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Abstract. Across eastern North America, there is a temporal
trend from open Quercus forests to closed forests with in-
creased Acer rubrum in the understory. We used a series of
Ripley’s K(d) analyses to examine changes in the spatial
pattern of Quercus and Acer rubrum stems greater than 2.5 cm
DBH over 45 yr in a 2-ha mapped stand. Specifically, we
asked whether changes over time were consistent with the
hypothesis that Quercus is being competitively replaced by
Acer rubrum. Both Acer rubrum and Quercus stems are spa-
tially clumped, but have become less clumped over time. Stem
mortality from Hurricane Fran (1996) was more clumped in all
strata of the forest, at all spatial scales, than expected if
damage had occurred to stems at random. Acer rubrum in-
growth occurred more often near established trees (all species)
in the midstory, whereas Quercus ingrowth occurred less
often near established trees in the midstory. The specific
hypothesis that stems of Acer rubrum in the midstory of the
forest are associated with a lack of Quercus regeneration was
strongly supported. This effect occurred at all spatial scales
tested, including scales larger than that at which direct compe-
tition for light can occur. Edaphic gradients in the plot are
correlated with many of the observed trends at large spatial
scales, and our results suggest that the presence of such
gradients can generate complex spatial patterns over time.
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Introduction

In deciduous forests of the eastern United States,
Quercus populations seem to be in decline (Clark 1993;
Abrams 1992). Several causal factors have been impli-
cated (Lorimer 1993), such as disease (e.g. Donaubauer
1998; Bruhn et al. 2000), seed predation (Marquis et al.
1976; Sork 1984), and drought (e.g. Dwyer et al. 1995;
Jenkins & Pallardy 1995), although in many cases oaks
are better adapted to deal with drought than other taxa
(Abrams 1996). Some attribute Quercus decline to a
failure of Quercus seedlings and saplings to survive in
competition with more shade-tolerant species (e.g.
Lorimer 1984, 1994) that were previously held in check
by low-intensity surface fires, but which have increased
under anthropogenic fire suppression (e.g. Abrams 1992;
Lorimer 1985). Consistent with this model, shade-toler-
ant species such as Acer rubrum and A. saccharum have
increased dramatically following fire suppression
(Christensen 1977; Orwig & Abrams 1984). Other fac-
tors contribute to increases in Acer rubrum populations
as well (Abrams 1998), and in some instances, Quercus
decline is not strongly correlated with A. rubrum density
at a landscape scale (McDonald et al. 2002). However,
direct competition between A. rubrum and Quercus
occurs at the much smaller scale of interactions between
stems, and in this study we analyse within-stand pat-
terns of Quercus and A. rubrum stems for evidence of
competitive interactions.

The spatial pattern observed in forests is of  interest
for its own sake, as it mediates the processes of compe-
tition and establishment (Levin 1992). Furthermore, we
can sometimes draw inferences about what processes
are operating from the pattern observed (Watt 1942, but
see Cale et al. 1989). One of the most commonly ob-
served spatial patterns in forests is the tendency for
understory stems to be clumped and for canopy stems to
be more uniformly distributed (e.g. Moeur 1997). Al-
though the decline in density between the understory
and overstory of the forest can often be explained by
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simple ‘self-thinning’ laws (Yoda et al.1963, but see
Weller 1987), the change in spatial pattern between the
two strata suggests some form of spatially heterogene-
ous, density-dependent competition (Kenkel 1988).
Many studies of mature and old-growth forests have
found that establishment occurs preferentially in canopy
gaps, leading to characteristic spatial clumping of new
stems at the scale of a gap (e.g. Leemans 1991; Moeur
1993; Busing 1996). Over time, stems that are crowded
by other stems are more likely to die, and the remaining
stems are more regularly dispersed (Kenkel 1988; Moeur
1993;  Busing 1996; He & Duncan 2000). Many other
factors may obscure the trend from a clumped under-
story distribution to a more regular overstory distribu-
tion, including patterns of seed dispersal (Fowler 1986),
windthrow events (Ida 2000), and surface fire (Miller &
Urban 1999). More generally, environmental heteroge-
neity (Antonovics & Levin 1980) and changes over time
in species composition (Busing 1996) can change spa-
tial patterns in forests in important ways. As many of
these factors are of interest to ecologists in and of
themselves, the spatial pattern observed in a forest at a
moment in time can also be seen as the integration of
factors causing uniformity in species distributions (e.g.
density-dependent competition) and factors that cause
clumping in species distributions (e.g., windthrow events
or environmental heterogeneity).

We examine spatial patterns, across 45 years of
remeasurement, in a mapped stand in the North Carolina
Piedmont. Several of the factors listed above are present,
which could obscure a trend towards a more uniform
stem distribution resulting from density-dependent thin-
ning. Hurricane Fran caused extensive, spatially het-
erogeneous damage to forests in the area in 1996
(Pasch & Avila 1999), which we predict will increase
clumping of species distributions, particularly in the
canopy of the forest. Historically, variation in low-
intensity surface fires could also have caused clump-
ing of species distributions (Cooper 1961; White 1985).
There is high fine-scale variation in soil characteristics
in the area (Palmer 1991; Reed et al. 1993), which
might generate clumping at the scales over which soil
characteristics vary. Furthermore, while Quercus domi-
nates the canopy of the plot, A. rubrum saplings and
other shade-tolerant species are abundant in the
understory; since shade-tolerant species may be less
affected by density-dependent competition, they could
remain more clumped as stems mature into the canopy.
This leads us to predict that forests, on average, get
more spatially clumped over time as shade-tolerant
species become more abundant.

We address the following specific questions about
spatial pattern as related to Quercus regeneration and
competition with A. rubrum:

• How do the spatial patterns of Quercus and A. rubrum
change during the transition from a forest with an open
understory to a forest with a high density of A. rubrum
stems in the understory?
• Do significant disturbance events such as hurricanes
increase the degree of clumping in species distributions?
• Is the establishment of new Quercus and A. rubrum
stems limited by the locations of established stems
regardless of species, and if so at what scales is this
important?
• Is the establishment of Quercus stems limited by
established A. rubrum, and if so at what scales is this
competitive interaction important?

Methods

Study site

The study site is located in the Duke Forest, Orange
County, NC, USA (Bormann 1950, 1953). This forest
has been extensively studied, and information on the
physical environment of the area can be found in Ashe
(1897), Billings (1938), Oosting (1942), Keever (1950),
and Peet & Christensen (1980). Temperatures range
from a mean daily maximum of 10.1 ∞C in January to
31.5 ∞C in July. Mean annual precipitation is 1052 mm,
with slightly more precipitation in summer than autumn
or winter (NC Climate Office 2001). The study plot is
located on a dry upland site with Appling sandy loam
the predominant substrate (Anon. 1971, 1975). The area
experienced some selective cutting before 1930, but has
subsequently been undisturbed.

The 140 m ¥ 140 m study plot was established in
1949 (Bormann 1950, 1953), and has been sampled at
irregular intervals since (1974, 1982, 1989, 1993, 1997).
During the 1949 and 1974 surveys, diameter at breast
height (DBH) and species of each stem > 2.5 cm DBH
were recorded, whereas in subsequent surveys all stems
> 1 cm DBH were recorded. For consistency, data from
latter surveys were censored to include only stems > 2.5
cm DBH. The spatial location of each stem was re-
corded using various techniques to within 0.5 m
(Bormann 1953; Christensen 1977; Christensen & Peet
1981). The canopy of the plot is dominated by Quercus
alba, with several other Quercus species present (Q.
falcata, Q. rubra, Q. stellata, Q. velutina). The midstory
of the forest is generally dominated by Oxydendron
arboreum and Cornus florida with some A. rubrum. The
majority of stems in the understory are A. rubrum or C.
florida (Christensen 1977). More information about
changes in species composition over time in the Duke
Forest can be found in Peet & Christensen (1980) and
McDonald et al. (2002).
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Statistical methods

We used a series of Ripley’s K(d) analyses to de-
scribe the spatial patterns in our plots. Ripley’s K-
function is based on the empirical distribution of point-
to-point distances (Ripley 1976, 1981):

K(d) = l–1E(d) (1)

where E(d) is the expected number of points (e.g. trees)
within a distance d from any point. If there is only one
class of points (e.g. one species of tree) considered in the
analysis, then E(d) is simply estimated from the empiri-
cal distribution of point-to-point distances between points
in that class, and the analysis is referred to as univariate.
If there are two classes of points (e.g. two species of
trees) considered in the analysis, then E(d) is the empiri-
cal distribution of point-to-point distances between points
in one class and points in the other class, and the
analysis is referred to as bivariate. In either case, E(d) is
estimated by calculating all the point-to-point distances
in a stand and then partitioning them among a finite
number of discrete classes. The number of point-to-
point distances in each bin is then the estimate of E(d)
for that distance class. In the univariate case, the mean
intensity is estimated as the average density of points
within the total sampled area, whereas in the bivariate
case the estimation is slightly more complex (Cressie
1993). Because edge effects can distort Ripley’s K(d),
we apply the correction suggested by Cressie (1993,
following Diggle 1983).

If points were distributed spatially at random, then
the expected value of K(d) is pd2. To ease interpretation,
we perform the transformation:

L d
K d

d( ) =
( )

-
p

(2)

which scales the test statistic such that the expectation
under spatial randomness is zero for all values of d (after
Besag 1977). With this transformation, positive values
of L(d) suggest contagion (or in the bivariate case,
attraction), whereas negative values suggest uniformity
(or in the bivariate case, repulsion). We perform signifi-
cance tests of various hypotheses using specific
randomization and permutation tests described below.

Univariate analyses

To determine how the clustering of Quercus and A.
rubrum stems has changed over time, we first conducted
a series of univariate Ripley’s K(d) analyses. All Quercus
species were lumped together to increase sample size –

this lumping is defensible ecologically because the up-
land Quercus species in the plot are similar in shade
tolerance and drought tolerance (Ferrill 1953; Bourdeau
1954; Burns & Honkala 1990). All stems of a particular
taxon (A. rubrum or Quercus) present during a particu-
lar census were subdivided into three strata, based upon
size: understory (2.5 - 5 cm DBH), midstory (5 - 20 cm
DBH), and overstory (> 20 cm DBH). These breaks,
although somewhat arbitrary, approximate strata dis-
cernable in the plot. Univariate K(d) analyses were then
calculated for a particular taxon in a given stratum, to
reveal general trends in spatial pattern among strata of
the forest and over time.

Differences in K(d) values between strata and over
time were assessed graphically.  To test whether par-
ticular patterns (for each taxon-stratum-census com-
bination) departed from complete spatial randomness
(CSR), we took random values for (x, y) coordinates
of each point (within the bounds of the study area)
100 times, and then recalculated the K(d) statistic for
each set of random coordinates. Approximate 90%
confidence limits under CSR can be found by saving
the 5th and 95th largest K(d) values from the
randomized data. Although the number of random-
izations here is lower than with many other applica-
tions, the confidence intervals obtained are stable
(Manly 1997), since each randomization involved
drawing many random numbers (two for each stem
whose location is randomized).

After Hurricane Fran in 1996, trees were given
condition codes that recorded whether a tree had died
during the hurricane, usually from being uprooted.
To determine whether this hurricane damage had any
spatial pattern, we conducted a univariate K(d) analy-
sis of trees that died of hurricane damage. We wished
to know whether, given the location of stems in the
plot, the spatial clustering of the set of stems that
were damaged was significantly different from that
which might be expected if stems were damaged ran-
domly. Following the method of Kenkel (1988), we
drew 100 random sets, each of the same size as the
number of stems actually damaged, randomly from the
pool of stems that were present in 1998. For each one of
these sets, the actual locations of the selected stems
were used to conduct a univariate K(d) analysis; thus,
the spatial location of stems was held constant, and only
which stems died was varied. Approximate 90% confi-
dence limits under this null hypothesis, that trees that
die were a random draw of live stems, can be found by
saving the 5th and 95th largest K(d) values from the
randomized sets. Although this analysis is somewhat
simplistic in that hurricane damage was likely aniso-
tropic, it should suffice to reveal the general scales of
hurricane damage.
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Bivariate analyses

We tested the degree to which ingrowth (i.e. stems
that had reached 2.5 cm DBH since the previous plot
census) was clustered in gaps in the forest by conducting
a series of bivariate Ripley’s K(d) analyses. For each
plot census after the first one, distributions of A. rubrum
or Quercus ingrowth stems were compared with distri-
butions of all species in all strata using a bivariate K(d)
analysis. The relevant statistical question for ingrowth
is whether the location of ingrowth was random, given
the location of older stems. We tested the null hypoth-
esis that the location of ingrowth was random with
respect to older stems, by randomly drawing new (x, y)
coordinates for each stem of ingrowth 100 ¥ while
holding the location of previously established stems
constant. In this, new coordinates were constrained only
by the bounds of the study site. Confidence limits were
calculated as in the univariate case from the distribution
of randomized K(d) values.

Finally, we tested the hypothesis that established A.
rubrum stems in the understory and midstory of a forest
inhibit Quercus regeneration (Abrams 1991; Lorimer
1985). For each plot census after the first one, a bivariate
K(d) analysis was conducted comparing Quercus in-
growth to established A. rubrum stems in a particular
stratum (understory or midstory). Significance was as-
sessed as with the previous bivariate test, by randomizing
the location of Quercus ingrowth while keeping A.
rubrum stems fixed.

Fig. 1. Locations of (a) Acer rubrum and (b)
Quercus stems in 1949 and 1997 (c, d). Coordi-
nates shown are internal coordinates of the plot.
Diameters are scaled at 10 ¥ the scale of the map
to allow the range of sizes of stems to be seen
more easily, so stems with similar coordinates
may appear to overlap.

Fig. 2. Transformed Ripley’s K(d) for Acer rubrum stems over
time in the midstory (5 - 20 cm DBH) and understory (< 5 cm
DBH). There are insufficient Acer rubrum stems in the
overstory  (> 20 cm DBH) to assess spatial patterns.  Both
strata displayed are more clumped at all spatial scales tested (P
< 0.05) than would be expected from a random distribution of
stems, with the exception of distances < 5 m in 1997.

Results

To facilitate interpretation of our spatial results, we
provide a map of Acer rubrum and Quercus stems in
1949 and 1997 (Fig. 1). In this orientation, the upper
right portion of the plot is uphill, has shallower, rockier
soils, and is presumably more xeric, compared to the
downhill areas (lower left) of the plot.



- Spatial pattern of Quercus regeneration limitation and Acer rubrum invasion in a Piedmont forest - 445

Univariate analyses

Understory and midstory A. rubrum stems are signifi-
cantly (P < 0.05) more clumped at all spatial scales than
would be expected if stems were distributed according to
CSR, although the degree of clumping has decreased over
time (Fig. 2). A. rubrum stems in the overstory are too few
to extract information about spatial pattern. Note that
after 1974 A. rubrum in the midstory has been more
clumped than A. rubrum in the understory. Furthermore,
there is a clear trend towards lower values of L(d) over
time, and hence a less clumped distribution, in both strata
and at all scales. The statistical significance of this trend is
difficult to fully assess without a more complicated
randomization. In both the midstory and the understory,
for all distance classes the value of L(d) is ordered L1949 >

L1974 > L1982 > L1989 > L1993 > L1997, which is highly
unlikely to occur by chance (for one point, Kendall’s t =
– 1, P = 0.0048; Sokal & Rohlf 1981). However, the
magnitude of the change in L(d) over particular time
periods is difficult to interpret, as the intervals between
censuses vary in length. In addition, values of L(d) at
larger spatial scales are known with less precision than
the values of L(d) at smaller spatial scales, simply be-
cause there are fewer pairs of points in larger distance
classes than in smaller distance classes.

Trends in spatial patterns in Quercus stems differ
from those of A. rubrum (Fig. 3). As with A. rubrum,
both understory and midstory Quercus stems are signifi-
cantly more clumped (P < 0.05) at almost all spatial
scales than one would expect under CSR. However,
midstory Quercus stems are actually becoming more

Fig. 3. Transformed Ripley’s K(d) for Quercus stems over
time in the overstory (> 20 cm DBH), midstory (5 - 20 cm
DBH) and understory (< 5 cm DBH). Understory and midstory
strata are significantly more clumped at all spatial scales tested
(P < 0.05) than would be expected from a random distribution
of stems, except for distances < 1m in 1997. Overstory Quercus
are regularly distributed for some years, particularly at 1.5 - 5
m; see text for more detailed explanation.

Fig. 4. Transformed Ripley’s K(d) for stems of all species
damaged or killed by Hurricane Fran in 1996. The upper and
lower confidence limits are the 95% confidence limits for
predicted pattern if the probability of hurricane damage was
the same for all stems regardless of location. The observed
pattern is significantly more clumped at most point-to-point
distances except for distances < 10 m for overstory trees.
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Fig. 5. Transformed bivariate
Ripley’s K(d) showing the spatial
relationships between Acer rubrum
ingrowth and stems of all species
present in the midstory. The upper
and lower confidence limits are
the 95% confidence limits of the
spatial pattern that would be ex-
pected if ingrowth were distrib-
uted randomly with respect to the
fixed set of stems in the midstory.
Observed values of L(d) for dis-
tances > 5-10 m are generally
greater than predicted, implying
that there is more Acer rubrum
ingrowth at these distances from
midstory stems than would occur
by chance alone.

Fig. 6. Transformed bivariate Ripley’s
K(d) showing the spatial relationships
between Quercus ingrowth and stems
of all species present in the midstory.
The upper and lower confidence lim-
its are the 95% confidence limits of
the spatial pattern that would be ex-
pected if ingrowth were distributed
randomly with respect to the fixed set
of species in the midstory. From 1974
to 1993, the observed value of L(d) at
all point-to-point distances is less than
would be expected under this null
hypothesis, which implies that there
are less Quercus ingrowth at these
distances from midstory stems than
would occur by chance alone.

clumped over time, with values of L(d) ordered for most
distance classes such that L1949 < L1974 < L1982 < L1989 <
L1993 < L1997 (for one point ordered as above, Kendall’s
coefficient of rank correlation, t = –1, P = 0.0048).
Quercus understory stems have no apparent trend in
spatial pattern over time, in contrast to A. rubrum.
Quercus stems in the overstory are more regularly dis-
tributed than would be expected under CSR at point-to-
point distances between 1.5 and 5 to 10 m, depending on
the year sampled. There is a slight tendency for overstory
Quercus to become less clumped in their distribution
from 1949 to 1993.

The spatial pattern for Quercus in 1997 is more
clumped than in 1993 at all spatial scales > 5 m, prob-
ably due to damage from Hurricane Fran. Hurricane

damage and mortality appears to have occurred in con-
tagious fashion in all three strata of the forest (Fig. 4).
The observed L(d) of hurricane-affected stems is more
clumped than one would expect if the set of hurricane-
affected stems were drawn randomly from the set of
total stems possible in 1997. The single exception to this
trend is at point-to-point distances less than 10 m in the
overstory, where the hurricane-affected stems were no
more clumped than expected under the above null hy-
pothesis. This may simply be because the overstory has
fewer stems than the midstory or understory, and there-
fore the confidence intervals of the null hypothesis are
less tight. However, it may also reflect a real trend, seen
in all three strata, for hurricane-affected stems to be
most clumped at large scales, generally > 30 m.
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Bivariate analysis

A. rubrum ingrowth occurs more frequently near
midstory stems than would be expected under random
establishment (Fig. 5). For most point-to-point distances
> 5 m, the observed bivariate L(d) is significantly (P <
0.05) greater than that expected under the null hypoth-
esis that ingrowth established  randomly with respect to
midstory stems. This effect appears strongest in in-
growth that established in the intervals from 1974 to
1982 and from 1982 to 1989. Similar results were ob-
tained for the bivariate L(d) between A. rubrum in-
growth and previously established understory stems.
However, at all spatial scales A. rubrum ingrowth was
significantly (P < 0.05) less likely to occur near overstory
trees than expected if ingrowth established randomly
with respect to overstory stems.

In contrast to A. rubrum, Quercus ingrowth was
negatively associated with midstory stems (Fig. 6). From
1974-1993, for all point-to-point distances, the observed
bivariate L(d) was significantly (P < 0.05) less than that
expected if ingrowth established randomly with respect
to midstory stems. However, ingrowth from the first
interval, from 1949 to 1974, and the last interval (from
1993-1997) show this trend only weakly, if at all. Fur-
thermore, the results obtained from the bivariate L(d)
between Quercus ingrowth and either of the other two
strata, the understory or overstory, show no significant
patterns. However, the small quantity of Quercus in-
growth may limit the power to test these interactions.

The relationship between midstory A. rubrum stems
and Quercus ingrowth is shown explicitly in Fig. 7.
Excepting ingrowth during the last interval, at all spatial
scales the observed L(d) is less than that expected under

Fig. 7. Transformed bivariate
Ripley’s K(d) showing the spa-
tial pattern between Quercus in-
growth and Acer rubrum stems
in the midstory. The null hypoth-
esis tested is that ingrowth is ran-
domly distributed with respect
to the fixed set of species in the
midstory. For all intervals ex-
cept the last (1993-1997), the
observed value of L(d) at all
point-to-point distances is less
than would be expected under
this null hypothesis, which im-
plies that there is less Quercus
ingrowth at these distances from
Acer rubrum stems in the mid-
story than would occur by chance
alone.

the null hypothesis that Quercus establish randomly
without respect to A. rubrum stems in the midstory. This
result is consistent with the relationship between Quercus
ingrowth and all midstory stems (Fig. 6). However, the
trend is strongest for ingrowth that appeared in the
interval between 1949 and 1974. Quercus ingrowth in
the last interval (1993 to 1997) displays the same gen-
eral trend towards ‘repulsion’ (i.e. an L(d) less than that
expected by chance) in that the observed L(d) is less
than the mean value of L(d) expected under the null
hypothesis for all spatial scales, but is not significant at
the 0.05 level.

Discussion

Our evidence supports the general view that spa-
tially heterogeneous, density-dependent competition is
important in determining differences in the degree of
dispersion between strata in forests (Kenkel 1988). Gen-
erally, the stems in the canopy of the forest are less
clumped than those in the strata below it. However, after
1974 A. rubrum stems in the midstory are more clumped
than A. rubrum stems in the understory (Fig. 2), which is
puzzling if we expect density-dependent competition to
be the main factor controlling the survival and matura-
tion of a stem from the understory into the overstory. It
is possible that the spatial clumping of A. rubrum ob-
served in the midstory reflects differential survival of
understory stems in sites that larger A. rubrum stems
already occupy. This would occur, for example, if cer-
tain microsites were edaphically better for A. rubrum
Another possibility is that the spatial clumping of
midstory A. rubrum is indicative of previous distur-
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bance events, such as Hurricane Hazel in 1954 (Chris-
tensen 1977), which may have altered the spatial distri-
bution of A. rubrum in this cohort. Finally, the spatial
clumping of midstory A. rubrum could be taken as
evidence of seed dispersal limitation in this cohort,
while younger cohorts have had relatively less seed
dispersal limitation, due to the rapid increase in A.
rubrum populations in this stand and throughout east-
ern forests (Abrams 1998).

There are also recognizable changes in spatial pat-
tern over time. Clumping has decreased in most strata,
confirming Christensen’s (1977) observations in an
earlier study of the same stand. For these two species
the trend over time towards a less-clumped distribu-
tion through self-thinning processes, which we ex-
pected to play out between strata of the forest, also
seems to play out over time. This unexpected result
may reflect a response to competitive interactions dur-
ing the dramatic expansion of A. rubrum. This transi-
tion is consistent with theories that predict that tree
distribution will become more uniform over succes-
sional time as processes of species replacement occur
(e.g. Laessle 1965), particularly if Quercus dominance
is viewed as a mid-successional stage in forest devel-
opment (e.g. Bornkamm 1975).  Hurricane Fran also
had a major impact on spatial patterns (Fig. 4), further
emphasizing the dynamic nature of these patterns.
Although hurricane damage seems to be clumped (i.e.,
spatially heterogeneous) at all scales, it appears to
have had its greatest effect on the spatial pattern of
canopy Quercus (Fig. 3), perhaps because the smaller
number of stems in the canopy makes the empirical
value of L(d) more susceptible to change than in the
more dense midstory and understory. Overall, Hurri-
cane Fran greatly increased the amount of clumping in
species distributions in all strata, counteracting the
general trend of competition to increase uniformity in
species distributions over time.

Different factors appear to control the establish-
ment of A. rubrum and Quercus. A. rubrum ingrowth
appears to be less abundant near canopy trees, but
more abundant near midstory (Fig. 5) and understory
stems. This tendency for A. rubrum ingrowth to estab-
lish near understory trees seems at odds with the gen-
eral trend towards less clumping of understory A.
rubrum over time, but may reflect the fact that favour-
able soil conditions for A. rubrum establishment are
more likely to occur where other (slightly older) A.
rubrum stems occur. Additionally, while it is plausible
that light limitation might limit A. rubrum ingrowth
near canopy trees, the observed effect occurs at spatial
scales somewhat coarser (up to 30 m or more) than
would be expected for light competition. Edaphic gra-
dients across the site may cause these larger-scale

establishment limitations. For instance, there appear to
be fewer A. rubrum stems on the uphill portion of the
plot, which may reflect the transition from more mesic
conditions downhill to more xeric conditions uphill
(Bormann 1953; Christensen 1977).

In contrast to A. rubrum, Quercus establishment
seems to be most limited by midstory trees (Fig. 6),
and we find no statistically significant effects of either
the overstory or understory on spatial patterns of
Quercus establishment. Quercus ingrowth is less abun-
dant near midstory stems than would be expected if
ingrowth established at random, and this effect occurs
at a range of spatial scales. When we specifically test
the hypothesis that A. rubrum midstory and understory
trees limit Quercus ingrowth, we find strong support
(Fig. 7). This provides evidence, from at least this one
site, in support of the hypothesis that competition in
the understory of the forest could be important in
limiting Quercus regeneration (e.g. Lorimer 1985;
Abrams 1992). However, Quercus ingrowth is nega-
tively associated with A. rubrum in midstory and
understory at almost all spatial scales, and so some
factor in addition to competition for light, which we
could expect to be limited to small spatial scales
(Shugart & West 1979; Leemans 1990), may be oper-
ating. For example, A. rubrum may be expanding its
distribution upslope. Quercus ingrowth may be more
abundant uphill, where fewer A. rubrum stems have
reached yet, and where, consequently, there is less
competition for light. This would mean that there would
be fewer Quercus ingrowth stems than expected by
chance alone over a large range of point-to-point dis-
tances from established A. rubrum stems, which is the
pattern we see in Fig. 7. Thus the past distributions of
A. rubrum and Quercus stems play an important role in
structuring competitive interactions for light currently.

Overall, our results demonstrate the dynamic na-
ture of spatial pattern in forests.  This appears to result
from interactions between factors causing uniformity in
species distributions (e.g. density-dependent competi-
tion) and factors causing clumping in species distribu-
tions (e.g. windthrow events and environmental hetero-
geneity). Furthermore, our results show that non-sta-
tionary point patterns and changes in species composi-
tion, conditions that exist in most forests, can lead to
complex changes in spatial pattern. The analysis pre-
sented here cannot fully resolve how various factors
have influenced the interaction between A. rubrum and
Quercus, and more sophisticated spatial analysis tech-
niques are needed to understand the dynamic changes in
forest pattern that can occur in a complex, non-equilib-
rium forest. Specifically, our results suggest that the
increase in the A. rubrum population and its interaction
with Quercus regeneration varies spatially with site
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characteristics and site history in ways that can cause
surprising changes in spatial pattern over time. Future
studies of the interaction between A. rubrum and Quercus
should consider variability in environmental conditions
and species distributions at a large range of spatial
scales.
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