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Abstract

+ Context Understanding tree interactions requires an insight
into their spatial distribution.

« Aims We looked for presence and extent of tree intraspe-
cific spatial point pattern (random, aggregated, or over-
dispersed) and interspecific spatial point pattern (independent,
aggregated, or segregated).

+ Methods We established twelve 0.64-ha plots in natural
bottomland hardwood stands in the southeastern USA.

* Results Spatial point pattern analyses (Ripley’s K, L, and
L 1,) indicated that, when species were combined, trees were
frequently aggregated and less commonly overdispersed. Plots
with larger trees were more likely to exhibit overdispersion,
confirming a shift to this pattern as trees grow. The intraspecific
pattern of cherrybark oak and water oak was either aggregated
or random. Sweetgum was aggregated on all plots and always
at smaller distances (less than 5 m) than the two oak species.
Intraspecific overdispersion was very rare. Interspecific
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segregation among the two oak species was more commonly
observed (six plots) than aggregation (one plot). Cherrybark
oak and sweetgum were segregated at some scale on seven of
the 12 plots and aggregated on only two plots.

+ Conclusion The results from the analyses suggest that
strong interspecific competition may result in segregation of
trees from different species, while weaker intraspecific com-
petition may lead to aggregations of conspecifics.

Keywords Univariate and bivariate tree spatial patterns

1 Introduction

The spatial distribution patterns of individual organisms are of
frequent interest in ecological studies (Dale 2000). Early doc-
umented observations in the tropics (Wallace 1853) indicated
that conspecific trees appear highly dispersed. Black et al.
(1950) similarly observed that population densities of many
Amazonian forest tree species are quite low with less than one
individual per hectare. Janzen (1970) reported that adult trop-
ical conspecific trees are not found in the immediate neighbor-
hood of other adults where most seeds fall. Janzen then hy-
pothesized that this results in tree distribution being more
dispersed than clumped. He attributed this overdispersion to
the effect of host-specific plant parasites and predators which
exterminate the seeds and seedlings mostly at the places with
higher density (i.e., near the seed producing adult trees). Other
researchers also contended that a high degree of dispersion is
likely a defense against predators on the seeds and seedlings
(e.g., Connell 1971).

The development of spatial point pattern analysis tech-
niques allowed statistical testing of many of the early obser-
vations and conjectures that were based on less sophisticated
methods or on observations. Contrary to what scientists hy-
pothesized in earlier decades, recent work (Condit et al. 2000)
showed conclusively that conspecific trees of nearly all of the
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1,768 tropical species examined are clumped. The empirical
data also indicated that larger conspecific trees are indeed less
aggregated than smaller ones (but still aggregated, rather than
overdispersed), supporting the notion of herbivores playing
an important role in reducing conspecific aggregation at a
young age in tropical species (Murphy and McCarthy
2012). Moreover, conspecific trees of rare species are
more aggregated than those of common species (Hubbell
1979; Condit et al. 2000). Numerous other studies have
also found clumping to be predominant among conspecific
trees in tropical forests (e.g., Ashton 1969; Olagoke et al.
2013).

Analysis of the spatial distribution pattern of non-tropical
trees species has not been as extensive. As in the tropics,
however, aggregation is the most common type of conspecific
spatial distribution pattern found. This was the case with
ponderosa pine (Pinus ponderosa Dougl. ex Laws, White
1985) and with other conifers (Moeur 1993). In contrast to the
high degree of dispersion Janzen (1970) found in young con-
specific trees in the tropics, Dovciak et al. (2001) determined
that the smaller seedlings of white pine (Pinus strobus L.) are
found farther from the seed source tree than the older seedlings.
Based on this finding, Dov¢iak et al. (2001) suggested that the
conditions near the parent trees facilitate seedling establishment
and survival; otherwise, the large seedlings would have also
been present away from the tree. Work with temperate upland
hardwoods found that trees of the same species are also aggre-
gated, although some degree of overdispersion was observed for
distances beyond 55 m (Aldrich et al. 2003). For most other
distances, however, Aldrich et al. (2003) found that conspecific
trees of all species are aggregated.

Tree spatial pattern is a crucial attribute of forest structure
reflecting initial dispersal patterns, intra- and interspecific
competition, influence of the microenvironment, interaction
with other organisms, and stochastic events. The spatial pat-
tern affects the distribution of leaves, litter fall, nectar, fruits,
and seeds (Dale 2000). Many of the early studies of tree
patterns used techniques with limited capabilities for detecting
patterns of spatial distribution (i.e., quadrat methods, kernel
estimation, and nearest-neighbor analysis), especially in com-
parison to some currently available methods. Some more
recently developed and more complex techniques examine
second-order effects, which are effects that relate to the spatial
correlation or dependence, i.e., the L(¢) and L ,(¢) functions
based on Ripley’s K (Dale 2000; Law et al. 2009). Addition-
ally, most of the available studies investigate the spatial dis-
tribution patterns of trees from a single species, very often in
isolation, and seldom examine more than one site. Use of a
single study site is indicated as a problem by a number of
authors (e.g., He and Duncan 2000).

Although much is known about species composition in
bottomland hardwood forests of the southeastern United
States, a significant gap exists in our knowledge about their
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inter- and intraspecific spatial distribution patterns within the
stand. The current study examines the spatial distribution
pattern in four bottomland hardwood stands in three south-
eastern states. This research also evaluates the pattern of (1) all
plot trees regardless of their species, (2) three common and
commercially important tree species—cherrybark oak
(Quercus pagoda Raf.), water oak (Quercus nigra L.), and
sweetgum (Liquidambar styraciflua L.)—and (3) the inter-
specific (bivariate) spatial patterns of each of the possible pairs
of the three selected species. Bivariate spatial pattern analy-
sis can reveal the presence of spatial aggregation (positive
association) or segregation (negative association) between
paired species (Goreaud and Pélissier 2003). Comparison
between stands was not emphasized in this analysis, because
our interest was in the underlying spatial distribution pat-
terns that may be present in all of the studied bottomland
hardwood forests.

A better understanding of the distribution patterns in bot-
tomland hardwood forest communities is critical for advance-
ment of their silviculture and management. Knowledge of the
natural patterns is one of the first steps in better understanding
stand dynamics and has the potential to provide further insight
into intra- and interspecific competitive relationships within
these species-rich forests. This should ultimately allow us to
make better informed decisions about which competitors to
remove during silvicultural treatments.

2 Materials and methods
2.1 Study areas and measurements

The study was carried out in four naturally regenerated bot-
tomland hardwood stands. The stands are located in central
Louisiana, northern Louisiana, southern Arkansas, and central
Mississippi. The stands are assumed even-aged with mean age
of 70 years estimated from annual ring count of basal tree
sections of one to three overstory red oak trees (genus
Quercus, subgenus Erythrobalanus) and had a 42 % average
proportion of oak basal area (range 13 to 73 %). The stand and
plot characteristics are described in more detail in Dimov et al.
(2005, 2008). Three square plots, 80 m on each side and
minimum 10 % red oak basal area (so it is representative
of the forest cover in the region), were established in each
stand to assess tree spatial distribution patterns. Plot selec-
tion procedures involved random selection from a pool of
at least 12 preselected potential plots in the stand that had
at least 10 % red oak basal area. The orientation of the plot
sides corresponded to the four cardinal directions. Only
trees with diameters at breast height (dbh, 1.37 m above
the ground) larger than 10.0 cm were measured. The col-
lected data included tree dbh, species, and location on the
plot using a local coordinate system. The slope on all plots
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was less than 1 %. The instruments used for mapping of
tree locations were a laser hypsometer-rangefinder for the
distances and a digital angle encoder for the horizontal
angles (Laser Technologies Inc., Centennial, CO, USA).
Mapping was carried out by measuring the angle from
north and the horizontal distance to each tree from a point on
the plot. These polar coordinates were converted to Cartesian
coordinates (to the nearest 0.01 m) for analysis. Tree diameters
were measured with a diameter tape to the nearest millimeter,
distances to the nearest centimeter, and horizontal angles to
the nearest 0.01°.

2.2 Data analysis

The purpose of point pattern analysis, as related to tree
distribution, is to determine if there is any systematic
arrangement of the tree locations or if they are distributed
at random. If they are not randomly distributed, they can be
either aggregated (also referred to as clumped or clustered)
or overdispersed (also referred to as hyperdispersed or
regularly dispersed). Combinations of the different distribu-
tion patterns are also possible, i.e., trees can be randomly
distributed at a certain scale, while at other scales they may
exhibit aggregation, and at still other scales, they can be
overdispersed.

In our analysis, we used second-order (local) properties,
and we examined univariate patterns (patterns of one type of
points, e.g., conspecific trees) and bivariate patterns (e.g.,
distribution of individuals from one species in relation to the
individuals of another species). Second-order properties refer
to the spatial patterns in subregions of the mapped area. Types
of analyses of second-order properties include the nearest-
neighbor distance analysis, which assesses the distance from
each tree to its nearest first, second, ..., k" order tree neighbor,
and the K function (Ripley 1981), also referred to as Ripley’s
K. A transformation of the K function, called L function, and
the approaches based on the K function are among some of the
more widely used techniques for univariate and bivariate point
pattern analysis (Dale 2000).

We calculated the K function with the equation

’?(’)%ZZVIT; (1)

where A4 is the plot area, n is the number of trees on the plot, ¢
is a distance used as a radius of a circle around each tree within
which the trees are counted, /, is an indicator function which is
lifd;<t and 0ifd;>t (d; is the distance between the ith and
Jjth trees), and w; is the weight. The purpose of assigning
weights is for edge correction. Their use reflects the uncer-
tainty that, for a tree close to the edge of the plot, there may be

another tree outside the plot boundary that is closer to it than

any of the mapped trees within the plot. We calculated the
weights w; with the equations:

wy = l-cos ' (e/dy) /m); (2)
wy = 1-[cos™ (e1/dy) + cos™ (e /dy) + /2] /2 and (3)

wy = 1-[2cos ' (e1/dy) + 2cos ' (e2/dy)] /2, (4)

where e is the distance from tree i to the nearest boundary, and
e and e, are the distances between tree i and the two nearest
boundaries. Equation 2 is used when the distance d; is greater
than the distance e between tree i and the nearest boundary.
Equation 3 is used when the distance from tree i to the nearest
plot corner (in a rectangular plot) is smaller than the distance
d ;. Otherwise, when the distance from tree i to the nearest
plot corner (in a rectangular plot) is greater than the distance
d;, Eq. 4 is used.

For the univariate (intraspecific) spatial pattern analysis,
we used the L function, which represents the spatial pattern at
various scales and is based on a transformation of the K
function that linearizes K(#), stabilizing its variance, and re-
sults in L(#) having an expected value of zero under the
assumption of homogeneous Poisson process (a type of sto-
chastic process):

—t (5)

Plotting L(?) against ¢ allowed us to examine for presence
of spatial patterns at different scales. The spatial distribution
pattern of the trees when L(z) =0 is termed complete spatial
randomness (CSR). Under CSR, tree distribution follows a
homogeneous Poisson process over the study region. Values
of L(1)>0 suggest aggregation (i.e., the trees appear to be
more clumped than what may be expected under CSR),
while an L(#) <0 indicates overdispersion (i.e., the trees are
more scattered or regularly spaced than what might be
expected under CSR). The significance of the difference of
L(t) from 0 was examined by comparison with confidence
envelopes constructed through Monte Carlo simulations.

For the bivariate (interspecific) spatial pattern analysis, we
used the function L ,(¢) (where 1 represents the first species
and 2 represents the second species). L 15(?) is a transformation
of the K1»(#) function:

L) = @—t (6)
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where the K,(¢) function is a generalization of the K(?)
function for a bivariate process and is calculated as follows:

]?12(1‘) = I’lz]?]z(f) + I’l][?z] (t)
ny +np

(7)

where n anNd n, are tbe number of individuals from species 1
and 2, and K12 and K, are determined by the formulas:

~ A S~

Kia(t) = — (8)
niny =1 =1 W,'j

~ A -1

Kn()=-2-3 % 9)

where I, |, and /, 5, are indicator functions equal to 1 if d;<t
and b ;<t respectively and equal 0 if ;>¢ and b ;> respec-
tively (d; is the distance between the ith tree of species 1 and
the jth tree of species 2, b; is the distance between the ith tree
of species 2 and the jth tree of species 1), and w;; and w';; are
the weight associated with species 1 and 2, respectively.

We used plots of L,(?) against ¢ to represent the spatial
association between species pairs for cherrybark oak, water
oak, and sweetgum at various scales. Similar to the interpre-
tation of L(?), when L 1,(2) =0, the two species are considered
to be spatially independent of each other. If L ;5(2) >0, the two
species are positively associated (presence of positive depen-
dence or aggregation) with each other, which is interpreted in
ecology as an attraction effect (Goreaud and Pélissier 2003).
For values of L |5(#) <0, the two groups are considered to be
negatively associated (presence of negative dependence or
segregation) with each other, interpreted in ecology as a
repulsion effect (Goreaud and Pélissier 2003).The degree of
aggregation and segregation is proportional to the magnitude
of the difference from 0. We used Monte Carlo simulations to
evaluate if L 1,(#) was significantly different from 0.

In summary, we used the L function and Monte Carlo
simulations to examine whether the spatial distribution pattern
of (1) all trees, regardless of species, within each plot and (2)
the three species cherrybark oak, water oak, and sweetgum on
each plot, conformed to CSR at scales up to a #=40 m. This
distance was equal to half the length of the plot side as
recommended in the literature. We used the Microsoft Excel®
add-in SpPack (Perry 2004), which uses its own random
number generator. We carried out 101 simulations for all
Monte Carlo tests. A summary of the application of summary
statistics of spatial point patterns is available in Law et al.
(2009), while a review of the way to fit ecological processes to
observed patterns can be found in Detto and Muller-Landau
(2013).
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3 Results

The number of trees ranged from 309 to 614/ha (Table 1). Tree
distribution, when all species were combined, differed signifi-
cantly from random at some scale on 11 plots: six plots had
trees that were significantly aggregated; three plots had trees
that were significantly overdispersed, and two plots had trees
that were both aggregated and overdispersed at some scale
(Table 2). Departure from CSR was not detected for any scale
(i.e., the L(#) function was enclosed within the confidence
envelopes for all distances) on one plot (Fig. 1a). In contrast,
aggregation (L(¢) above the upper envelope) was detected at
scales of 0.0 to 1.5 and 9.0 to 40.0 m (Fig. 1b), and
overdispersion (L(?) below the lower envelope) was detected
at distances between about 1.0 and 5.5 m (Fig. Ic). For the
remaining distances, the pattern was random. With the excep-
tion of the three plots in the Mississippi forest stand, the
remaining plots that exhibit aggregation were consistently ag-
gregated at the shorter distances—from 0.5 to just over 1 m. On
some plots, aggregation was also detected at larger distances.
On plots 1, 2, and 3 in Mississippi, aggregation was found only
at distances greater than 2.5, 4.0, and 7.0 m, respectively, and in
all three plots, the scale of aggregation extended up to the
maximum examined distance of 40 m. Overdispersion at the
small distances occurred starting from about 2.5 and extending
to 5 m. Four of the five plots exhibiting overdispersion were
those with largest quadratic mean tree diameters (QMD, diam-
eter of the tree with mean basal area) (Tables 1 and 2).

Table 1 Quadratic mean diameter (QMD) at breast height (1.37 m),
number of trees from three selected species, and total number of trees
from all species on the twelve 0.64 ha sample plots

Location and plot QMD  Sweetgum Cherrybark Water  All
number (cm) oak oak species
(trees/ha)
Central Louisiana
1 343 84 69 17 309
2 33.0 177 22 53 378
3 347 109 67 33 347
Northern Louisiana
1 28.6 206 30 30 519
2 26.1 233 58 33 578
3 26.0 239 36 14 594
Arkansas
1 30.6 136 72 72 434
2 279 105 38 61 405
3 30.7 113 119 48 394
Mississippi
1 24.8 386 39 17 614
2 27.9 389 16 3 595
3 27.5 281 17 3 544
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Table 2 Distance intervals (in meters) at which trees of all species
combined are completely spatially randomly (CSR) distributed, signifi-
cantly aggregated (AG), or overdispersed (OD) based on the 95 %
confidence envelope calculated for the L(z) function

Location and plot AG CSR OD
number
Central Louisiana

1 - 3.2-3.7,45-49

2 - 1.0-5.5

3 0.8-1.2 - 1.9-5.8, 6.1-6.4,

6.9-8.0

Northern Louisiana

1 0.9-1.1 -

2 0.3-1.5, 9.0-40.0 -

3 - 44-5.0
Arkansas

1 All

2 0.5-1.5, 6.5-6.7, 10.3— -

12.9, 15.3-16.1

3 0.4-0.8 - 2.7-4.9
Mississippi

1 4.0-40.0 -

2 7.0-40.0 -

3 2.5-40.0 -

12 plots; AG=8 CSR=1 OD=5

An en dash in the CSR column indicates that the trees are randomly
dispersed at all distance intervals that are not listed in the AG and OD
columns. If tree distribution is CSR at all measured scales, the word “All”
appears in that column

The L(#) function for cherrybark oak, water oak, and
sweetgum, when the species are examined individually, indicat-
ed that aggregation and CSR were the most common (Table 3;
three representative plots on Fig. 2). Cherrybark oak exhibited
aggregation on six of the 12 plots and CSR on the other six
plots. The aggregation started at distances from 5 m on four
plots and from 12 m on two plots and sometimes extended to
distances up to 40.0 m. The spatial distribution of water oak was
similar to that of cherrybark oak. Two of the 12 plots contained
only two water oak trees; consequently, they could not be used
for calculating Z(?). Of the remaining ten plots, on six plots, the
spatial distribution of water oaks was not significantly different
from the random distribution expected under CSR while, on the
remaining four plots, the water oak trees were aggregated.
Aggregation in water oak on three of the plots was detected at
distances starting at 6.0, 10.0, and 15.0 m while, on the fourth
plot, aggregation was evident at even shorter distance (between
0.0 to 2.5 m). Sweetgum was aggregated on all 12 plots.
Additionally, sweetgum aggregation commonly started at dis-
tances that were mostly shorter than those observed in the
oaks—generally less than 5.0 m. There were no plots on
which sweetgum was distributed randomly for all examined

1.0 A
a (aggregation)
0.5
g oo
pooo N 40
05 - h
(overdispersion)
1.0 - -
Distance (m)
1.5
b (aggregation)
=
1 (overdispersion)
0 Distance (m)
0.8 - -
c (aggregation)
3
Y N L
(overdispersion)

-0.8 - -
Distance (m)

Fig.1 Diagrams illustrating the three spatial distribution patterns that we
observed, as indicated by the L(#) function, an index of spatial pattern
(thick line), against distance . Shown are the patterns of the trees from all
species that were present on these three particular plots. Complete spatial
randomness (a) is present when L(?) is within the 95 % confidence
envelope (thin lines). Aggregation at a certain distance is present when
L(t) extends above the upper 95 % confidence envelope (b).
Overdispersion is observed when L(#) is below the lower envelope (¢)

distances. Although overdispersion appeared to be present
on one of the plots, it was only at very large distances
(37.8-40.0 m).

The L ,(#) function indicated that segregation was a more
common pattern in the bivariate spatial distribution of the pairs
of examined species (cherrybark oak, water oak, and
sweetgum) than aggregation (Table 4; three representative plots
on Fig. 3). There were ten plots with a sufficient number of
cherrybark oak and water oak pairs to perform the bivariate
spatial analyses for these two species. On six of these plots,
significant segregation between the two species was apparent,
while aggregation was detected on one plot. On the remaining
three plots, the spatial distribution of each of the two species
was independent from the distribution of the other. Segregation
in a wide range of scales was frequently detected in the other
two species combinations as well, with the cherrybark oak and
sweetgum being segregated at some scale on seven of the 12
plots, aggregated on two plots, and distributed independently of
each other on two plots. Both segregation and aggregation were
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Table 3 Distance intervals (in meters) at which trees of selected species are completely spatially randomly (CSR) distributed, significantly aggregated

(AQG), or overdispersed (OD) based on a 95% confidence envelope

Location and plot number Cherrybark oak Water oak Sweetgum
AG CSR OD AG CSR OD AG CSR OD

Central Louisiana

1 All All 0.0-1.5, 17.5-32.0, 35.5-40.0 —

2 12.0-40.0 - All 0.0-0.5, 7.0-40.0 -

3 All 6.0-30.0 - 0.0-1.5,3.5-37.5 -
Northern Louisiana

1 All All 5.0-40.0 -

2 5.5-12.0, 14.5-17.0 — 0.0-2.5,16.5-17.5 - 0.040.0 -

3 5.0-11.0 - All 2.7-40.0 -
Arkansas

1 12.0-14.5,16.0-26.0 — 15.0-38.0 - 2.0-13.0, 14.5-16.5 -

2 All 10.0-40.0 - 0.0-25.0 - 37.8-40.0

3 5.5-40.0 - All 0.0-3.5 -
Mississippi

1 5.0-10.0, 25.0-40.0 - All 2.0-40.0 -

2 All N/A? N/A 3.0-40.0 -

3 All N/A N/A 1.0-40.0 -

12 plots; AG=6 CSR=6 OD=0

10 plots; AG=4 CSR=6 OD=0

12 plots; AG=12 CSR=0 OD=1

An en dash in the CSR column indicates that the trees are randomly dispersed at all distance intervals that are not listed in the AG and OD columns. If tree
distribution is CSR at all measured scales, the word “All” appears in that column

#N/A represents a state of rarity (<9 individuals per plot) concerning water oak

detected at different scales on one plot in Arkansas (Table 4).
The pairing of water oak and sweetgum resulted in the detec-
tion of segregation on four plots and aggregation on another
four plots. On the remaining two plots, there was no spatial
association present between water oak and sweetgum. Tree
maps showing the locations of the three species are shown in
the supplementary material (Supplementary Figures S1-S4).

4 Discussion

When carrying out interpretations and drawing conclusions
from spatial point pattern analysis, we need to take into
account that (1) forests are complex and multidimensional in
nature but are being simplified to a two-dimensional pattern of
points in this type of analysis, and (2) there are numerous
possible variables that can affect spatial interactions among
individual organisms to result in the observed pattern of
spatial distribution, including time. The experimental design
of this study allows us to examine the pattern but not the
processes that drive it. Nevertheless, we discuss some of the
processes that may be driving the observed pattern. We focus
our discussion on the non-random patterns that we observed,
so at spatial scales that are not specifically discussed, the trees
are distributed randomly.

INRA
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4.1 Point pattern with all species combined

Point pattern analysis of all species combined indicated presence
of aggregation on most plots but also some overdispersion. On
only one plot were the trees distributed randomly at all scales.
Four of the five plots that exhibited overdispersion at some
distance were the plots with the largest quadratic mean tree
diameters (range from 24.8 to 34.7 cm) compared with the rest
of the plots. These were all plots in central Louisiana and plot 3
in Arkansas. The fifth plot, plot 3 in northern Louisiana, was an
exception, as the mean tree diameter was among the smallest.
The eight plots where aggregation was observed were primarily
the plots where tree QMD was the smallest compared with the
rest of the plots. Thus, in these bottomland hardwood stands,
increasing average tree size seemed to be associated with a shift
of tree spatial distribution from aggregation to overdispersion.
Condit et al. (2000) also found that larger trees are indeed less
aggregated than smaller ones. The shift from aggregation to
overdispersion with increasing tree size is in agreement with
the results from other studies (Moeur 1993; Ward et al. 1996).
Moeur (1993) indicated that between-tree competitive interac-
tions appear to drive spatial patterns of forest trees from cluster-
ing or aggregation toward regularity (overdispersion). Ward
et al. (1996) detected a shift toward overdispersion of the spatial
pattern of all size classes above 10 cm in diameter, over a period
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a (aggregation)

L(t)

(overdispersion) T
Distance (m)

b (aggregation)

L(t)

(overdispersion)

Distance (m)

(aggregation)

L(®)

(overdispersion)

Distance (m)
Fig 2 Representative sample plots of the spatial distribution patterns of
cherrybark oak (a), water oak (b ), and sweetgum (¢ ) according to the L(z)
function, which is an index of spatial pattern (thick line) against distance
t. Spatial aggregation is present when L(#) is above the 95% confidence

envelope (thin lines). Overdispersion is observed when L(%) is below the
lower envelope

of 50 years or more. Differences in the spatial pattern from plot
to plot could result from different tree mortality dynamics.
Pélissier (1998) indicated that large clumps of vegetation are
found in areas disturbed by treefalls that create relatively large
gaps while, in areas with standing tree mortality, there are no
large gaps, and this leads to more regularity in the tree spatial
distribution.

4.2 Intraspecific point pattern analysis for cherrybark oak,
water oak, and sweetgum

Our analysis of the conspecific spatial patterns suggested that
there were some fundamental differences in the spatial pat-
terns of the two oak species and the pattern for sweetgum. On
the plots where the number of trees of these species were
sufficient for analysis, the cherrybark oak and water oak’s
spatial distributions were either equivalent to CSR, or aggre-
gated at distances beyond 5 m in nearly all cases (with the
exception of one plot where aggregation began at less than
1 m). In contrast, sweetgum trees were generally clumped on
all 12 plots, and aggregation was usually present at smaller
distances. Aggregation in sweetgum may be a result of its

propensity to regenerate from root sprouts and its relatively
narrow crown, compared with the red oaks, which allows it to
grow at greater densities.

Overdispersion was not a common intraspecific spatial
pattern for the three chosen species. This is in agreement
with the findings in a number of studies. Aldrich et al.
(2003) similarly found that out of 23 tree species in a
temperate hardwood forest in Indiana, most exhibit aggre-
gation, while only four species exhibit overdispersion and
that was at distances greater than 55 m. Rebertus et al.
(1989) found that Quercus laevis (turkey oak) on unburned
Florida sandhills is slightly clumped to randomly dispersed.
Other studies with hardwood species conducted in low-
elevation hardwood forests in Virginia, concluded that the
invasive tree-of-heaven (dilanthus altissima Miller) has a
tendency to be aggregated at a scale of 4-12 m on two
sites and random on the remaining four sites (Call and
Nilsen (2003). Another species, black locust (Robinia
pseudoacacia L.), appeared to be clumped on all sites at
a minimum distance of 1 m and maximum of 25 m. Both
the tree of heaven and black locust are prolific root-
sprouters.

Some studies of coniferous species (Harrod et al. 1999;
Dovtciak et al. 2001) found clumping in stands of ponderosa
pine. Through stand reconstruction, Harrod et al. (1999) de-
termined that an even larger degree of aggregation existed in
historical ponderosa pine stands.

Studies in other geographic regions have obtained sim-
ilar results regarding intraspecific tree spatial patterns. A
large study encompassing many tropical forest conditions
on two continents by Condit et al. (2000) indicated that
clumping occurs in nearly all of the 1,768 tree species
studied. From these species, 1,490 were significantly ag-
gregated at scales of 0 to 10 m; 1,759 were aggregated at
scales of 10 to 20 m, and 1,730 were aggregated at scales
of 20 to 30 m. Aggregation is the prevailing pattern wheth-
er all trees >1 cm dbh were considered, or only the trees
with dbh>10 cm were included. Even when only large
trees (dbh>30 cm) were included, aggregation was again
observed for most species, although aggregation intensi-
ty weakens with the increase in the minimal dbh thresh-
old used. Other research reporting aggregated patterns of
spatial distribution among conspecifics include Goreaud and
Pélissier (1999; 2003). Results from a smaller number of
studies do find some cases where aggregation and CSR are
not the dominant patterns among conspecifics. Penttinen et al.
(1992) found both Scots pine (Pinus sylvestris L.) and silver
birch (Betula pendula Roth.) to be overdispersed. Other spe-
cies exhibiting such shift from aggregation to overdispersion
with increase in tree size include sand pine (Pinus clausa
Vasey) (Laessle 1965), kahikatea (Dacrycarpus dacrydioides)
(Duncan 1991), and Torrey pine (Pinus torreyana Parry ex
Carr) (Wells and Getis 1999).

=INRA 2 springer




820

L.D. Dimov et al.

Table 4 Distance intervals (in meters) at which trees from two species are distributed independently (ID), or exhibit significant interspecific aggregated

(AQG), or interspecific segregated (SG) based on a 95% confidence envelope

Location and plot number Cherrybark oak versus water oak

Cherrybark oak versus sweetgum

Water oak versus sweetgum

AG ID SG AG ID SG AG ID SG
Central Louisiana
1 All - 1.0-3.0,4.5-15.8 16.5-22.5,
28.5-30.0
- 21.0-30.0 All 22.7-40.0 -
3 - 7.8-10.5, 13.1-15.5, - 3.84.3,7.0-85, 7.6-30.0 -
20.7-22.5 9.4-10.6
Northern Louisiana
1 All 26.3-28.2,28.6-30.0 — All
2 - 5.1-64 30.3-40.0 - - 7.8-40.0
3 All - 14.2-36.5 - 6.2-30.0
Arkansas
1 - 2.0-3.4,62-34.2 All - 1.0-4.0
2 - 17.7-21.3 14.5-30.2 - 3067 - 1.5-4.7,
22.4-27.0
3 - 2.7-7.0, 9.5-10.6 - 0056 All
Mississippi -
1 19.0-30.0 — 10.0-40.0 - 0.0-4.0, -
6.6-30.0
N/A? N/A N/A - 35252 N/A N/A N/A
3 N/A N/A N/A - 6.2-30.0 N/A N/A N/A

10 plots; AG=1 ID=3 SG=6

12 plots; AG=4 ID=2 SG=7

10 plots; AG=4 ID=2 SG=4

An en dash in the CSR column indicates that the trees are randomly dispersed at all distance intervals that are not listed in the AG and OD columns. If tree
distribution is CSR at all measured scales, the word “All” appears in that column

#N/A represents a state of rarity (<9 individuals per plot) for water oak

4.3 Interspecific point pattern analyses for cherrybark oak,
water oak, and sweetgum

Aggregation was not a predominant spatial distribution pat-
tern in the bivariate spatial pattern analysis of species pairs
composed of cherrybark oak, water oak, and sweetgum, al-
though some bispecific aggregations did occur. The prevailing
distribution pattern between the cherrybark oak and water oak
species pair and between the cherrybark oak and sweetgum
species pair was segregation. While there was an equal num-
ber of plots indicating presence of either aggregation or seg-
regation (i.e., positive or negative spatial association) between
the water oak and sweetgum species pair, segregation was still
a relatively frequent spatial pattern.

The prevalence of aggregation of conspecific trees, and of
segregation among trees from different species, may indicate a
higher level of interspecific competition relative to intraspe-
cific competition. Such patterns may result from the compet-
itive exclusion of one of the species from the habitat on which
the other species is better suited to thrive. For microhabitats
where both species are equally well adapted, factors like initial
density, height growth pattern, crown growth dynamics
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(Clatterbuck and Hodges 1988), and stand disturbance history
will likely also exert an influence on the future bivariate
spatial distribution patterns. The prevalence of aggregation
of conspecifics and segregation of heterospecifics underlines
the importance of examining more than just one plot in studies
of tree spatial patterns.

Duncan (1991) suggested that repulsion between individ-
ual trees of two different species is not a result of competitive
interspecific interaction but simply a way of avoiding such
competition. Assuming fairly homogeneous site conditions
(most of the sites in the current study lacked topographic
variability and the slope was always less than 1 %), adequate
seed availability, and adequate growing conditions for all three
species, it can be argued that habitat partitioning is likely a
result of severe interspecific competitive interactions at an
early stage of stand development. This argument is supported
by Jifi et al. (2004), who found greater mortality of common
beech (Fagus sylvatica L.) in dense patches of silver fir (4bies
alba Mill.), which would result in interspecific spatial segre-
gation in the future stand composition. An example of bivar-
iate spatial pattern affected by disturbances was presented by
Rebertus et al. (1989), who determined that, after repeated



Complex tree point pattern in natural forests

821

3.0

a aggregation
2.0 eeres

1047

0.0 &

Liz(t)

: 10 20 30 40
1.0 %

204 ¥ N T
segregation

-3.0 - .
Distance (m)

aggregation

Lia2(t)

Segregation

Distance (m)

15 - C aggregation

Lia(t)
o o
° 7

N

segregation

Distance (m)

Fig. 3 Representative sample plots of the interspecific spatial distribu-
tion patterns of cherrybark oak and water oak (a), cherrybark oak and
sweetgum (b), and water oak and sweetgum (¢) according to the L ;5(2)
function, which is an index of spatial independence (thick line) against
distance 7. Spatial aggregation is present when L ;»(?) is above the 95 %
confidence envelope (thin lines). Spatial segregation between the two
populations is observed when L ;,(2) is below the lower envelope. When
L ;>(t) is within the envelope the two populations are considered to be
distributed spatially independently of each other

fires, a segregated pattern emerges between turkey oak (Q.
laevis (Walt.) and longleaf pine (Pinus palustris (Mill.). The
oaks are left in clumps that are well separated from longleaf
pines. The pines cause substantial oak mortality in their
neighborhood by creating “hot spots,” areas of greater fire
intensity and temperature due to the accumulated leaf litter
under the pines.

The interspecific tree spatial segregation reported in the
current study contrasts with the findings of a number of other
studies. Martens et al. (1997) found strong aggregation of
trees from two species at scales of 2 to 4 m on a semi-arid
woodland in New Mexico. An overall positive spatial associ-
ation was also found between tree-of-heaven and black locust
on four out of six plots at minimum distances of 2.0 and 9.0 m
(Call and Nilsen 2003). Lack of interspecific spatial aggrega-
tion was presented by Duncan (1991) for a mixed Podocarp
stand in New Zealand, where no spatial dependence between
two studied species was present.

With the development of spatial point pattern analysis
techniques, many of the earlier observations (Wallace 1853;

Black et al. 1950; Janzen 1970) of high degrees of dispersion
of forest trees have gradually given way to the statistically
supported view that conspecific trees species actually appear
to be aggregated in clumps. The validity of this notion has
been corroborated for both tropical, upland temperate, and,
with the current study, bottomland temperate forests. Expla-
nations for the observed high frequency of aggregation in
plant communities could be the patchiness of the suitable
habitat (e.g., soil nutrient variability in patches) or better light
conditions when trees regenerate in canopy gaps. Other pos-
sible reasons include the lack of good seed dispersal and
survival of seeds at large distances from the seeding trees
(Ashton 1969), seedling germination being most successful
near adult plants (Hubbell 1979; Eccles et al. 1999), spatial
variation of fire intensity (Rebertus et al. 1989) and other
endogenous and exogenous stand disturbances, and positive
or mutualistic interactions between plants (Eccles et al. 1999).

Random patterns in tree distribution may be related to
either homogeneous site conditions or to heterogeneous site
conditions associated with the ability of a species to tolerate
and thrive in a wide range of environmental conditions. Cases
of overdispersion may result where competition leads to reg-
ularity in the spacing through interspecific repulsion (Laessle
1965) and is sometimes observed at a later stage in stand
development following the clumped and random distributions
(Moeur 1993; Ward et al. 1996; Aldrich et al. 2003). Evidence
from the current study suggests that, as average tree size
increases, the spatial distribution pattern of the trees as a
whole, regardless of species, may shift from aggregation to
overdispersion. Interspecific competition among cherrybark
oak, water oak, and sweetgum may have been intense and
resulted in segregation, possibly after occupation of a limited
resource by the more competitive species on a particular
microsite. Spatial distribution of cherrybark oak and water
oak was characterized by CSR and mostly large clumps, while
sweetgum always exhibited aggregation at smaller scales. The
aggregation of sweetgum at these scales may possibly be a
result of root sprout regeneration and the inherently narrow
crowns allowing greater tree densities.

If the observed overall segregation of trees from different
species is a result of strong, or unequal, or asymmetric inter-
specific competition, and if the aggregation of conspecifics is
due to weaker, or possibly equal or symmetric intraspecific
competition, we can make some general management recom-
mendations. We assume a thinning operation aimed at increas-
ing the growth of the residual trees and at maintaining a diverse
species mixture. If under such scenario a forester has a choice
of removing one of two equally strong competitors of a crop
tree, removal of the competitor from a different species should
be preferred. This is because strong interspecific competition
would generally result in mortality of the weaker competitor.

The observed patterns may also have implications in plant-
ing mixed forest stands. For the three species examined in detail
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in this study, it appears that conspecific trees should be planted
in aggregations that are at least partially spatially separated
from the other species. This would reduce the heavy interspe-
cific competition and subsequent competitive exclusion of most
trees from the less competitive species. However, such config-
uration may also reduce the positive “trainer” effect (positive in
terms of quality timber production) of the weaker competitors
on the more competitive species. Our conclusions and recom-
mendations should be considered applicable only to the studied
forest ecosystems. They are situations where the removal of
one species may be detrimental to another species from the
same trophic level, e.g., in dry environments where one tree
species may increase the available moisture for another tree or
shrub species through hydraulic lift.
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