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Abstract: Regeneration failure of Quercus in mature Quercus-dominated forests has been reported
throughout the temperate zone. Quercus seedlings are often abundant in these forests, yet frequently
fail to recruit to larger size classes despite canopy disturbances. To examine intra-stand patterns of
advanced reproduction, competition, and irradiance in an upland Quercus stand, we installed a 2 ha
plot that captured the canopy disturbance severity gradient caused by a wind event. To quantify
disturbance severity and stand conditions, we inventoried all living and dead woody stems ě5 cm
diameter at breast height (dbh, 1.37 m above the surface) and quantified irradiance in 25 m2 quadrats
(n = 800) using synchronized ceptometers. To inventory patterns of advanced reproduction within
the plot, we recorded the species of every woody stem >1 m in height and <5 cm dbh. We also
documented the species and height of every Quercus stem ě0.5–<5 cm dbh and the species, height,
and distance to each stem nearest the focal Quercus stem. At the genus-level, Quercus was the most
common nearest neighbor. However, at the species-level, the most common nearest neighbors were
Acer saccharum and Ostrya virginiana. Competition index values significantly differed by species
(p < 0.01), but did not significantly differ by disturbance severity class and we found no significant
interactions between species and disturbance class. Quercus advanced reproduction was significantly
clustered through the study plot and cluster locations overlapped with clusters of high irradiance,
but these patterns were scale-dependent. Our results indicate that an appreciation for intra-stand
heterogeneity may improve forest management planning.
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1. Introduction

Quercus species are widespread throughout the northern hemisphere and reach their highest levels
of diversity and endemism in North America [1]. Indeed, in the eastern United States the landscape
is characterized by forests either dominated by Quercus or in which Quercus is a component [2–4].
Paleoecological analyses indicate that Quercus has been the dominant genus in forests of this region
throughout much of the Holocene [5–7]. However, a widespread pattern of forest composition change
is evident throughout the eastern United States. Quercus regeneration failure has been reported in
Quercus-dominated systems across a range of site types throughout the region. The sapling and
small-tree size classes in many Quercus stands are devoid of Quercus stems and are instead comprised
of species with greater shade-tolerance, especially Acer rubrum L. and Acer saccharum Marsh. [8–10].
This phenomenon is not restricted to North America as it has also been observed in Europe and
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Asia [11–14]. Based on the abundance of quantitative data reported from Quercus stands in the
eastern United States, many researchers have concluded that this pervasive composition change
from Quercus-to-Acer is inevitable over millions of hectares [15–18]. Unequivocally, the replacement
of Quercus by more shade-tolerant species will present challenges to the management of wildlife
populations, forest commodities, and other ecosystem goods and services [19–21].

Quercus seedlings are often abundant in mature Quercus-dominated stands, but these seedlings
typically fail to recruit to sapling and small-tree size classes even following canopy disturbances
that modify the sub-canopy radiation regime [22–26]. This phenomenon has been documented in
stands throughout the eastern United States (e.g., [27–30]). The sapling and small-tree size classes in
these stands often support an abundance of shade-tolerant stems which restrict insolation to Quercus
seedlings and inhibit Quercus regeneration [22,31–33].

Canopy disturbance and subsequent increases in the quantity and quality of understory insolation
is critical for the regeneration of Quercus [25,34]. Without receiving increased photosynthetically active
radiation (PAR), Quercus seedlings are not able to recruit to the sapling size class and mo stands
are largely developed to modify the light regime [35,36]. In Quercus stands with an abundance of
shade-tolerant trees in sub-canopy strata, increased light caused by canopy disturbance may brtality
rates are high (referred to as the Quercus bottleneck). Thus, silvicultural systems in Quercuse restricted
from reaching Quercus seedlings near the forest floor. As canopy disturbance is required for Quercus
regeneration, Quercus advanced reproduction in stands may exhibit clumped or clustered patterns as
a result of current or former canopy openings [14,37]. By using stand-level averages of metrics such
as basal area and stem density, intra-stand spatial patterns, which can be highly variable, may not be
revealed. Adjusting our management approach to account for intra-stand spatial variability requires
the reevaluation of the stand concept [38–40]. Natural disturbances can create variable patches because
of temporal variation in disturbance intensity, local variation in tree size, species susceptibility, and
topographic variations among other factors [41–45].

Studies conducted at multiple spatial scales where size (i.e., size of the observational unit) and
extent (i.e., size of the entire study area; [46]) are independent of one another may identify the best
resolutions of domains, patterns, and the determinants of the relationships among spatial scales.
We used a continuous plot sampled at a fine-spatial resolution (5 ˆ 5 m) in attempt to elucidate the
mechanisms (competition and PAR) that drive the variable patterns of Quercus advanced regeneration
after a disturbance at the intra-stand level. The data set provided an opportunity to evaluate the spatial
relationships of Quercus spp. and neighboring stems (labeled competitors in our analysis) along a
canopy disturbance severity gradient with a modified sub-canopy light regime. This information
is useful to further our understanding of competition in the regeneration layer and the potential
relationships between stems and irradiance; information which is needed to develop a mechanistic
understanding of the widespread pattern of Quercus regeneration failure. The specific objectives of this
study were to: (1) document the species, height, and distance of all stems nearest Quercus advanced
reproduction to provide information on competition dynamics in the regeneration layer; (2) quantify
spatial patterns of irradiance in the understory; and (3) analyze spatial patterns of Quercus advanced
reproduction, competition in the regeneration layer, and understory irradiance at multiple spatial
scales along a canopy disturbance gradient. We hypothesized that Quercus advanced reproduction
would be clustered rather than uniform throughout the plot and that clustering would be related
to irradiance levels and/or density of competing non-Quercus stems. Our results have implications
for the consideration of intra-stand silvicultural approaches to Quercus regeneration as our findings
highlight spatial variability of advanced reproduction in Quercus stands.
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2. Study Area and Methods

2.1. Study Area

Our study was conducted in the Sipsey Wilderness (34˝201 N, 87˝251 W) on the William B.
Bankhead National Forest in Alabama, USA. The Sipsey Wilderness is a 10,085 ha reserve managed
by the USDA Forest Service. The reserve is located on the southern Cumberland Plateau section of
the Appalachian Plateaus physiographic province [47]. Pennsylvanian Pottsville formation bedrock
underlies this region and the geology is predominantly comprised of sandstone with lesser amounts of
siltstone, varying levels of stratified shale, and thin layers of discontinuous coal [48,49]. The southern
Cumberland Plateau is strongly dissected and is characterized by complex topography [47]. Regionally,
soils are coarse to medium textured, somewhat shallow, well to excessively drained, and typically
acidic [50].

The regional climate is humid mesothermal characterized by long, hot summers and short, mild
winters [51]. The mean annual temperature is 16 ˝C (January mean: 5 ˝C; July mean: 26 ˝C) and the
frost-free period spans approximately 220 days from late-March to early-November [52]. Precipitation
rates are evenly distributed throughout the year with no distinct dry season. Mean annual precipitation
is 1390 mm with a January average of 135 mm and a July average of 113 mm [52]. Thunderstorms
occur on average 75 days¨year´1 and result from convective lifting and low-pressure centers [53].

Based on Braun’s [54] forest classification, the southern Cumberland Plateau region represents a
transitional zone between the Mixed Mesophytic Forest Region to the north and the Quercus-Pinus
Forest Region to the south. Forest communities on the Cumberland Plateau are noted for high
species richness and species composition is strongly influenced by topography and soil water
availability [55,56]. Zhang et al. [57] classified 14 ecological communities based on dominant
overstory species throughout the Sipsey Wilderness. Ridges and upper slope positions are often
dominated by Pinus taeda L. and Pinus echinata Mill. Over a distance of less than 100 m along
a topographic gradient, stands may transition to support stronger components of hardwood
species [57,58]. Middle and lower slope positions are characterized by mesic hardwood stands
that include components of Fagus grandifolia Ehrh., Liriodendron tulipifera L., and Magnolia macrophylla
Michx. [58–60]. Zhang et al. [57] found that Quercus was the most abundant genus in the Sipsey
Wilderness and occurred in almost all 14 delineated community types.

On 20 April 2011 a long-lived, quasi-linear convective system developed in the region [61].
The system produced an EF1 tornado that tracked ca. 5 km and directly damaged portions of the Sipsey
Wilderness. Wind gusts of 152 km¨h´1 were recorded within a subsequent wake low system. Storm
damage was most severe in the tornado path and decreased in severity of disturbance with distance
from the main storm track [62,63]. Windstorms of this severity occur frequently in the middle-west
and southeast region of the United States [64].

2.2. Field Methods

Data were collected in summer 2014 during the fourth growing season post-disturbance.
We established a 2 ha (100 m ˆ 200 m) permanently marked rectangular plot within a single stand
that met the following criteria: (1) Quercus alba L. dominated; (2) fully contained within the Sipsey
Wilderness; (3) establishment date circa 1900; (4) directly influenced by the April 2011 tornado; and
(5) without official records or observations indicating past anthropogenic disturbances affecting stand
development. Candidate stands were located using geo-referenced data provided by the USDA
Forest Service, data from previous studies in the area [60,62,63], and field reconnaissance. The plot
location was determined in situ with the use of topographic maps and visual reconnaissance. The plot
was established in a location to minimize topographic variation (3.7% slope) and provide at least a
25 m buffer from adjacent stands to avoid immediate changes in environmental factors and species
composition. The long axis of the plot was oriented perpendicular to the swath of the tornado to
incorporate varying magnitudes of canopy disturbance resulting from the storm so we could collect an



Forests 2016, 7, 73 4 of 18

inventory of post-disturbance conditions across the full canopy disturbance gradient (i.e., from the
middle of the tornado track to undisturbed portions of the stand).

The 2 ha plot was subdivided into 5 ˆ 5 m quadrats (n = 800) to allow for analyses at a fine spatial
resolution. In each quadrat we recorded species and diameter at breast height (dbh) of every live stem
ě5 cm dbh. Dead stems (ě5 cm dbh) rooted within the plot were measured for diameter at 1.37 m
above the root collar (estimated standing dbh), classified to the lowest taxonomic level possible, and
categorized as snag, uprooted, or snapped stem [60,65].

Dead stems were placed into a decay class to determine the amount of basal area removed by
the windstorm event. Decay classification was based on Fraver et al. [66] and included decay class 1
(wood was sound, bark was intact, small to medium branches were still present); decay class 2 (wood
was sound to slightly rotten, bark maybe attached, large branch stubs were present, log maintained
round shape); decay class 3 (wood was substantially rotten, wood texture was moist, bark was barely
attached, bole was oval shaped and partially buried in duff); decay class 4 (wood was rotten, branch
stubs rotted, bark was detached, log was oval shaped and largely buried by duff).

In each quadrat, all living saplingsě1 m height, <5 cm dbh were tallied by species and placed into
one of four height classes (A = 1–2 m height; B = 2–3 m height; C = 3–4 m height; D = 4 m height–<5 cm
dbh). For all Quercus stems ě0.5 m height and <5 cm dbh (hereafter referred to as small-sized Quercus
stems), we measured the stem height and documented the species. For each of these Quercus stems,
we also documented the distance, stem height, and species of the nearest neighboring stem ě0.5 m
height, <5 cm dbh within each quadrat. The Quercus nearest neighbor had no qualification besides
being alive, woody, proximity, and size. Quercus stems <0.5 m were not analyzed because they are
often poor competitors attributed to slow shoot growth and have high mortality rates [67]. Quercus
seedlings may fail to recruit after canopy disturbance if they are shorter than surrounding stems.
Thus, we focused on small-sized Quercus stems that had a higher probability of being competitive
after a canopy disturbance. At these heights, the Quercus stems and neighboring stems were directly
competing (crowns touching sensu [68]) or in such close proximity so that Quercus have the ability to
obtain or maintain a competitive advantage if conditions are suitable [69,70].

Photosynthetically active radiation (µmol¨m´2¨ s´1) was measured with two synchronized
ceptometers (AccuPAR LP-80, Decagon Devices, Pullman, WA, USA) to quantify the understory
radiation regime. One ceptometer was placed in full sunlight, while the second simultaneously
recorded PAR levels within each 5 ˆ 5 m quadrat at 1.37 m above the surface (i.e., breast height). The
quadrat ceptometer measurements were taken in a logarithmic spiral pattern (80 total readings per
quadrat), starting at the center of the quadrat and spiraling outward to the edge. The 80 readings for
each quadrat were averaged to provide a singular value. The mean quadrat value was divided by
the readings simultaneously collected from the full sun ceptometer and converted to determine the
percent of full sunlight for each of the 800 quadrats.

2.3. Analytical Methods

All live stems ě5 cm dbh were analyzed using standard descriptors. We calculated frequency
(number of quadrats present), relative frequency (percent of quadrats present), density (number of
stems ha´1), relative density (contribution to total trees), dominance (basal area (m2¨ha´1)), relative
dominance (contribution to total basal area), and relative importance (average of relative density and
relative dominance) of each species. For saplings we calculated density at three spatial resolutions
(5 ˆ 5 m, 10 ˆ 10 m, 20 ˆ 20 m) to identify the spatial patterns of the stems to determine the scale at
which these patterns manifested (clumped, regular, or random distributions).

Based on the time since canopy disturbance, we assumed that trees killed by the April 2011
storm event were in decay class I [62]. To assess the gradient of canopy disturbance, we categorized
damage severities by averaging basal area lost over a 20 ˆ 20 m area. This spatial resolution was
chosen based on the Krajicek et al. [71] maximum crown width equation for Quercus spp. in the Central
Hardwood Region of the United States. The maximum crown width of the largest decay class I Q. alba
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stem was 17 m. Therefore, we deemed 20 ˆ 20 m an appropriate size to classify damage severity
based on the potential extent of damage resulting from the windthrown tree. The average amount
of basal area removed (i.e., trees killed) from the natural mortality of individual trees (sensu [72]) in
the control plots was used as a surrogate for background mortality in study stands within the Sipsey
Wilderness. This value was acquired from Cowden et al. [62] from data collected in this and adjacent
stands within the Sipsey Wilderness. To account for downed trees post-disturbance, we subtracted the
background rate of mortality, which was calculated as the average basal area (m2) lost from control
plots, from the basal area lost in each 20 ˆ 20 m plot to estimate the basal area removed (decay
class 1 stems/live stems + decay class 1) by the moderate-severity disturbance event. We then used
the estimate of basal area removed by the April 2011 storm event to categorize each 20 ˆ 20 m plot
into one of four disturbance class neighborhoods following the criteria of Hanson and Lorimer [44]:
control = 0%–10% basal area removed, light disturbance = 11%–30% basal area removed, moderate
disturbance = 31%–60% basal area removed, and severe disturbance ě60% basal area removed. The
control neighborhoods (i.e., undamaged areas) were assumed to be representative of pre-disturbance
conditions using a space-for-time substitution (Figure 1).
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Figure 1. Spatial distribution of disturbance classes in a 2 ha plot based on estimated basal area
removed by a wind event in a Quercus dominated stand within the Sipsey Wilderness, Alabama,
USA. Inset map shows the Quercus stand boundary, tornado swath (dotted pattern), plot location,
and topography.

We used Hegyi’s [73] distance-weighted competitor index:

CIi “

hj
hi

DISTij
(1)

where

CIi “ competition index of the ith focal tree, hj “ height of competitor stem, hi
“ height of focal stem, DISTij
“ distance between focal tree we and the jth competitor

(2)

to analyze the competitive ability of the small-sized Quercus stem’s nearest neighbor on the focal
Quercus stem [74–77]. All statistical analyses were performed in SAS version 9.4 (Cary, NC, USA). Data
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used for the comparison of means were statistically analyzed and visually assessed for normality and
homoscedasticity. Variables that did not meet these criteria were log-, square root- or rank-transformed.
To examine significant differences among the three disturbance classifications (i.e., light, moderate, and
severe disturbance neighborhoods), one-way analysis of variance (ANOVA) was performed for Quercus
stem height, nearest neighbor height, number of Quercus per quadrat, number of primary nearest
neighbor stems per quadrat (i.e., the most commonly occurring nearest neighbor species: A. saccharum
and Ostrya virginiana (Mill.) K. Koch.), and percent full sunlight. If a statistically significant difference
was found among the four disturbance classes (p < 0.05), a Tukey-Kramer post-hoc test was conducted
to identify which groups were different. Pearson correlation tests were used to assess the relationships
between the Quercus stem height, nearest neighbor height, and distance from Quercus stem to the
neighboring stem (n = 553). At the plot level, Pearson correlations were used to assess the relationship
of percent of full sunlight, number of small-sized Quercus stems per quadrat and number of primary
nearest neighbors per quadrat. Analyses of plot-level correlations were performed at three spatial
resolutions (5 ˆ 5 m, 10 ˆ 10m, and 20 ˆ 20 m). To test for differences in competitive ability, species
were pooled into three taxonomic groups (Quercus, A. saccharum, and O. virginiana) and then a group
of “others”. Competition indices were analyzed using a 4 ˆ 4 factorial ANOVA, with one factor being
disturbance class (control, light, moderate, and severe classes) and one factor being the taxonomic
groups (Quercus, A. saccharum, O. virginiana, and others), with Student-Newman-Keuls post-hoc test to
determine which variables were significantly different (p < 0.01).

Geo-referenced maps were created and analyzed in ArcMap version 10.2 (Environmental Systems
Research Institute, Redlands, CA, USA). Locations of small-sized Quercus stems, their primary nearest
neighbors (other Quercus species, A. saccharum, and O. virginiana), and percent full sunlight were
mapped, visually assessed, and then spatially analyzed with Global Moran’s I to determine spatial
dependence [78]. Acer rubrum was not a primary nearest neighbor, but was a species of interest
(i.e., part of the “Quercus-to-Acer” transition) therefore it was also analyzed to determine its spatial
dependence. Getis-Ord Gi* was used to find the extent to which each feature was surrounded by
similar high or low values to determine patterns of distribution (i.e., clusters; [79]. All spatial data were
examined at three resolutions: 5 ˆ 5 m, 10 ˆ 10 m, and 20 ˆ 20 m, to observe how patterns changed
across spatial scale.

3. Results

3.1. Structure and Composition

Basal area of all live stems ě5 cm within the plot was 20.6 m2¨ha´1 (Table 1). The five most
dominant species based on basal area were Q. alba, F. grandifolia, O. virginiana, A. saccharum, and
Carya ovata (Mill.) K. Koch. The species with the highest densities were O. virginiana, Q. alba,
A. saccharum, F. grandifolia, and Cornus florida L. The estimated basal area lost (removed by the wind
disturbance event) was 5.9 m2¨ha´1 (ca. 22% of the pre-disturbance total). The most common species
damaged based on relative densities of dead stems in decay class I were Q. alba and O. virginiana.
Of the 800 5 ˆ 5 m quadrats sampled, 206 quadrats contained one or more Quercus species: Q. alba,
Q. rubra L., Q. prinus L., Q. muehlenbergii Engelm., and Q. falcata Michx. In total, we documented
606 Quercus individuals throughout the 2 ha study plot. Of these, 553 stems were between 0.5 and
5.5 m height (referred to as small-sized Quercus stems) and used for analyses of competition. In total,
we documented 14,675 live saplings in the 2 ha plot that were between 0.5 and 5.5 m height.
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Table 1. Density, dominance, and importance (relative density + relative dominance) measures for all
live stems ě5 cm DBH in a Quercus dominated stand within the Sipsey Wilderness, Alabama. Species
are ranked according to importance value.

Species Density
(Stems ha´1)

Relative
Density (%)

Dominance
(m2¨ha´1)

Relative
Dominance (%)

Importance
Value

Quercus alba 115.5 16.0 11.5 56.1 72.1
Ostrya virginiana 280.0 38.8 1.4 6.6 45.5
Fagus grandifolia 52.5 7.3 1.4 6.6 13.9
Acer saccharum 60.0 8.3 1.0 5.1 13.4
Nyssa sylvatica 32.5 4.5 0.4 1.7 6.2
Cornus florida 32.5 4.5 0.1 0.7 5.2
Carya glabra 15.0 2.1 0.5 2.7 4.7
Ulmus alata 15.0 2.1 0.4 1.8 3.9

Fraxinus americana 9.5 1.3 0.5 2.4 3.8
Carya tomentosa 8.5 1.2 0.5 2.3 3.5

Carya ovata 7.5 1.0 0.4 2.0 3.1
Quercus falcata 3.0 0.4 0.4 2.1 2.5

Liriodendron tulipifera 3.0 0.4 0.4 2.1 2.5
Ulmus rubra 8.0 1.1 0.2 1.1 2.2
Pinus taeda 2.0 0.3 0.4 2.0 2.2

Magnolia acuminata 10.0 1.4 0.1 0.7 2.1
Acer rubrum 9.0 1.2 0.1 0.3 1.5

Quercus prinus 3.5 0.5 0.2 1.0 1.5
Viburnum rufidulum 8.5 1.2 0.0 0.1 1.3

Quercus muehlenbergii 3.5 0.5 0.2 0.8 1.3
Cercis canadensis 7.5 1.0 0.0 0.1 1.2

Carpinus caroliniana 7.0 1.0 0.0 0.2 1.1
Juniperus virginiana 4.5 0.6 0.1 0.4 1.0

Magnolia macrophylla 5.0 0.7 0.0 0.2 0.8
Tilia americana 4.5 0.6 0.0 0.2 0.8

Fraxinus pennsylvanica 3.0 0.4 0.1 0.3 0.7
Oxydendrum arboreum 2.0 0.3 0.0 0.1 0.4

Quercus rubra 1.5 0.2 0.0 0.2 0.4
Prunus serotina 2.0 0.3 0.0 0.1 0.3

Ilex opaca 1.5 0.2 0.0 0.1 0.3
Frangula caroliniana 1.0 0.1 0.0 0.0 0.2

Asimina triloba 1.0 0.1 0.0 0.0 0.1
Quercus stellata 0.5 0.1 0.0 0.0 0.1
Celtis laevigata 0.5 0.1 0.0 0.0 0.1

Ligustrum sinense 0.5 0.1 0.0 0.0 0.1

Total 721 100.0 20.6 100.0 200.0

3.2. Quercus Advanced Reproduction and Competition

The average height of the 553 small-sized Quercus stems inventoried in our plot was 1.33 ˘ 0.80 m
(SD; Table 2). The nearest neighbors between 0.5 and 5.5 m height to the focal Quercus stems represented
37 species. The average height of the nearest neighbor (competitor) stems was 1.70 ˘ 0.98 m (SD).
Average height of Quercus stems and average height of nearest neighboring stems (including Quercus
neighbors) was significantly different (p < 0.01). Correlation between competitor height and Quercus
stem height revealed a significant positive relationship (p < 0.01; r = 0.39). The mean distance from
a small-sized Quercus stem and its competing stem in the same size range was 0.32 ˘ 0.25 m (SD).
Correlation between competitor height and distance between the two competing stems revealed a
significant positive relationship (p < 0.01; r = 0.26).
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Table 2. Heights (mean ˘ SD) of all Quercus stems (0.5–5.5 m in height), the nearest competing stem
(0.5–5.5 m in height), and the distance (mean˘ SD) between Quercus stems and their nearest competitor
in a Quercus dominated stand within the Sipsey Wilderness, Alabama.

Species n Quercus Stem
Height (m)

Competitor Stem
Height (m)

Distance between
Stems (m)

Q. rubra 231 1.38 ˘ 0.83 1.78 ˘ 1.00 0.36 ˘ 0.23
Q. muhlenbergii 190 1.47 ˘ 0.72 1.77 ˘ 0.90 0.28 ˘ 0.27

Q. alba 111 1.11 ˘ 0.83 1.53 ˘ 1.05 0.29 ˘ 0.22
Q. prinus 13 0.78 ˘ 0.33 1.19 ˘ 0.69 0.46 ˘ 0.37
Q. facalta 8 0.64 ˘ 0.20 1.07 ˘ 0.63 0.43 ˘ 0.24

Total 553 1.33 ˘ 0.80 1.70 ˘ 0.98 0.33 ˘ 0.25

At the genus level, Quercus was the most common nearest neighbor to the focal small-sized Quercus
stems (35% of all nearest neighbors were Quercus spp.). The most frequent interspecific competitors
were A. saccharum (14%), O. virginiana (12%), Fraxinus americana L. (5%), and Carpinus caroliniana
Walt. (4%). Of all instances when the nearest neighbor was a non-Quercus stem, 69% of the neighbors
were taller than the focal Quercus stem. The mean distance between Quercus stems and interspecific
competitors was 0.39 ˘ 0.24 m (SD), whereas Quercus stems and intrageneric competitors were
separated by a mean distance of 0.20 ˘ 0.22 m (SD). Average distances between interspecific and
intrageneric competitors were significantly different (p < 0.01).

Relative competitive ability was measured using the Hegyi (1974) competitor index which uses
the height of each competitor tree to the subject tree (Quercus stem) and distance between competing
trees. The moderate disturbance class had the highest average competitive index (CI = 14.48) and the
control neighborhood had the lowest average competitive index (CI = 8.41), but competitive ability
did not vary significantly (p < 0.05) by disturbance classes. With the exception of O. virginiana and
the “other” group, competitive ability was significantly different (p < 0.05) between the taxonomic
groups (Figure 2). Quercus exhibited the greatest competitive ability (CI = 22.4) compared to the other
species in all disturbance classes. Our results did not reveal significant interactions (p < 0.05) between
the four disturbance classes and the four taxonomic groups. Quercus stems were consistently the
strongest competitors in the control neighborhood and all disturbance class neighborhoods. Stems
in the “other” group were the second most competitive in all disturbance class neighborhoods, but
not the control neighborhood. Acer saccharum exhibited a higher competitive index in the light and
moderate disturbance class neighborhoods, whereas O. virginiana exhibited a higher competitive index
in the control neighborhood and the severe disturbance class neighborhood.

3.3. Disturbance and Patterns of Irradiance

Percent full sunlight and basal area removed were significantly correlated (p < 0.01; r = 0.53) at
the 20 ˆ 20 m resolution (i.e., the scale in which disturbance severity was classified). All disturbance
neighborhoods had varying magnitudes of damage, which caused an array of irradiance levels
ranging from 0.4% to 91.0% full sunlight (Figure 3). Average percent full sunlight was 4.8% ˘ 2.2%
(SD), 8.4% ˘ 2.7% (SD), 10.8% ˘ 2.9% (SD), 14.4% ˘ 3.6% (SD) for the control neighborhood and
the light, moderate, and severe disturbances class neighborhoods, respectively. Percent full sunlight
was significantly different (p < 0.05) between the control neighborhood and light disturbance class
neighborhood, the control neighborhood and moderate disturbance class neighborhood, and the
control neighborhood and severe disturbance class neighborhood.
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Figure 2. Average competitor indices with standard errors for competitor species (0.5–5.5 m height by
taxonomic group in the control neighborhood (C), and light (L), moderate (M) and severe (S) disturbance
class neighborhoods. Bars with different lowercase letters within taxonomic groups represent significant
differences (p < 0.05) among species competitive ability. CI did not vary significantly (p < 0.05) by
disturbance classes.
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Figure 3. Spatial distribution of percent full sunlight taken at 1.47 m above the ground across a 2 ha
plot four years after canopy disturbance in a Quercus dominated stand within the Sipsey Wilderness,
Alabama, USA. Inset map shows the Quercus stand boundary, tornado swath (dotted pattern), plot
location, and topography. (a) 5 ˆ 5 m; (b) 10 ˆ 10 m; (c) 20 ˆ 20 m. See Figure 1 for disturbance
class delineations.

Analysis at 5 ˆ 5 m resolution revealed a significant positive relationship (p < 0.01) between
percent full sunlight and density of small-sized Quercus stems, but correlation strength was low
(r = 0.26). At the 5 ˆ 5 m scale, we did not find a significant relationship (p > 0.01; r = 0.003) between
competition index and percent full sunlight values. At 10 ˆ 10 m and 20 ˆ 20 m resolutions, percent
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full sunlight and density of small-sized Quercus stems had stronger significant relationships (p < 0.05,
r = 0.39; p < 0.05, r = 0.60, respectively). Also, at 10 ˆ 10 m and 20 ˆ 20 m resolutions, density of
small-sized Quercus stems and basal area removed were significantly correlated (p < 0.01, r = 0.24;
p < 0.01, r = 0.52, respectively).

Significant clustering of PAR (i.e., high values of percent full sunlight that were surrounded by
similarly high values) was evident at all spatial scales tested: 5 ˆ 5 m, 10 ˆ 10 m, 20 ˆ 20 m, (p < 0.05;
z = 14.21). Small-sized Quercus stem clusters overlapped and were in close proximity (i.e., 5 m radius
from edge of Quercus clusters) with high values of percent full sunlight in multiple patches of moderate
and severe disturbance neighborhoods (Figure 4). Acer rubrum only had one cluster (25 m2) that
corresponded with high light levels. For the primary competitors, A. saccharum and O. virginiana, only
two quadrats (50 m2) of high clustering for each species corresponded with high clustering of light
levels. The spatial variability of primary competitors was lost at scales of 10 ˆ 10 m and 20 ˆ 20 m.
Thus, clusters of competitors that were detected at coarser resolutions did not correspond to clusters
of high light levels.
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Figure 4. Distributions of Quercus spp. clusters and high light clusters based on percent of full sunlight
across the 2 ha plot (5 ˆ 5 m resolution) four years after the disturbance in a Quercus dominated stand
within the Sipsey Wilderness, Alabama. Inset map shows the Quercus stand boundary, tornado swath
(dotted pattern), plot location, and topography. See Figure 1 for disturbance class delineations.
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3.4. Spatial Patterns of Advanced Reproduction

Density of small-sized Quercus stems varied across all disturbance classes, and densities were
highest in the moderate and severe disturbance class neighborhoods. The density of small-sized
Quercus stems in the control neighborhood (0.1 stems per quadrat) was significantly different (p < 0.05)
from the moderate (1.2 stems per quadrat) and severe (3.7 stems per quadrat) disturbance class
neighborhoods. The density of small-sized Quercus stems in the severe disturbance class neighborhood
was significantly greater (p < 0.05) than the density in all other categories. The density of O. virginiana
stems (0.5–5.5 m height) did not significantly differ (p > 0.05) by disturbance class. The density of
A. saccharum significantly differed (p < 0.05) between the moderate disturbance (3.4 stems per quadrat)
and control class (1.3 stems per quadrat) neighborhoods and between the moderate disturbance and
light disturbance class (1.7 stems per quadrat) neighborhoods.

At the 5 ˆ 5 m spatial resolution, densities of small-sized Quercus stems exhibited a significantly
(p < 0.05; z = 20.7) clustered distribution (i.e., contiguous quadrats with high Quercus stem
density; cluster size: 1425 m2) in the moderate and severe disturbance neighborhoods (Figure 5).
Ostrya virginiana (p < 0.05, z = 17.41) and A. saccharum (p < 0.05, z = 17.59) also exhibited significantly
clustered distributions with total cluster sizes of 1350 m2 and 1,400 m2, respectively. Throughout
the 2 ha plot, O. virginiana clusters were found in every disturbance class and the largest clusters
(375–550 m2) occurred in the light and moderate disturbance classes. Acer saccharum clusters were
found in the control neighborhood and the light and moderate disturbance class neighborhoods
and the largest clusters (350–375 m2) were located where damage was classed as light or moderate.
The one large A. rubrum cluster (1075 m2) was juxtaposed with the largest clusters of Quercus spp.
(425–850 m2), O. virginiana, and A. saccharum. Within moderate and severe disturbance class
neighborhoods, there was little overlap of Quercus clusters and A. saccharum and O. virginiana clusters
(Figure 6). The largest Quercus clusters occurred adjacent to and between the four major clusters
of A. saccharum and O. virginiana. Correlations between the number of Quercus stems compared to
O. virginiana and A. saccharum stems across the plot were negligible (r = 0.013; r = 0.18).
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Figure 5. Distribution of small-sized Quercus stems across a 2 ha plot four years after canopy
disturbance in a Quercus dominated stand within the Sipsey Wilderness, Alabama, USA. The red
outlines represent the significant clustering (p < 0.05) of small-sized Quercus stems. Inset map shows
the Quercus stand boundary, tornado swath (dotted pattern), plot location, and topography. (a) 5ˆ 5 m;
(b) 10 ˆ 10 m; (c) 20 ˆ 20 m. See Figure 1 for disturbance class delineations.
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Figure 6. Distributions of Quercus spp., A. saccharum, O. virginiana, and A. rubrum clusters across a
2 ha plot (5 ˆ 5 m resolution) four years after canopy disturbance in a Quercus dominated stand within
the Sipsey Wilderness, Alabama, USA. Inset map shows the Quercus stand boundary, tornado swath
(dotted pattern), plot location, and topography. See Figure 1 for disturbance class delineations.

At the 10 ˆ 10 m resolution, each of the four taxa (Quercus, A. saccharum, O. virginiana, and
A. rubrum) analyzed exhibited a clustered distribution throughout the 2 ha plot. Significant clusters
(p < 0.05; z < 1.96) were still present, but at lower spatial resolutions some clusters were no longer
detectable. For Quercus spp., three clusters (25 m2 in size) were undetectable when scaling from the
5 ˆ 5 m resolution to the 10 ˆ 10 m resolution. Clusters of O. virginiana were only detected in the
control neighborhood and the light and moderate disturbance class neighborhoods. Acer saccharum
and A. rubrum clusters were still detectable in the control neighborhood and the light and moderate
disturbance classes as they had been at the 5 ˆ 5 m scale. Correlations between the number of Quercus
stems compared to A. saccharum stems across the plot became significantly positive (p < 0.01; r = 0.24)
at this spatial scale.

At the 20 ˆ 20 m resolution, clustered distributions were still significant (p < 0.05; z < 1.96).
One Quercus spp. cluster (100 m2 in area with 23 Quercus stems at the 10 ˆ 10 m resolution) was lost
at this broad scale. Multiple A. saccharum and A. rubrum clusters were lost at coarser resolutions as
well. Acer saccharum clusters were only detected in neighborhoods of light and moderate disturbance
and A. rubrum was detected in the control neighborhood and light disturbance class neighborhood.
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Correlations between the number of small-sized Quercus stems compared to A. saccharum stems had
the strongest positive relationship (p < 0.01; r = 0.35) at the 20 ˆ 20 m scale.

4. Discussion

4.1. Quercus Advanced Reproduction and Competition

A stem’s competitiveness can be described as the ability to avoid or endure suppression and
is accounted for by the proximity of a focal tree to competitors and the relative size of the stems.
Indeed, distance between competing stems plays a major role in the survival outcome of individuals.
The closer the neighboring stems are to each other, the likelihood of the stem with the competitive
advantage to overtop the adjacent stem increases. Lockhart et al. [70] provided results on the spacing
of Quercus pagoda Raf. and interspecific competition, reporting that distances less than 1.8 m between
stems could result in overtopping by the interspecific stem. The most distant stems in our study were
just 1.45 m apart, so we posit that all small-sized Quercus stems we documented were exposed to some
form of direct competition.

Heygi’s [73] competition index is based on the assumption that neighboring tree size and
proximity are the primary drivers of competition, so that relatively large stems in relatively close
proximity exert more competitive influence relative to smaller stems at wider spacings. The most
common nearest neighbors to the focal Quercus stems were other Quercus species (i.e., intrageneric
competition). Intrageneric competition may be exceptionally strong because the individuals have
similar resource requirements, growth rates, and root/crown habits [80]. The “other” taxonomic group
and O. virginiana were the most competitive after Quercus and these taxonomic classes had similar
competitive abilities. Ostrya virginiana lacks the potential to ascend into upper canopy strata, and has
formed a “recalcitrant understory layer” [62,81], as the abundance of O. virginiana in the understory is
likely inhibiting Quercus recruitment. Interestingly, Acer saccharum stems were the least competitive
against small-sized Quercus stems. Acer saccharum saplings and small trees were abundant in our study
plot, and were common throughout this and adjacent stands [60,62,63]. However, A. saccharum and
Quercus were spatially segregated in the regeneration layer and as such were not commonly direct
competitors. Although competitive ability significantly differed between taxonomic groups, it did not
vary between disturbance classes. The modified conditions caused by the disturbance did not appear
to alter competitiveness in the regeneration layer.

4.2. Disturbance and Patterns of Irradiance

Wind disturbance events typically remove overstory trees; understory strata are usually
undisturbed except for areas impacted by fallen tree crowns or uplifted root networks of damaged
trees [63,82]. During the fourth growing season post-disturbance, gaps in the main forest canopy were
still prominent. However, within the disturbed neighborhoods, high density patches of advanced
reproduction and midstory stems inhibited insolation from reaching strata near the forest floor. Indeed,
irradiance measures at 1.37 m above the surface in some disturbed and undisturbed neighborhoods
were similar. Thus, light levels in the regeneration layer had returned to pre-disturbance conditions
for some neighborhoods in our plot. Other studies on natural and anthropogenic intermediate-scale
canopy disturbances in Quercus stands in this region have found light levels to return to pre-disturbance
conditions within three years of the disturbance event, based on the response of understory stems that
were established prior to the event [62,83].

Although Quercus at the genus level are considered moderately tolerant of shade, most are
ultimately dependent on canopy disturbance to recruit into higher vertical strata [84,85]. The canopy
openings (based on basal area removal) created by the disturbance were positively correlated with
percent full sunlight; therefore, the increased irradiance generally followed the spatial pattern of the
disturbance gradient. The gaps resulted in increasing light levels that were adequate (i.e., 20%–50%
full sunlight) for Quercus advanced regeneration to recruit to larger size classes, but rapid growth
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of the shoot can only occur if the individual has a well-developed root system [36,67]. Small-sized
Quercus stem density was positively correlated with canopy openings and percent full sunlight at the
quadrat scale. We speculate the disturbance allowed Quercus seedlings present at the time of the event
to recruit to our 0.5 m height threshold. Thus, we suggest that the post-disturbance conditions were
favorable to understory and midstory Quercus stems. Furthermore, the density of small-sized Quercus
stems increased in accord with disturbance severity and thus, insolation levels in our plot.

4.3. Spatial Patterns of Advanced Reproduction

Spatial dependence is often caused by underlying spatial processes that result in strong localized
association among variables, and subsequently, cause clustering of similar values amongst these
variables [86]. In our study, the intermediate-scale event removed 22% of the basal area within the
2 ha plot and created a fine-scale mosaic of varying levels of damage in a matrix of an undisturbed
stand. Resultant openings in the canopy offered contrasting levels of light, temperature, and available
soil moisture, and ultimately, increased the abundance and diversity of stems in the understory.
Tree species in the understory differ in their ability to capture the newly available growing space
created by the canopy gaps. Quercus spp. have a conservative regeneration technique that is usually
disadvantageous when competing with species which have a more exploitive regeneration strategy [3].
Thus, the small-sized Quercus stems that recruited to larger size classes did so in locations where the
potential for competitive ability was greater.

Relative stem density and average heights of Quercus stems increased with increasing canopy
disturbance severity (i.e., from the control neighborhood to the severe disturbance neighborhood),
indicating the variation of irradiance post-disturbance had a positive influence on Quercus recruitment,
but a positive influence on non-Quercus individuals as well. Our results illustrate the need for managers
who wish to maintain Quercus to combine overstory release treatments with some practice of controlling
competing species that promotes the relative competitiveness of Quercus. The density of primary
competitors did not increase linearly with increasing canopy disturbance severity. Acer saccharum had
the highest density in the moderate disturbance class neighborhood and O. virginiana had the highest
density in the severe disturbance neighborhood. Acer saccharum, F. grandifolia, and species that typically
lack the potential to ascend into upper levels of the canopy, such as O. virginiana, effectively formed
a “recalcitrant understory layer”. High densities of O. virginiana have been reported in other studies
conducted in the Sipsey Wilderness [62,63] and although the species lacks the ability to be a true
canopy dominant, its abundance in the regeneration layer was likely inhibiting Quercus recruitment.
Interestingly, A. rubrum, which is a major component of the Quercus-to-Acer transition across the eastern
USA, was not a primary competitor although it is abundant on the Bankhead National Forest [57].

The largest patches of small-sized Quercus stems in the moderate and severe disturbance
neighborhoods indicated post-disturbance environmental conditions were favorable for Quercus spp.
Broadening the scale (i.e., 5 ˆ 5 m to 10 ˆ 10 m or 10 ˆ 10 m to 20 ˆ 20 m) caused spatial variability to
be lost amongst small-sized Quercus stems. As spatial scale broadened, clusters covered a larger area
but small-sized Quercus stem densities stayed similar to those found at finer resolutions (e.g., fine-scale
analysis revealed a 425 m2 cluster with 108 stems and broad-scale analysis revealed an 800 m2 cluster
with 116 stems). At the 20 ˆ 20 m scale, areas that did not contain small-sized Quercus stems were
incorporated into the clusters. Therefore, the 5 ˆ 5 m scale was the best to identify Quercus clusters.
We suggest this is because analysis of individual stems of advanced regeneration in gaps is a fine-scale
process [87].

Clusters of competitor species were larger than the identified clusters of the small-sized Quercus
stems. We posited that competitors (i.e., non-Quercus) were able to compete effectively over larger areas
than Quercus spp. The highest densities of competitor species occurred in the moderate and severe
disturbance class neighborhoods, but these taxa occurred throughout the entire plot. We speculate
for A. saccharum and O. virginiana, environmental gradients were probably the primary influence of
clustering across the plot, despite their constitutive presence through the whole plot. Although these
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competitors have low light compensation points relative to Quercus spp., they certainly benefited from
the growing space made available by the canopy disturbance.

5. Conclusions

In some Quercus stands that are successional to more shade-tolerant species, managers might
consider treatments that address intra-stand heterogeneity, such as variable retention harvesting
and group selection methods, to promote Quercus regeneration. Indeed, approaches that promote
within-stand variability are becoming increasingly popular. In such successional Quercus stands,
patches of Quercus advanced reproduction may serve as nuclei to maintain and spatially expand
zones within which Quercus is regenerating. These focal areas should be explicitly considered
when developing a silvicultural prescription designed to maintain the Quercus component in
successional stands.
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