length of edge (m) within
100, 200, & 400 m

Total length of edges within a 100 m, 200 m and 400 m radius around a gap
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while controlling for known effects of site
characteristics.

4. Unexplained variation and stochastic fluctuations: the
% of species variation not explained by site charac-

teristics or edge proximity.

Supplementing the single variable analyses with these
analyses allowed us to do two things. First, we could
assess the collective influence of variable subsets and
thereby avoid over-inflating an individual variable’s
unique contribution to explaining species composition.
This was particularly important for the edge-proximity
variables, which displayed a high degree of intercorrela-
tion. Second, variation in species composition explained
by edge-proximity variables could represent the effects
of environmental variables that co-varied with distance
to a forest edge. Partial CCA provided a means for
factoring out such effects to examine the portion of
species variance explained solely by edge variables.

Model development and runs

Following analysis of the field data, we developed a
simple, non-mechanistic, spatially-explicit model to ex-
amine the potential effects of edges on interior stand
dynamic patterns. We began by constructing a set of
hypothetical forest stands, each composed of a grid of
10 x 10m cells but varying in size and shape. Each cell
within the stands had two attributes: 1) age, which was
the time since the last canopy gap creation event, and 2)
edge factor (EF), a measure of the degree to which the
cell exhibited compositional attributes structured by
edge proximity. Cells on the outer edge of the forest
were assigned an EF of 1.0, indicating that they were
“true” edge cells (the traditional edge effect). All inte-
rior (i.e. non-edge) cells > 16 years in age or > 200 m
from the nearest edge were assigned a value of 0.0
(indicating no edge influence). Interior cells <200 m
from an edge and < 16 years in age were considered
“edge-influenced cells” and assigned a value between
0.0-1.0, indicating a gradient of edge character.

To determine the edge factor for edge-influenced
cells, we ordinated the woody species composition data
using detrended correspondence analysis (DCA) for

y=-0.782x +177.3

2_
R“=0.93 20.9

Edge Factor:

DCA Axis 1Value

=0.825

300
Distance to Edge (m)
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= (mx + (y - DCAzoo)) / (y — DCAz()o)

=(-0.782(35)+(177.3-20.9)) / (177.3-20.9)

each of the sample years (1977-2001). The confounding
effects of disturbance history, topographic position and
slope were minimized by using only gaps that were
located on upland, uncut sites with slopes < 10°. For
each year, gaps were plotted by their DCA Axis 1
values versus distance to the nearest new edge. A
regression line was fit to the data and used to calculate
the edge factor as:

EF = (mx + (y — DCAy))/(y — DCAy) 1

where m was the slope of the regression line, x was the
distance from the cell mid-point to the nearest edge, y
was the y-intercept of the regression line, and DCA,,
was the predicted DCA Axis 1 value for a site 200 m
from the nearest edge. This equation is standardized
such that EF = 1.0 at the forest edge and 0.0 at 200 m
from the nearest edge, a distance that was assigned as
the maximum distance to which gap composition would
be influenced based on the field data.

An example of edge factor calculation for a cell 35 m
from the nearest edge is shown in Fig. 1. Based on the
graph of DCA values and the resulting regression equa-
tion, the edge factor would be 0.825, suggesting a
strong edge affinity but indicating that the cell is not
truly an edge cell in the sense of bordering the forest
edge and does not exhibit the same floristic characteris-
tics as edge cells. The site might, for example, include
common edge species but still exhibit some composi-
tional similarity to interior gaps.

During model runs, an edge factor was determined
for all cells <200 m from an edge and < 16 years old
using an age-specific regression line (cells 1-4 years in
age used the equation from the 1977 DCA ordination,
cells 5-8 years in age used the 1981 ordination, and so
on). While it might be expected that sites in close
proximity to several edges exhibit different responses
than those equidistant from just a single edge, we used
only the distance to the nearest edge to simplify model
calculations. Further, because it does not appear that
most individuals of edge species reach reproductive age
in gaps before canopy closure and subsequent mortal-
ity, we did not incorporate the effects of early gap
successional vegetation on nearby gaps.

Distance to nearest edge (x): 35m
Predicted DCAgo: -0.782(200) +177.3 =

Fig. 1. Example of edge
factor (EF) calculation for a
cell 35 m from the nearest
forest edge based on
regression analysis of a
detrended correspondence
analysis on canopy gap
composition and distance to
the nearest edge. EF is scaled
so that sites at the edge have
a value of 1.0 and sites

> 200 m have a value of 0.0.
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Model runs were conducted for rectangular forest
patches varying in size (1, 4, 9, 16, 25, 50 ha), shape
(length:width of 1:1, 2:1, 4:1), and disturbance recur-
rence intervals (50, 100, 150 years). These patch sizes
and shapes are common for agricultural areas in the
Midwestern U.S., including the study area (Medley et
al. 1995). Temporal dynamics were simulated through
the creation and aging of canopy gaps. The probability
of a canopy gap opening was calculated annually for
each cell using a simple frequency distribution adapted
from Johnson (1992):

F(t)=1—e(~@»" 2)

where F(¢) is the frequency of having canopy gap
openings with intervals less than age ¢ and is thus the
cumulative probability of disturbance, ¢ is time since
the last canopy gap creation for that cell (in years), and
b is the recurrence interval which will be exceeded 37%
of the time. Gap creation events were determined by
calculating the probability of a canopy opening given a
cell’s age and comparing that to a random number; if a
gap opened, the age of the cell was reset to 0. To
examine the importance of disturbance frequency, we
used three recurrence intervals, 50 years, 100 years and
150 years, which corresponded to median times be-
tween disturbance of 43, 85 (typical recurrence for
Hueston Woods) and 126 years, respectively. Although
some studies have documented increased rates of mor-
tality either adjacent to other gaps or in proximity to
edges, there is no evidence of the former at Hueston
Woods (Runkle 2000) and no existing evidence to
suggest the need to incorporate the latter.

All cells were assigned a random age at the start of
the model run based on the distribution in eq. 2, and
two hundred separate model runs of 1000 years were
made for each scenario. The mean percentage of inte-
rior forest (EF =0.0) for each scenario was compared
using MANOVA to assess how disturbance frequency
and forest shape influenced edge-mediated effects on
stand dynamics. Because the amount of forest interior
is naturally a function of forest size, forest stands
differing in disturbance frequency and shape were com-
pared within size classes (e.g. all 25 ha stands).

Results
Field study

Results of the CCA showed that woody species compo-
sition in non-gap areas was primarily related to site
characteristics, including slope (11% of species varia-
tion), disturbance history (9%) and topographic posi-
tion (6%) (Table 2). There was also a significant
relationship between non-gap composition and distance
to the nearest old edge (8%), but no significant relation-
ship to new edge proximity was evident. These results
differed from those for gaps, which indicated that com-
position shortly after gap creation (1977, 1981) was
strongly related to a range of edge variables and distur-
bance history. By 1993, the relationship between edge
proximity and composition declined while the impor-
tance of disturbance history, topographic location and
slope had all increased or remained constant. By the
final two samples, gap composition was unrelated to
the proximity of new edges.

Table 2. Percent variation of woody species composition in gap and non-gap plots explained by site characteristics and edge
proximity. Significance assessed using a Monte Carlo permutation test (n =200 permutations) of the constrained axis (H,:
influence of variable on vegetation composition is not significantly different from random).

Variables Canopy gaps Non-gaps
1977 1981 1985 1989 1993 1997 2001

Site characteristics
Disturbance history 9.3%%* 10.8%%* 8.5%* 10.2%%* [1.7%%%* [1.7%%% 8.9%** 8.8%*
Topography 6.3* 8.2%* 7.9%* 10.7%%* 9.6%** 8.3FH* 7.7%* 6.4%
Slope 6.9% 8.5%* 8.0%* 8.4%* 8.7%* 9.6%** 11.0%** 10.7%**
Aspect 6.1* 6.0* n.s. n.s. n.s. n.s. n.s. n.s.
Gap area (sample year) n.s 6.2% 6.6* n.s n.s n.s n.s. NA
Expanded gap area n.s n.s 6.4* n.s. n.s n.s n.s. NA
Gap age n.s n.s. n.s. n.s. n.s. n.s. n.s. NA

Proximity to new edges
Dist. to nearest 9.6%** 8.9** 5.9% n.s n.s n.s n.s. n.s
Dist. to upwind edge 12.9%%* 8.3%* 8.0* 9.4%%* 7.6* n.s n.s. n.s
Length within 100m 7.0% n.s n.s n.s n.s n.s n.s. n.s
Length within 200m 10.1%** 8.3%* 6.6* 6.7* n.s n.s n.s. n.s
Length within 400m 6.4* n.s n.s n.s n.s n.s n.s. n.s

Proximity to old edges
Distance to nearest 7.3%% 9.6%** 12.0%** 9.6%** 7.8%%* n.s. 6.6* 7.7*
Length within 100m 10.5%%* 9.1%* 11.0%%* 7.6% 6.4% 5.7 6.9% n.s
Length within 200m 11.7%%* 13.1%%* 14.0%** 12.0%** 9.8%* 6.1*% 7.3*% n.s
Length within 400m 11.2%** 12.4%** 11.7%** [1.3%** 9.2%* n.s n.s. n.s

Significance levels: *0.01 <p<0.05; **0.005 <p<0.01; *** p<0.005; n.s = Not significant (p > 0.05); NA = not applicable.
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Results of the PCCA variance partitioning uncovered
two patterns that reinforced the single variable analyses
(Table 3). First, the amount of variation in gap compo-
sition partitioned to non-spatial environmental varia-
tion remained relatively constant throughout the study
(15-22%) with no trend toward increasing or decreas-
ing values. This is in contrast to the amount of species
variance attributed to spatial factors, which was more
than twice that for environmental factors in 1977 but
less than 30—50% by 1997 and 2001. This supports our
hypothesis that edge proximity was initially a very
important factor structuring gap composition but that
these effects declined following gap closure and thin-
ning of less shade-tolerant individuals.

Second, by 1997 and 2001, gap vegetation patterns
were explained by nearly the same variables and to a
similar degree as vegetation patterns in non-gap areas.
The amount of variation in non-gap composition ex-
plained by site characteristics (17%) fell in the mid-
range of gap values (15-22%) while the steady decline
in compositional variance attributed to spatial factors
resulted in a comparable percentage between gap (1997:
7%; 2001: 11.5%) and non-gap habitats (8%). Similarly,
the percentage of gap composition not explained by the
variables in this study was relatively low early in the
successional sequence (1977-1985, 38-44%), but was
comparable to that for non-gap plots by 1997 (71 vs
74%).

Simulation results

Analyses of the gap data indicated strong relationships
between gap composition, as represented by DCA Axis
1 values, and the distance to a new edge through 1993
but not after (Fig. 2). When these results were used as
the basis for the stand dynamics model, differences in
the percentage of interior (EF =0.0), edge (EF =1.0)
and edge-influenced (0.0 < EF < 1.0) cells emerged for

Table 3. % variation in species composition at Hueston
Woods partitioned to different variable subsets by partial
canonical correspondence analysis.

ENV.! SPAT.? ENV. UNEXPL.*
SPA .3
GAPS 1977 16.0 33.7 6.8 43.5
GAPS 1981 21.9 27.4 13.1 37.6
GAPS 1985 17.6 27.2 13.5 42.8
GAPS 1989 14.7 23.5 6.7 55.1
GAPS 1993 18.3 20.3 3.2 58.0
GAPS 1997 203 6.6 1.2 71.2
GAPS 2001 20.3 11.5 0.3 67.9
NON-GAPS 173 7.7 1.0 74.0

"Nonspatial environmental variation.

2Spatially-structured variation not related to the environmen-
tal variables.

3Spatially-structured environmental variation.

“Unexplained variation.
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the various forest scenarios (Table 4). As expected,
results of the simulation runs indicated that the amount
of interior forest was a function of stand size and
shape, with smaller and more elongated stands contain-
ing proportionately more edge area. However, interior
forest area was equally as dependent on whether edge
habitat was defined solely in terms of the true edge cells
or also included edge-influenced cells. For example, for
a square 50 ha forest with a 100-year disturbance
recurrence interval (a situation comparable to Hueston
Woods), the estimated interior area would be roughly
47.5 ha when factoring out a 10m wide band of true
edge communities but only 40 ha when edge-influenced
cells are also excluded.

For all forest sizes, quantitative analyses
(MANOVA) of model outputs indicated significant
(p < 0.001) differences in interior area for forests differ-
ing in disturbance interval and shape, with higher F-
statistics in all cases for disturbance interval. Thus
while forest shape did influence the ratio of edge to
interior areas (as expected), the amount of interior
forest was influenced to an equal or greater degree by
the frequency of gap creation because gaps provided
brief windows of opportunity (i.e. safe sites) for edge
species to establish. There were also significant (p <
0.001) interaction effects between disturbance interval
and forest shape for all forest sizes, indicating that
interior forest area decreased more rapidly for high
length:width ratios when disturbance interval is fre-
quent. Thus, an elongated forest stand brings progres-
sively more of the stand into dispersal range of the edge
individuals while the higher frequency of disturbances
provides more opportunities for invasion.

Because the model used a constant probability of gap
creation for any given recurrence interval (eq. 2), the
amount of area in each class (edge, edge-influenced or
interior) varied only slightly over the course of the 1000
year runs as the opening of new gaps was offset by the
closing of other gaps (Fig. 3). The result was a shifting
mosaic of edge-influenced cells, with interior cells be-
coming edge-influenced as gaps opened within 200 m of
an edge and other edge-influenced cells returning to
interior cells as they aged. This dynamic equilibrium
allowed us to develop predictive equations using the
mean values for interior, edge and edge-influenced area
based on forest size, shape and disturbance interval
(Fig. 4). These simple models underscore that edge-me-
diated effects may result in a much greater decrease in
forest interior area than would be predicted using the
traditional edge effect alone and capture the impor-
tance of the relationships among forest size, shape and
disturbance regime. Such equations are model-specific
and a function of the depth to which edge influence
would reach (200 m in this study) as well as disturbance
frequency, forest size and forest shape, but they suggest
that studies of other organisms or ecological processes
could lead to similar models in much the same way that
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Fig. 2. Relationships between
DCA Axis 1 values
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edge depth has been incorporated into core-area models
(Laurance and Yensen 1991).

Discussion

Forest edges, canopy gaps and stand dynamics

Canopy gap dynamics have been cited as a fundamental
cause for differences among species in the establishment
and growth of individuals in the understory and their
recruitment into the overstory (Foré et al. 1997).
Schupp et al. (1989), among others, stressed that regen-
eration following gap creation is determined by the
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interplay of probabilities of arrival and survival; com-
position in forest gaps is thus determined by factors
affecting both colonization of newly-created gaps and
the competitive abilities of species at changing resource
levels as a gap ages and matures. While the role that
environmental conditions play in shaping gap processes
has been well documented, the short- and long-term
effects of spatially-related phenomena such as dispersal
are only beginning to be recognized for gap dynamic
processes.

Generally speaking, elevated light levels in gaps lead
to both a release of advanced regeneration and the
germination and establishment of individuals from in-
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Table 4. Percentage of forest categorized as interior (edge
factor = 0.0), edge-influenced(0.0 <edge factor<1.0) or edge
(edge factor=1.0) as a function of forest size, shape
(length:width), and rate of gap creation (disturbance fre-
quency interval).

Shape Interior Edge-influenced Edge
1:1/2:1/4:1 1:1/2:1/4:1 1:1/2:1/4:1

50 year disturbance frequency interval
1 ha  0.42/0.40/0.36 0.22/0.22/0.18 0.36/0.38/0.46
4 ha  0.53/0.52/0.50 0.28/0.28/0.26 0.19/0.20/0.24
9 ha 0.57/0.56/0.55 0.30/0.30/0.29  0.13/0.14/0.16
16 ha 0.59/0.58/0.57 0.31/0.32/0.31 0.10/0.10/0.12
25 ha 0.62/0.60/0.59 0.30/0.32/0.31 0.08/0.08/0.10
50 ha 0.69/0.66/0.61 0.25/0.28/0.32 0.06/0.06/0.07

100 year disturbance frequency interval

coming seeds and the seedbank (Connell 1989). If envi-
ronmental conditions and biotic interactions are the
only factors shaping gap dynamic processes, gap com-
position will systematically differ based on variations in
site conditions such as gap size/light availability, mois-
ture, or soil characteristics. However, if seed rain differs
substantially in composition from gap to gap, gap
composition will also likely vary, especially shortly after
gap creation when competition for light is lessened.
Such differences in gap composition related to seed rain
would be short-lived once closure of the gap by sur-
rounding trees or surviving subcanopy individuals shifts
the understory microclimate back toward that present
in undisturbed areas, leading to dominance by only a

1ha 0.52/0.51/045 0.13/0.11/0.09  0.36/0.38/0.46 : X .

4ha  0.67/0.65/0.62 0.14/0.15/0.14 0.19/0.20/0.24 few highly shade tolerant species. Thls would be the

9 ha 0.71/0.71/0.69 0.16/0.15/0.15 0.13/0.14/0.16 case at Hueston Woods where multiple release events

;g Ea 8;‘%8;‘;;832 8%2;81%8%2 8(1)2?8(1)3?8% are typically necessary for individuals to reach the

S0ha 0.8100.8000.76 0.13/014/0.17  006/0.06/007 ~ Ccanopy. and subcanopy individuals would need to sur-
i . vive intervening periods of low light availability.

150 year disturbance frequency interval Thi L7 istent with th it b d
1 ha 0.56/0.55/0.47 0.08/0.07/0.07  0.36/0.38/0.46 - Lhus scenario 1s consistent wi C patterns observe
4ha 0.71/0.71/0.67 0.10/0.09/0.09 0.19/0.20/0.24 in this study. Light levels beneath the canopy should
9 ha  0.77/0.76/0.74 0.10/0.10/0.10  0.13/0.14/0.16 have been roughly similar among all non-gap plots;
16 ha  0.79/0.79/0.77  0.11/0.11/0.11 0.10/0.10/0.12 plot-to-plot differences in non-gap composition were
25 ha 0.82/0.81/0.79 0.10/0.11/0.11 0.08/0.08/0.10 . .

50 ha 0.85/0.84/0.82 0.09/0.10/0.11  0.06/0.06/0.07 thus largely a result of differences in slope (11% of
species variation), disturbance history (9%), and topog-

1 ha square 16 ha square
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e e
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§ (0.01-0.99 (Edge-Influenced) of forest classified as edge,
20 1 interior, or edge-influenced

[J0.0 (Interior) for three square forest

0 - — - — . differing in area. Mean
- 3 Q 8 = S disturbance recurrence
Year - interval for these runs was
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Fig. 4. Relationship between forest size, disturbance frequency
and amount of forest classified as interior (edge factor = 0.0),
edge-influenced (0.0 < edge factor < 1.0), or edge (edge fac-
tor = 1.0) for square forests. Figures differ in mean distur-
bance recurrence interval: (A) 50 years, (B) 100 years, (C) 150
years.

raphy (6%). Slope and topographic position, in particu-
lar, influence a range of physical parameters that would
structure plant composition, including microclimate
and soil characteristics.

If one accepts that the non-gap plots captured the
major controls over understory vegetation reasonably
well, then it might be expected that gap composition
should be correlated to the same variables. This was

OIKOS 101:1 (2003)

clearly not the case early in the time series (1977-1985)
when edge proximity explained roughly one-third of all
variation in gap composition and accounted for a much
greater percentage of the species variance than environ-
mental factors (Table 3). By 1997, however, the specific
correlates of gap composition (Table 2) as well as the
variance partitioned to the different variable subsets
(Table 3) were very similar to the non-gap results. This
implies that gap closure and thinning — which were
noticeable in the field after 1985 — have led to a sorting
of species based on environmental site conditions. The
key point of this component of the study is thus that
edges may alter stand dynamic processes in forest inte-
rior locations beyond the recognized depth of edge
effect, but that such effects may be ephemeral on any
single site and constrained by environmental changes.

Fragmented landscapes and edges

Edge effects have become a topic of interest for conser-
vation biologists and forest managers studying forest
fragmentation as the myriad influences of edges have
been delineated. Most work has focused on document-
ing changes in microclimate and biotic assemblages
along edges and determining the depth to which such
changes penetrate into the forest interior (reviewed by
Murcia 1995 and Baker and Dillon 2000) while a few
studies have also addressed temporal dynamics within
edge communities themselves (Ranney et al. 1981,
Kupfer and Malanson 1993). Research on these “tradi-
tional” edge effects is crucial and has provided a wealth
of information about the consequences of edge creation
in a range of forest types. Such studies: 1) often focus
on a narrow band (e.g. 10-100 m) of affected forest at
or near the interface with a non-forested ecosystem, 2)
imply that a small percentage of forest area is “lost” to
edge effects in relatively large patches, and 3) fit neatly
with the use of core-area measures since the amount of
edge and interior habitat in one or more stands can
easily be calculated once a depth of edge influence is
ascertained (Tinker et al. 1998).

In contrast, comparatively little work (especially by
plant ecologists) has treated the more dynamic manners
by which edges alter ecosystem processes such as suc-
cession at the stand- or landscape-level. Results of the
field and simulation components of this study suggest
that the consideration of edge-mediated processes may
greatly influence estimates of the amount of forest
affected by edges. For example, in forest stands > 25
ha in size, the amount of forest composed of true edge
habitat is < 10% when using a 10 m estimate of edge
width, but the exclusion of edge-influenced areas re-
duces the amount of interior forest by as much as 20%.
It is important to recognize that the manner in which
these edge-mediated differences are manifested differs
implicitly from the typical conceptualization of edge
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effects. The gaps examined in this study are truly
interior sites that are located beyond the microclimatic
edge but nonetheless exhibited dynamic, short-lived
differences in composition created by canopy gap open-
ings and structured by the gaps’ proximity to edges.
Unlike true edge habitats at Hueston Woods, which
displayed persistent, long-term changes in forest struc-
ture and composition, edge-influenced interior locations
lacked extremely shade-intolerant edge species com-
monly found along edges but represented less obvious
changes in gap composition (Kupfer 1996, Kupfer et al.
1997).

While it is possible that such subtle edge-mediated
changes in composition may be related to an underlying
environmental gradient, we have tried to minimize the
likeliness of such confounding by: 1) analyzing spatial
aspects of gap composition after controlling for other
factors known to structure composition at Hueston
Woods, and 2) documenting that composition in non-
gap areas was unrelated to the presence of new edges
and only minimally-related to the proximity of old
edges. The finding that gap composition is unrelated to
new edge proximity after the gaps close further suggests
that variance in composition related to edge proximity
is not a function of underlying environmental
differences.

Although it might be argued that compositional dif-
ferences structured by edge proximity may be unimpor-
tant in the long-term because they are ephemeral for
any given gap, our findings point to the contrary.
Results of the simulation runs suggest that a mosaic of
edge-mediated sites may develop, with edge-influenced
sites comprising a consistent percentage of forest over
the course of simulations (Fig. 3). This finding means
that even though edge-mediated changes may be
ephemeral for a given plot, they may be important
when integrated at the scale of an entire forest stand
and lead to significant and persistent reductions in
forest interior area. Further, the results imply that such
changes may be predictable as a function of reserve size
and shape, depth of influence, and disturbance regime
(Fig. 4).

The need to move beyond a simple dichotomy of
edge vs interior area holds lessons for landscape-level
forest management. Edge-interior relationships for a
forest fragment are often conceptualized using static
metrics such as perimeter:area ratios or core-area mod-
els, the latter of which provides an approximation of
total edge habitat based on a measure of edge penetra-
tion depths and forest geometry (Groom and Schu-
maker 1990, Laurance and Yensen 1991, Laurance et
al. 1998). While useful, such metrics do not (as cur-
rently implemented) address functional changes in
forest interiors driven by edge-mediated processes. The
ramifications of such a portrayal of edge effects are
important because it has been posited that effective
long-term conservation of forest fragments needs to
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incorporate the dominant disturbance regime within
fragments when possible (Baker 1992, Kupfer 1995).

A non-dynamic treatment of forest edges suggests
that a forest interior need only be large enough to
incorporate the range of gap dynamic processes and
stages (e.g. the gap, building and mature phases of
Watt 1947) after accounting for losses to edge habitat.
Conversely, the incorporation of the edge-mediated ef-
fects examined in this study provides a more dynamic
view of the role that edges may play in succession
across the landscape and suggests that the depiction of
edge vs interior conditions should be reformulated to
include edge-influenced interior areas. Although the
model in this study was a simple and non-mechanistic
one, these results suggest that the “minimum critical
size” of a remnant needed to incorporate the common
disturbance regime may need to be larger than expected
due to the temporary influence of edges on stand
dynamic processes in the fragment. Further, like studies
that have more directly addressed the relationship be-
tween disturbances and the invasion of non-native spe-
cies (Higgins and Richardson 1998, Mazia et al. 2001,
Williamson and Harrison 2002), our findings argue for
the importance of considering disturbance interval in
mediating edge-interior relationships, particularly as it
may interact with forest size and shape.

Conclusions

Previous studies have proposed that forest fragments,
often disturbed by winds and other factors from the
surrounding modified landscape matrix, may be prone
to invasions of successional species adapted to recurring
disturbance (Janzen 1983, Laurance 1997). In this
study, we coupled analyses of woody species composi-
tion in gap and non-gap areas within the interior of an
Ohio hardwood forest with a simple cellular automata
model of forest dynamics to examine the effects of
edges on stand dynamic processes. The results suggest
that edges can alter composition within gaps, with gaps
that opened closer to edge communities exhibiting
markedly different composition than gaps located
deeper in the forest interior. As the gaps closed, the
correlates of gap composition shifted toward those that
structure understory communities in non-gap areas at
Hueston Woods: topographic position, disturbance his-
tory and slope. When these results were used to develop
a simple model of stand dynamics, model outputs
showed that: 1) the amount of forest influenced by
edges may be much more than that typically predicted
by core-area models, which do not consider dynamic,
edge-mediated effects, and 2) disturbance regime may
greatly influence such effects by providing opportunities
for edge-oriented species. These findings, along with
those from the growing body of literature on edge-me-
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diated effects and boundary dynamics (Forman and
Moore 1992, Fagan et al. 1999), underscore that studies
of forest edges must not only document the characteris-
tics of the edges themselves but also address the dy-
namic manners by which edges alter key ecological
processes within forest remnants and across the
landscape.

Acknowledgements — We would like to thank Scott Franklin,
Kurt Kipfmueller, O.E. Jakes and Per-Anders Esseen for their
valuable comments on this manuscript. A special thanks goes
to George Malanson for his help and support on previous
work at Hueston Woods. We would also like to thank Joel
Udstuen, for his permission to carry out research within the
preserve. This research was supported in part by a grant from
the Biogeography Specialty Group of the Association of
American Geographers.

References

Adams, D. L. and Barrett, G. W. 1977. Species importance
within a virgin and a timbered beech-maple forest ecosys-
tem. — Ohio J. Sci. 77: 84-87.

Alvarez-Buylla, E. R. and Garcia-Barrios, R. 1991. Seed and
forest dynamics: a theoretical framework and an example
from the neotropics. — Am. Nat. 137: 133—154.

Baker, W. L. 1992. The landscape ecology of large distur-
bances in the design and management of nature-reserves. —
Landscape Ecol. 7: 181-194.

Baker, W. L. and Dillon, G. K. 2000. Plant and vegetation
responses to edges in the southern Rocky Mountains. — In:
Knight, R. L., Smith, F. W., Buskirk, S. W. et al. (eds),
Forest fragmentation in the Southern Rocky Mountains.
Univ. Press of Colorado, pp. 221-245.

Borcard, D., Legendre, P. and Drapeau, P. 1992. Partialling
out the spatial component of ecological variation. — Ecol-
ogy 73: 1045-1055.

Brisson, J., Bergeron, Y., Bouchard, A. and Leduc, A. 199%4.
Beech-maple dynamics in an old-growth forest in southern
Quebec, Canada. — Ecoscience 1: 40-46.

Brokaw, N. V. L. 1986. Seed dispersal, gap colonization, and
the case of Cecropia insignis. — In: Estrada, A. and Flem-
ing, T. H. (eds), Frugivores and seed dispersal. W. Junk,
pp. 323-331.

Brokaw, N. V. L. 1987. Gap-phase regeneration of three
pioneer tree species in a tropical forest. — J. Ecol. 75: 9-19.

Canham, C. D., Denslow, J. S., Platt, W. J. et al. 1990. Light
regimes beneath closed canopies and tree-fall gaps in tem-
perate and tropical forest. — Can. J. Forest Res. 20:
620-631.

Chazdon, R. L. and Fetcher, N. 1984. Photosynthetic light
environments in a lowland tropical rainforest in Costa
Rica. — J. Ecol. 72: 553-564.

Connell, J. H. 1989. Some processes affecting the species
composition in forest gaps. — Ecology 70: 560—562.

Dalling, J. W., Hubbell, S. P. and Silvera, K. 1998. Seed
dispersal, seedling establishment and PAR partitioning
among tropical pioneer species. — J. Ecol. 86: 674—689.

Denslow, J. S., Ellison, A. M. and Sanford, R. E. 1998.
Treefall gap size effects on above- and below-ground pro-
cesses in a tropical wet forest. — J. Ecol. 86: 597-609.

Fagan, W. E., Cantrell, R. S. and Cosner, C. 1999. How
habitat edges change species interactions. — Am. Nat. 153:
165-182.

Foré, S. A., Vankat, J. L. and Schaefer, R. L. 1997. Temporal
variation in the woody understory of an old-growth Fagus-
Acer forest and implications for overstory recruitment. — J.
Vegetation Sci. 8: 607-614.

OIKOS 101:1 (2003)

Forman, R. T. T. 1995. Land mosaics: the ecology of land-
scapes and regions. — Cambridge Univ. Press.

Forman, R. T. T. and Moore, P. N. 1992. Theoretical founda-
tions for understanding boundaries in landscape mosaics.
— In: Hansen, A. J. and di Castri, F. (eds), Landscape
boundaries: consequences for biotic diversity and ecologi-
cal flows. Springer-Verlag, pp. 236-258.

Goldblum, D. and Beatty, S. W. 1999. Influence of an old
field/forest edge on a northeastern United States deciduous
forest understory community. — J. Torrey Bot. Soc. 126:
335-343.

Groom, M. J. and Schumaker, N. 1990. Evaluating landscape
change: patterns of worldwide deforestation and local frag-
mentation. — In: Kareiva, P. M., Kingsolver, J. G. and
Huey, R. B. (eds). Biotic interactions and global change.
Sinauer, pp. 24-44.

Higgins, S. I. and Richardson, D. M. 1998. Pine invasions in
the southern hemisphere: modeling the interactions be-
tween organism, environment and disturbance. — Plant
Ecol. 135: 79-93.

Janzen, D. H. 1983. No park is an island: increase in interfer-
ence from outside as park size decreases. — Oikos 41:
402-410.

Johnson, E. A. 1992. Fire and vegetation dynamics. — Cam-
bridge Univ. Press.

Jorge, L. A. B. and Garcia, G. J. 1997. A study of habitat
fragmentation in Southeastern Brazil using remote sensing
and geographic information systems (GIS). — Forest Ecol.
Manage. 98: 35-47.

Kupfer, J. A. 1995. Landscape ecology and biogeography. —
Prog. Physical Geogr. 19: 18-34.

Kupfer, J. A. 1996. Patterns and determinants of edge vegeta-
tion of a midwestern forest preserve. — Physical Geogr. 17:
62-176.

Kupfer, J. A. and Malanson, G. P. 1993. Observed and
modeled directional change in riparian forest composition
at a cutbank edge. — Landscape Ecol. 8: 185-199.

Kupfer, J. A. and Runkle, J. R. 1996. Early gap successional
pathways in a beech-maple forest preserve: patterns and
determinants. — J. Veg. Sci. 7: 247-256.

Kupfer, J. A., Malanson, G. P. and Runkle, J. R. 1997.
Factors influencing species composition in canopy gaps:
the importance of edge proximity in Hueston Woods,
Ohio. — The Professional Geographer 49: 165-178.

Laurance, W. F. 1997. Hyper-disturbed parks: edge effects and
the ecology of isolated rainforest reserves in tropical Aus-
tralia. — In: Laurance, W. F. and Bierregaard, R. O. (eds),
Tropical forest remnants: ecology, management, and con-
servation of fragmented communities. Univ. of Chicago
Press, pp. 71-83.

Laurance, W. F. 2000. Do edge effects occur over large spatial
scales? — Trends Ecol. Evol. 15: 134-135.

Laurance, W. F. and Yensen, E. 1991. Predicting the impacts
of edge effects in fragmented habitats. — Biol. Conserv. 55:
77-92.

Laurance, W. F., Ferreira, L. V., Rankin-De Merona, J. M.
and Laurance, S. G. 1998. Rain forest fragmentation and
the dynamics of Amazonian tree communities. — Ecology
79: 2032-2040.

Lerch, N. K., Davis, P. E., Tornes, L. A., et al. 1969. Soil
survey of Preble County, Ohio. Dept. of Agric., U.S. Soil
Conserv. Service.

Lovejoy, T. E., Bierregaard, R. O., Rylands, A.B., et al. 1986.
Edge and other effects of isolation on Amazon forest
fragments. — In: M. E. Soulé (ed.), Conservation biology:
the science of scarcity and diversity. Sinauer, pp. 257-285.

Mazia, C. N., Chaneton, E. J., Ghersa, C. M. and Leon, R. J.
C. 2001. Limits to tree species invasion in pampean grass-
land and forest plant communities. — Oecologia 128: 594
602.

Medley, K. E., Okey, B. W., Barrett, G. W. et al. 1995.
Landscape change with agricultural intensification in a
rural watershed, southwestern Ohio, USA. — Landscape
Ecol. 10: 161-176.

145



Moore, M. R. and Vankat, J. L. 1986. Responses of the herb
layer to the gap dynamics of a mature beech-maple forest.
— Am. Midl. Nat. 115: 336-347.

Murcia, C. 1995. Edge effects in fragmented landscape: impli-
cations for conservation. — Trends Ecol. Evol. 10: 58—62.

Okland, R. H. and Eilertsen, O. 1994. Canonical correspon-
dence analysis with variation partitioning: Some comments
and an application. — J. Veg. Sci. 5: 117-126.

Peet, R. K. and Christensen, N. L. 1987. Competition and tree
death. — BioScience 37: 586—-595.

Ranney, J. W., Bruner, M. C. and Levenson, J. B. 1981. The
importance of edge in the structure and dynamics of forest
islands. — In: Burgess, R. L. and Sharpe, D. M. (eds),
Forest island dynamics in man-dominated landscapes.
Springer-Verlag, pp. 67-95.

Runkle, J. R. 1981. Gap regeneration in some old-growth
forests of the eastern United States. — Ecology 62: 1041
1051.

Runkle, J. R. 1982. Patterns of disturbance in some old-
growth mesic forests in eastern North American. — Ecol-
ogy 63: 1533-1546.

Runkle, J. R. 1984. Development of woody vegetation in
treefall gaps in a beech-sugar maple forest. — Holarct.
Ecol. 7: 157-164.

Runkle, J. R. 1990. Gap dynamics in an Ohio Acer-Fagus
forest and speculations on the geography of disturbance. —
Can. J. Forest Res. 20: 632—-641.

Runkle, J. R. 2000. Canopy tree turnover in old-growth mesic
forests of eastern North America. — Ecology 81: 554-567.

146

Schupp, E. W., Howe, H. F., Augsburger, C. K. and Levey,
D. J. 1989. Arrival and survival in tropical treefall gaps. —
Ecology 70: 562—564.

Shugart, H. H. 1987. Dynamic ecosystem consequences of tree
birth and death patterns. — BioScience 37: 596—602.

ter Braak, C. J. F. 1986. Canonical correspondence analysis: a
new eigenvector technique for multivariate direct gradient
analysis. — Ecology 67: 1167-1179.

Tinker, D. B., Resor, C. A., Beauvais, G. P. et al. 1998.
Watershed analysis of forest fragmentation by clearcuts
and roads in a Wyoming forest. — Landscape Ecol. 13:
149-165.

Vankat, J. L., Blackwell, W. H. and Hopkins, W. E. 1975. The
dynamics of Hueston Woods and a review of the succes-
sional status of the southern beech-maple forest. — Cas-
tanea 40: 290-308.

Vitousek, P. M. and Denslow, J. S. 1986. Nitrogen and
phosphorous availability in treefall gaps of a lowland
tropical forest. — J. Ecol. 74: 1167-1178.

Watt, A. S. 1947. Pattern and process in the plant community.
— J. Ecol. 35: 1-22.

Whitmore, T. C. 1989. Canopy gaps and the two major groups
of forest trees. — Ecology 70: 536—538.

Wiens, J. A., Crawford, C. S. and Gosz, J. R. 1985. Boundary
dynamics — a conceptual framework for studying land-
scape ecosystems. — Oikos 45: 421-427.

Williamson, J. and Harrison, S. 2002. Biotic and abiotic limits
to the spread of exotic revegetation species. — Ecol. Appl.
12: 40-51.

OIKOS 101:1 (2003)



